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n=6). 
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Figure 3-3 Changes in midday PPFD over 16 weeks of HL (A) and LL (B) 
represented as a line graph, together with the rainfall data represented 
as a bar graph in (A). Rainfall data adapted with permission from 
Meteorological Services Singapore (NEA, 2015). 
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Figure 3-4 Changes in Fv/Fm ratios over 16 weeks of high light and low light for 
C. rochussenii, C. mayeriana, B. membranaceum (A, B), and B. 
vaginatum, D. leonis and P. cornu-cervi (C, D). Red dotted line 
represents the ideal value of 0.8. Vertical bars represent standard 
error. Blue arrow indicates the start of the weeks of higher rainfall 
(week 8). 
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Figure 3-5 Changes in Chl reading over 16 weeks of high light and low light for 
C. rochussenii, C. mayeriana, B. membranaceum (A, B), and B. 
vaginatum, D. leonis and P. cornu-cervi (C, D). Vertical bars 
represent standard error. Blue arrow indicates the start of the weeks 
of higher rainfall (week 8). 
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Figure 3-6 Leaf RWC of the six species (Cr: C. rochussenii, Cm: C. mayeriana, 
Bm: B. membranaceum, Bv: B. vaginatum, Dl: D. leonis, Pc: P. 
cornu-cervi) after 1 and 4 months under high light (A) and low light 
(B). Vertical bars represent standard error. Different letters above 
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bars indicate statistical difference between the species and months in 
comparison under HL (Tukey’s multiple comparison, p < 0.05, 
n=10). 
 

Figure 3-7 Pseudobulb RWC of the four species (Cr: C. rochussenii, Cm: C. 
mayeriana, Bm: B. membranaceum, Bv: B. vaginatum) after 1 and 4 
months under high light (A) and low light (B). Vertical bars represent 
standard error. Different letters above bars indicate statistical 
difference between the species and months in comparison under HL 
(Tukey’s multiple comparison, p < 0.05, n=10. 
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Figure 3-8 Correlation plots of Fv/Fm ratios and their corresponding leaf RWC 
of C. rochussenii (Cr), C. mayeriana (Cm), B. membranaceum (Bm), 
B. vaginatum (Bv), D. leonis (Dl), P. cornu-cervi (Pc), for samples 
from HL and LL in weeks 2, 6, 11, 16 combined, each sample 
represented by a blue dot. Pearson correlation coefficient (r value) is 
shown for each species, with corresponding p value. For Cm and Pc, 
correlation was not statistically significant. 
 

94 

Figure 3-9 Average single leaf area of the different orchid species over the first 
5 weeks under high light (HL) and low light (LL). Vertical bars 
represent standard error. n=6. 
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Figure 4-1 Weekly changes in PPFD over a 21-week period under drought (A) 
and well-watered (B) conditions. Vertical bars represent standard 
error. n=3 
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Figure 4-2 The Fv/Fm ratio in leaves of C. rochussenii (Cr), C. mayeriana (Cm), 
B. membranaceum (Bm), B. vaginatum (Bv), D. leonis (Dl), P. 
cornu-cervi (Pc) before drought treatment, after 7 weeks of drought, 
and after 14 weeks of re-watering under moderate light (A) and low 
light (B). Vertical bars represent the standard errors. Red-dotted line 
shows the optimal ratio of 0.8. Different letters above bars indicate 
statistical difference between the weeks in comparison, within each 
species, per light condition (Tukey’s multiple comparison, p < 0.05, 
n=3). 
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Figure 4-3 Changes in ETR at an actinic light of 605 µmol m-2 s-1 from C. 
rochussenii (Cr), C. mayeriana (Cm), B. membranaceum (Bm), B. 
vaginatum (Bv), D. leonis (Dl), P. cornu-cervi (Pc) under WWML 
(A), WWLL (B), after 2 and 7 weeks of drought, and after 14 weeks 
of re-watering under ML (C) and LL (D). Vertical bars represent 
standard error. The different letters above bars indicate statistical 
difference between the weeks in comparison, within each species, per 
growing condition (Tukey’s multiple comparison, p < 0.05, n=3). 
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Figure 4-4 Changes in qP at an actinic light of 605 µmol m-2 s-1 from C. 
rochussenii (Cr), C. mayeriana (Cm), B. membranaceum (Bm), B. 
vaginatum (Bv), D. leonis (Dl), P. cornu-cervi (Pc) under WWML 
(A), WWLL (B), after 2 and 7 weeks of drought, and after 14 weeks 
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of re-watering under ML (C) and LL (D). Vertical bars represent 
standard error. The different letters above bars indicate statistical 
difference between the weeks in comparison, within each species, per 
growing condition (Tukey’s multiple comparison, p < 0.05, n=3). 
 

Figure 4-5 Changes in NPQ at an actinic light of 605 µmol m-2 s-1 from C. 
rochussenii (Cr), C. mayeriana (Cm), B. membranaceum (Bm), B. 
vaginatum (Bv), D. leonis (Dl), P. cornu-cervi (Pc) under WWML 
(A), WWLL (B), after 2 and 7 weeks of drought, and after 14 weeks 
of re-watering under ML (C) and LL (D). Vertical bars represent 
standard error. The different letters above bars indicate statistical 
difference between the weeks in comparison, within each species, per 
growing condition (Tukey’s multiple comparison, p < 0.05, n=3). 
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Figure 4-6 Chl a (A, B), Chl b (C, D), Total Chl (E, F), Chl a/b ratio (G, H) and 
Total Chl to Car ratio (I, J) of C. rochussenii (Cr), C. mayeriana 
(Cm), B. membranaceum (Bm) and B. vaginatum (Bv), D. leonis 
(Dl), P. cornu-cervi (Pc) between WWML and DRML, or between 
WWLL and DRLL. Vertical bars represent the standard errors. 
Asterisks represent significant difference between WWML and 
DRML, or between WWLL and DRLL (* = p less than 0.05, ** = p 
less than 0.01, n.d. = no significant difference) as determined by 
ANOVA (n=3). 
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Figure 4-7 Photosynthetic light response curves of O2 evolution of C. 
rochussenii (Cr), C. mayeriana (Cm), B. membranaceum (Bm), B. 
vaginatum (Bv), D. leonis (Dl), P. cornu-cervi (Pc) after subjected to 
DRML for 7 weeks, and after 14 weeks of re-watering. The results of 
WWML were included for comparisons. Vertical bars represent the 
standard errors. 
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Figure 4-8 Photosynthetic light response curves of O2 evolution of C. 
rochussenii (Cr), C. mayeriana (Cm), B. membranaceum (Bm) and 
B. vaginatum (Bv), D. leonis (Dl), P. cornu-cervi (Pc) after subjected 
to DRLL for 7 weeks, and after 14 weeks of re-watering. The results 
of WWLL were included for comparisons. Vertical bars represent the 
standard errors. 
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Figure 4-9 Pmax of C. rochussenii (Cr), C. mayeriana (Cm), B. membranaceum 
(Bm), B. vaginatum (Bv), D. leonis (Dl), P. cornu-cervi (Pc) before 
drought treatment and after 7 weeks of drought; and after 14 weeks 
of re-watering under ML (A) and LL (B). Vertical bars represent the 
standard errors. Different letters above bars indicate statistical 
difference between weeks in comparison, within each species, per 
light condition (Tukey’s multiple comparison, p < 0.05, n=3). 
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Figure 4-10 Leaf RWC of C. rochussenii (Cr), C. mayeriana (Cm), B. 
membranaceum (Bm), B. vaginatum (Bv), D. leonis (Dl), P. cornu-
cervi (Pc) under WWML (A), WWLL (B), after 2 and 7 weeks of 
drought, and after 14 weeks of re-watering under ML (C) and LL (D). 

130 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Library and Information Services Centre, National Institute of Education.



 xxviii 

Vertical bars represent the standard errors. Different letters above 
bars indicate statistical difference between the weeks in comparison, 
within each species, per light condition (Tukey’s multiple 
comparison, p < 0.05, n=3). 
 

Figure 4-11 Pseudobulb RWC of C. rochussenii (Cr), C. mayeriana (Cm), B. 
membranaceum (Bm), B. vaginatum (Bv) under WWML (A), 
WWLL (B), after 2 and 7 weeks of drought, and after 14 weeks of re-
watering under moderate light (C) and low light (D). Vertical bars 
represent the standard errors. Different letters above bars indicate 
statistical difference between the weeks in comparison, within each 
species, per light condition (Tukey’s multiple comparison, p < 0.05, 
n=3). 
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Figure 4-12 Correlation plots of weekly Fv/Fm ratios and their corresponding 
PPFD of C. rochussenii (A, G), C. mayeriana (B, H), B. 
membranaceum (C, I), B. vaginatum (D, J), D. leonis (E, K), and P. 
cornu-cervi (F, L) under drought treatment versus well-watered 
conditions. Pearson correlation coefficient (r value) and 
corresponding p value is shown for each species. 
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Figure 4-13 Total soluble protein after 7 weeks of WWML, DRML, WWLL and 
DRLL, for C. rochussenii (Cr), C. mayeriana (Cm), B. 
membranaceum (Bm), B. vaginatum (Bv), D. leonis (Dl), P. cornu-
cervi (Pc). Vertical bars represent the standard errors. Asterisks 
represent significant difference between WWML and DRML, or 
between WWLL and DRLL (* = p less than 0.05, ** = p less than 
0.01, n.d. = no significant difference, n ≥ 3) as determined by 
ANOVA. 
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Figure 5-1 TA in leaves of C. rochussenii (Cr), C. mayeriana (Cm), B. 
membranaceum (Bm) and B. vaginatum (Bv), D. leonis (Dl), P. 
cornu-cervi (Pc) after 1, 7 and 21 week(s) of well-watered condition 
under WWML (A), WWLL (B), and after 1 and 7 weeks of drought 
and after 14 weeks of re-watering under ML (C) and LL (D). Vertical 
bars represent the standard errors. Different letters above bars 
indicate statistical difference (Tukey’s multiple comparison, p < 0.05, 
n=3). No significant difference between weeks compared in WWML 
and WWLL. Negative TA values indicate that  TA was higher at 1800 
h compared to 0800 h. 
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Figure 5-2 TA in pseudobulbs of C. rochussenii (Cr), C. mayeriana (Cm), B. 
membranaceum (Bm) and B. vaginatum (Bv) after 1, 7 and 21 
week(s) of well-watered condition under WWML (A), WWLL (B), 
and after 1 and 7 weeks of drought and after 14 weeks of re-watering 
under ML (C) and LL (D). Vertical bars represent the standard errors. 
Different letters above bars indicate statistical difference (Tukey’s 
multiple comparison, p < 0.05, n=3). No significant difference 
between weeks compared in WWML and WWLL. Negative TA 
values indicate that TA was higher at 1800 h compared to 0800 h. 
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Figure 5-3 24-h period measurements of A, Ci, gs, and E in C. rochusenii (C3) 
after 0 days (A, B, C, D), 2 days (E, F, G, H), 7 days (I, J, K, L) and 
49 days (M, N, O, P) of drought (in black lines), and the 
corresponding 24-h period measurements of PPFD (in red lines). The 
PPFD shown in the first row (A, E, I, M) corresponds to the A, Ci, gs 
and E for the same day, respectively. 
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Figure 5-4 24-h period measurements of A, Ci, gs, and E in C. mayeriana (C3) 
after 0 days (A, B, C, D), 2 days (E, F, G, H), 7 days (I, J, K, L) and 
49 days (M, N, O, P) of drought (in black lines), and the 
corresponding 24-h period measurements of PPFD (in red lines). The 
PPFD shown in the first row (A, E, I, M) corresponds to the A, Ci, gs 
and E for the same day, respectively. 
 

170 

Figure 5-5 24-h period measurements of A, Ci, gs, and E in B. membranaceum 
(C3) after 0 days (A, B, C, D), 2 days (E, F, G, H), 7 days (I, J, K, L) 
and 49 days (M, N, O, P) of drought (in black lines), and the 
corresponding 24-h period measurements of PPFD (in red lines). The 
PPFD shown in the first row (A, E, I, M) corresponds to the A, Ci, gs 
and E for the same day, respectively. 
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Figure 5-6 24-h period measurements of A, Ci, gs, and E in B. vaginatum (CAM) 
after 0 days (A, B, C, D), 2 days (E, F, G, H), 7 days (I, J, K, L) and 
49 days (M, N, O, P) of drought (in black lines), and the 
corresponding 24-h period measurements of PPFD (in red lines). The 
PPFD shown in the first row (A, E, I, M) corresponds to the A, Ci, gs 
and E for the same day, respectively. 
 

174 

Figure 5-7 24-h period measurements of A, Ci, gs, and E in D. leonis (CAM) after 
0 days (A, B, C, D), 2 days (E, F, G, H), 7 days (I, J, K, L) and 49 
days (M, N, O, P) of drought (in black lines), and the corresponding 
24-h period measurements of PPFD (in red lines). The PPFD shown 
in the first row (A, E, I, M) corresponds to the A, Ci, gs and E for the 
same day, respectively. 
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Figure 5-8 24-h period measurements of A, Ci, gs, and E in P. cornu-cervi 
(CAM) after 0 days (A, B, C, D), 2 days (E, F, G, H), 7 days (I, J, K, 
L) and 49 days (M, N, O, P) of drought (in black lines), and the 
corresponding 24-h period measurements of PPFD (in red lines). The 
PPFD shown in the first row (A, E, I, M) corresponds to the A, Ci, gs 
and E for the same day, respectively. 
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Figure 5-9 Proline concentration in leaves after 1, 7, and 21 weeks of WWML 
(A) and WWLL (B), and after 1 and 7 weeks of drought, and after 14 
weeks of re-watering, under ML (C) and LL (D). Cr: C. rochussenii, 
Cm: C. mayeriana, Bm: B. membranaceum, Bv: B. vaginatum, Dl: 
D. leonis, Pc: P. cornu-cervi. Vertical bars represent the standard 
errors. Means with different letters are statistically different within 
each species (p < 0.05; n ≥ 3) as determined by Tukey’s multiple 
comparison test. 
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Figure 5-10 Leaf soluble (A, B) and insoluble (C, D) sugar concentration after 7 
weeks of WWML, DRML, WWLL and DRLL. Cr: C. rochussenii, 
Cm: C. mayeriana, Bm: B. membranaceum, Bv: B. vaginatum, Dl: 
D. leonis, Pc: P. cornu-cervi. Vertical bars represent the standard 
errors. Asterisks represent significant difference between WWML 
and DRML, or between WWLL and DRLL (* = p less than 0.05, ** 
= p less than 0.01, n.d. = no significant difference, n ≥ 3) as 
determined by ANOVA. 
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Figure 5-11 Pseudobulb soluble (A, B) and insoluble (C, D) sugar concentration 
after 7 weeks of WWML, DRML, WWLL and DRLL. Cr: C. 
rochussenii, Cm: C. mayeriana, Bm: B. membranaceum, Bv: B. 
vaginatum. Vertical bars represent the standard errors. Asterisks 
represent significant difference between WWML and DRML, or 
between WWLL and DRLL (* = p less than 0.05, ** = p less than 
0.01, n.d. = no significant difference, n ≥ 3) as determined by 
ANOVA. 
 

180 

Figure 5-12 Stomatal density in newly expanded leaf after 7 weeks of WWML 
and DRML (A), WWLL and DRLL (B). Cr: C. rochussenii, Cm: C. 
mayeriana, Bm: B. membranaceum, Bv: B. vaginatum, Dl: D. leonis, 
Pc: P. cornu-cervi. Vertical bars represent the standard errors. 
Asterisks represent significant difference between WWML and 
DRML, or between WWLL and DRLL (* = p less than 0.05, ** = p 
less than 0.01, n.d. = no significant difference, n ≥ 3) as determined 
by ANOVA. 
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Figure 6-1 Light spectral distributions measured at 1000 h. Plants were grown 
under five different red-blue LED light ratios (0B, 10B, 20B, 50B, 
100B) and one red-green LED light ratio (50G) with PPFD of 288 
μmol m-2 s-1 in the indoor vertical aeroponic systems and full sunlight 
(FSL), and partial sunlight (PSL). Light spectrum was measured at 
1000h and mean PPFD was 288 ± 22 μmol m–2 s–1. 
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Figure 6-2 Figure 6-2 Leaf expansion of B. membranaceum (A) and B. 
vaginatum (B) from weeks 4 to 10 grown under different light 
conditions. Seedlings were grown under five different red-blue LED 
light ratios (0B, 10B, 20B, 50B, 100B), one red-green LED light ratio 
(50G) with PPFD of 288 μmol m-2 s-1, full sunlight (FSL) and partial 
sunlight (PSL). Vertical bars represent standard errors. Significant 
differences between means in Week 10 represented with different 
alphabets (p < 0.05; n ≥ 3, Tukey’s multiple comparison test). 
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Figure 6-3 Leaf FW, pseudobulb FW, leaf/pseudobulb FW ratio, leaf DW, 
pseudobulb DW of B. membranaceum (A, B, C, D, E, respectively) 
and B. vaginatum (F, G, H, I, J, respectively), under five different 
red-blue LED light ratios (0B, 10B, 20B, 50B, 100B), one red-green 
LED light ratio (50G) with PPFD of 288 μmol m-2 s-1, and full 
sunlight (FSL) and partial sunlight (PSL). Significant differences 
between means have been represented with different alphabets (p < 
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0.05; n ≥ 3) as determined by Tukey’s multiple comparison test. 
 

Figure 6-4 SLA and leaf thickness of B. membranaceum (A, B, respectively) and 
B. vaginatum (C, D, respectively) grown under five different red-blue 
LED light ratios (0B, 10B, 20B, 50B, 100B), one red-green LED light 
ratio (50G) with PPFD of 288 μmol m-2 s-1, full sunlight (FSL) and 
partial sunlight (PSL). Vertical bars represent the standard errors. 
Means with different letters are statistically different (p < 0.05; n ≥ 
3) as determined by Tukey’s multiple comparison test. 
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Figure 6-5 Fv/Fm ratio of B. membranaceum (A) and B. vaginatum (B) grown 
under five different red-blue LED light ratios (0B, 10B, 20B, 50B, 
100B), one red-green LED light ratio (50G) with PPFD of 288 μmol 
m-2 s-1, full sunlight (FSL) and partial sunlight (PSL). Red dotted line 
represents the optimal value of 0.8. Vertical bars represent the 
standard errors. Means with different letters are statistically different 
(p < 0.05; n ≥ 3) as determined by Tukey’s multiple comparison test. 
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Figure 6-6 NPQ (A, B), qP (C, D) and ETR (E, F) of B. membranaceum (A, C, 
E) and B. vaginatum (B, D, F) grown under five different red-blue 
LED light ratios (0B, 10B, 20B, 50B, 100B), one red-green LED light 
ratio (50G) with PPFD of 288 μmol m-2 s-1, full sunlight (FSL) and 
partial sunlight (PSL). Vertical bars represent the standard errors. 
Means with different letters are statistically different (p < 0.05; n ≥ 
3) as determined by Tukey’s multiple comparison test. 
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Figure 6-7 Chl a (A, B), Chl b (C, D), total Chl (E, F), Car (G, H) contents, Chl 
a/b ratio (I, J) and Chl/Car ratio (K, L) of B. membranaceum and B. 
vaginatum grown under five different red-blue LED light ratios (0B, 
10B, 20B, 50B, 100B), one red-green LED light ratio (50G) with 
PPFD of 288 μmol m-2 s-1, full sunlight (FSL) and partial sunlight 
(PSL). Vertical bars represent the standard errors. Means with 
different letters are statistically different (p < 0.05; n ≥ 3) as 
determined by Tukey’s multiple comparison test. 
 

226 

Figure 6-8 QY (A, B), light compensation point (C, D), dark respiration (E, F), 
and Pmax (G, H) of B. membranaceum and B. vaginatum grown under 
five different red-blue LED light ratios (0B, 10B, 20B, 50B, 100B), 
one red-green LED light ratio (50G) with PPFD of 288 μmol m-2 s-1, 
full sunlight (FSL) and partial sunlight (PSL). Vertical bars represent 
the standard errors. Means with different letters are statistically 
different (p < 0.05; n ≥ 3) as determined by ANCOVA (A, B) or 
Tukey’s multiple comparison test (C, D, E, F, G, H). 
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Figure 6-9 Leaf soluble sugar (A, B), leaf insoluble sugar (C, D), pseudobulb 
soluble sugar (E, F), and pseudobulb insoluble sugar (G, H) of B. 
membranaceum and B. vaginatum grown under five different red-
blue LED light ratios (0B, 10B, 20B, 50B, 100B), one red-green LED 
light ratio (50G) with PPFD of 288 μmol m-2 s-1, full sunlight (FSL) 
and partial sunlight (PSL). Vertical bars represent the standard errors. 
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Means with different letters are statistically different (p < 0.05; n ≥ 
3) as determined by Tukey’s multiple comparison test. 
 

Figure 6-10 Total soluble protein for B. membranaceum (A) and B. vaginatum (B) 
grown under five different red-blue LED light ratios (0B, 10B, 20B, 
50B, 100B), one red-green LED light ratio (50G) with PPFD of 288 
μmol m-2 s-1, full sunlight (FSL) and partial sunlight (PSL). Vertical 
bars represent the standard errors. Means with different letters are 
statistically different (p < 0.05; n ≥ 3) as determined by Tukey’s 
multiple comparison test. 
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Figure 6-11 Photosynthetic responses to light treatments and corresponding 
growth responses in B. membranaceum (A) and B. vaginatum (B). 
Broken lines represent levels of responses in FSL and PSL relative to 
LED light treatments. Levels are represented in decreasing order 
from top to bottom (e.g. for total Chl in B. vaginatum, PSL is higher 
than FSL, and 0B to 50G are equal to, or lower than FSL). 
Corresponding growth responses are described in text boxes, in 
comparison to FSL and PSL (below the blue arrow). 
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Plate 1-1 Oncidium Sharry Baby (A), Coelogyne rochussenii (B), 
Grammatophyllum speciosum (C), Bulbophyllum membranaceum 
(D), Coelogyne mayeriana (E), Phalaenopsis cornu-cervi (F), 
Bulbophyllum vaginatum (G), Dendrobium insigne (H). 
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Plate 1-2 Differences in morphology of monopodial (A) and sympodial (B) 
orchids. 
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Plate 1-3 Re-introduction of native orchid species in Sembawang Park in 2011, 
image from NParks Quarterly Newsletter, My Green Space (Yam, 
2013a) (A) Re-introduction of Dendrobium leonis, with Dr Yam Tim 
Wing holding a specimen, image taken from The Straits Times (Tay, 
2010) (B) Re-introduced Bulbophyllum medusae flowering at Bukit 
Batok Nature Park, image from NParks Quarterly Newsletter, My 
Green Space (Yam, 2013a) (C). 
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Plate 1-4 Coelogyne rochussenii (A), Coelogyne mayeriana (B), Bulbophyllum 
membranaceum (C), Bulbophyllum vaginatum (D), Dendrobium 
leonis (E), Phalaenopsis cornu-cervi (F). 
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Plate 2-1 Oncidium Goldiana. Red arrow pointing at the pseudobulb where 
water is stored. Image courtesy of Apostolou Stavros. 
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Plate 2-2 (A) Freehand sketch of the root transection of Rhodohypoxis 
thodiana (Hypoxidaceae) showing the uniseriate velamen, adapted 
from Schickenberg et al. (2017). (B) Detail of the multi-layered 
velamen, V, and exodermis, Ex, of the orchid Oncidium Aloha, 
adapted from Rodrigues et al. (2013). 
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Plate 2-3 (A) Rodriguezia granadensis found on Psidium guajava trees, image 
taken from the study by Ventre-Lespiaucq et al. (2017). (B) 
Delosperma echinatum, image taken from a public photo database 
(Grootscholten, 2014). (C) Agave deserti found in the USA, image 
taken from PLANTS database (Peterson, 2002). (D) Dimerandra 
emarginata with older and newer stems shown connected at the base 
of the plant, image courtesy of Jesus Choy, found on IOSPE (Pfahl, 
1997). 
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Plate 3-1 Planting of the six orchid species onto the Samanea saman trees (A, 
B, C) and side view of the tree illustrating the position of the orchids 
with respect to the light intensity (D). Blue arrow indicates the 
direction of the flow of rain water. 
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Plate 4-1 SDS-PAGE comparing Rubisco protein large subunit, ~50 kDa, 
content (bands indicated by black arrows) in extracts from C. 
rochussenii (Cr), C. mayeriana (Cm), B. membranaceum (Bm) (three 
C3 species) and B. vaginatum (Bv), D. leonis (Dl), P. cornu-cervi (Pc) 
(three CAM species) under well-watered, moderate light (WM) and 
drought, moderate light (DM) conditions after 7 weeks. Std denotes 
2µg/ml Rubisco protein standard (Spinach Rubisco, Sigma-Aldrich, 
Germany) against a protein ladder (Ldr, Precision Plus Protein™ All 
Blue Prestained Protein Standards, Bio-Rad, USA). 
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Plate 4-2 SDS-PAGE comparing Rubisco protein large subunit, ~50 kDa, 
content (bands indicated by black arrows) in extracts from C. 
rochussenii (Cr), C. mayeriana (Cm), B. membranaceum (Bm) (three 
C3 species) and B. vaginatum (Bv), D. leonis (Dl), P. cornu-cervi (Pc) 
(three CAM species) under well-watered, low light (WL) and 
drought, low light (DL) conditions after 7 weeks. Std denotes 2µg/ml 
Rubisco protein standard (Spinach Rubisco, Sigma-Aldrich, 
Germany) against a protein ladder (Ldr, Precision Plus Protein™ All 
Blue Prestained Protein Standards, Bio-Rad, USA). 
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Plate 5-1 Specimens of the six species studied with organs labelled: (A) C. 
rochussenii (B) C. mayeriana (C) B. membranaceum (D) B. 
vaginatum (E) D. leonis (F) P. cornu-cervi. White bar at the bottom-
left corner of each specimen image represents 5cm. 
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Plate 5-2 Stages of morphological changes in C. rochusenii. The whole plant 
of before (A) and after (B) 7 weeks of drought, and the (C) leaf, (D) 
pseudobulb, and (E) aerial roots, from left to right, before and after 7 
weeks drought, to complete desiccation after 13 weeks of drought. 
White bar at the bottom-left corner of each image represents 10cm. 
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Plate 5-3 (A) Cross-section of P. cornu-cervi root showing VR: velamen 
radicum, E: exodermis, C: cortex, and V: vascular bundle. Roots of 
P. cornu-cervi (one of the roots indicated by a white arrow) before 
drought (B) and after 7 weeks of drought (C). 
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Plate 6-1 Setup of vertical aeroponics system with LED lighting for cultivation 
of B. membranaceum and B. vaginatum plantlets in different troughs 
with timed sprayers to deliver nutrient solution to the roots (A). 
Close-up view of the B. vaginatum plantlets (B) and B. 
membranaceum plantlets (C) inserted into the polyurethane cubes in 
holes on the plastic foam board covering the trough. 
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Plate 6-2 Growth and morphological appearances of B. membranaceum (A, B) 
and B. vaginatum (C, D) plantlets before transplanting into the 
aeroponics system (A, C) and after 14 weeks of growing under 50B 
LED lighting (B, D). The plantlets were grown under 50B with PPFD 
of 288 μmol m-2 s-1. White arrows indicate the shoot that had 
developed to the leaf with pseudobulb, for the two species 
respectively. 
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Plate 6-3 B. membranaceum after 14 weeks of growing under five different 
red-blue LED light ratios (0B, 10B, 20B, 50B, 100B), one red-green 
LED light ratio (50G) with PPFD of 288 μmol m-2 s-1, full sunlight 
(FSL) and partial sunlight (PSL). White bar represents a scale of 1cm. 
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Plate 6-4 B. vaginatum after growing under five different red-blue LED light 
ratios (0B, 10B, 20B, 50B, 100B), one red-green LED light ratio 
(50G) with PPFD of 288 μmol m-2 s-1, full sunlight (FSL) and partial 
sunlight (PSL). White bar represents a scale of 1cm. 
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SUMMARY 

The aim of this study is to understand the physiological and growth responses of six 

native epiphytic orchid species, found in Singapore, to light and water deficit, as well as the 

acceleration of orchid growth under LED lighting. The six species selected comprised three C3 

and three CAM species. All species were subjected to water deficit with high, moderate and 

low irradiances, under natural conditions, and in the greenhouse for 7 weeks. The droughted 

plants in the greenhouse were then re-watered for 14 weeks. The effects of water deficit and 

re-watering were studied through photosynthetic light utilisation, pigment concentrations, 

relative water content (RWC) and titratable acidity (TA) in both leaves and pseudobulbs, and 

photosynthetic gaseous exchange. Proline and sugar accumulations for osmotic adjustment in 

leaves and pseudobulbs, and the significance of morphological traits in water conservation 

were also investigated. Water deficit resulted in a decreased photosynthetic light utilisation, as 

demonstrated in the decreased dark-adapted Fv/Fm ratio, electron transport rate (ETR) and 

photochemical quenching (qP). Photosynthetic capacity was also decreased with water deficit, 

as shown in the decreased maximal photosynthetic rate by O2 evolution (Pmax) after 7 weeks of 

drought and moderate light (DRML). Leaf and pseudobulb RWC also decreased after 7 weeks 

of DRML, while CAM activity was upregulated in generally all six species, including the C3 

orchids, as stomata closed to reduce water loss by transpiration, which demonstrated that CAM 

was a significant drought tolerance strategy. The induction of CAM in C3 orchids demonstrated 

the plasticity of CAM and also the significance of CAM expression for maintaining water and 

carbon economy in C3 orchids, especially when carbon uptake is limited by stomatal closure 

under water deficit. Proline accumulation increased in Bulbophyllum membranaceum, 

Bulbophyllum vaginatum, Dendrobium leonis and Phalaenopsis cornu-cervi, could play a role 

in osmotic adjustment to maintain leaf turgor during drought, while the larger pseudobulbs of 

Coelogyne rochussenii and Coelogyne mayeriana played important roles in storing water to 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Library and Information Services Centre, National Institute of Education.



 xxxviii 

supply to the leaves to maintain turgor during drought. Overall, the six orchid species studied 

demonstrated the ability to tolerate drought but after 7 weeks, there was little or no gain in 

biomass and the orchids were barely surviving. Re-watering reversed the negative effects of 

water deficit and enabled recovery of photosynthesis in these orchid species. Therefore, it is 

recommended that deliberate watering be carried out for the orchid species that are planted 

under natural conditions if the period of water deficit due to dry spells becomes over-extended 

more than 7 weeks. In addition, the use of LED lighting has been shown to enhance plant 

growth of young shoots of B. membranaceum and B. vaginatum. Grown under well-watered 

conditions achieved by an indoor aeroponics system and a combined red-blue LED lighting, 

B. membranaceum and B. vaginatum exhibited comparable or higher photosynthetic light 

utilisation, total Chl content, photosynthetic capacity, and sugar content compared to those 

grown under shade in the greenhouse. The application of LED lighting may help to accelerate 

the cultivation of orchids which will be of contribution to Singapore’s orchid conservation 

programme. 
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1.1 Orchids, Global Climate Change and Threat of its Extinction 

Orchids have long been a fascination of people because of their unusual and attractive 

flowers (Figure 1-1). With over 736 genera and 28,000 species (Christenhusz & Byng, 2016; 

Fay, 2018), the Orchidaceae family represent one of two most diverse families of flowering 

plants, alongside Asteraceae. Orchids can be classified generally into two morphological types: 

monopodial (Figure 1-2A) or sympodial (Figure 1-2B). Sympodial orchids have pseudobulbs 

and rhizomes, which are absent in monopodial orchids. Monopodial orchids grow continually 

upward from the top of the plant with new leaves appearing at the apex of an upward growing 

stem. Monopodial orchids also produce aerial roots and flowering stems, or flowers, at 

intervals along the stem. Whereas in sympodial orchids, roots extend from the rhizome into 

growing substratum or media. In sympodial orchids, pseudobulbs are specialised organs for 

storage of water and mineral ions (Stern & Morris, 1992; Ng & Hew, 2000; Kumar, 2009). A 

plant may produce one new pseudobulb at a time, but with better plant maturity, two or more 

simultaneous growths may allow for more pseudobulbs to be produced at any given time. 

Found in all ecosystems with the exception of the poles and extremely dry deserts, 

orchids are highly adaptable to various conditions, where the majority are epiphytic or 

lithophytic, and the rest are terrestrial (Zhang et al., 2015). Despite this diversity and 

adaptability, the future of many wild orchids species hang in the balance as increasing human 

activities such as deforestation and urbanisation result in much habitat loss worldwide (Fay, 

2018; Gale et al., 2018). Furthermore, because of their rarity, the intricate beauty of their 

flowers, or their ethnobotanical uses, orchids command a high value in commercial 

horticultural production and are prone to illegal collecting from the wild, driving them further 

towards extinction (Phelps & Webb, 2015). Orchids species are now facing this extinction 

threat more than ever before. The extinction of orchid species impacts ecosystems to which 

these orchids belong, in particular the ecological interactions between orchid flowers and their 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Library and Information Services Centre, National Institute of Education.



 3 

 

Plate 1-1 Oncidium Sharry Baby (A), Coelogyne rochussenii (B), Grammatophyllum 
speciosum (C), Bulbophyllum membranaceum (D), Coelogyne mayeriana (E), 
Phalaenopsis cornu-cervi (F), Bulbophyllum vaginatum (G), Dendrobium 
insigne (H). 
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Plate 1-2 Differences in morphology of monopodial (A) and sympodial (B) orchids. 
 

pollinators, as well as orchid roots with their mycorrhizal fungi (Dearnaley et al., 2012; 

Jersáková et al., 2016). Re-establishment of these orchids in their ecosystems would require a 

substantial length of time to re-establish the interactions. Therefore, it is imperative that global 

orchid conservation efforts are stepped up. 

Singapore, like her Southeast-Asian neighbours, is not spared from the loss of native 

orchids through habitat loss and illegal trade (Davison et al., 2008; Yam et al., 2011; Cao Ngoc 

& Wyatt, 2013; Vermeulen et al., 2014; Phelps & Webb, 2015). While there are success stories 

of re-discovery (Ibrahim et al., 2011; Lok et al., 2011; Zengkun, 2014), many of our native 

orchids still remain extinct. According to the last Singapore Red Data Book published in 2008 

(Davison et al., 2008), 178 of 226 species are extinct, 40 are critically endangered, 1 is 

endangered (Bulbophyllum vaginatum), 2 are vulnerable, and 5 are common. This data serves 

as a stark reminder of the urgency to protect and preserve the remaining few. 

Efforts to conserve orchids face further challenges from intensified climate change 

(Jantz et al., 2015; Gale et al., 2018). Not only will global climate change influence species 

distribution (Koopowitz, 2011; Fay, 2015) and lead to fragmentation of habitat (Izuddin et al., 
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2018), it will also affect the populations and distribution of pollinators, mycorrhizal fungi and 

host trees that the orchids depend upon, thereby increasing the risk of extinction of orchids 

(Fay, 2018). Our native orchids, being mostly epiphytes, will become more vulnerable with 

this intensified global climate change. Therefore, it is argued that conservation through 

reserves alone is unlikely to provide protection to all plant species to mitigate the losses from 

habitat destruction and effects of global climate change (Swarts & Dixon, 2009), and that 

artificial assistance and ex situ conservation is required for the survival of threatened species 

(Izuddin et al., 2018). Therefore, equally as important as re-discovering native orchid species, 

is orchid re-introduction (Yam, 2013b), where previously extinct native orchids are re-

introduced into Singapore’s nature reserves and urban environment so as to protect and 

increase their germplasm, as part of national conservation efforts (Figure 1-3). 

 

Plate 1-3 Re-introduction of native orchid species in Sembawang Park in 2011, image from 
NParks Quarterly Newsletter, My Green Space (Yam, 2013a) (A) Re-
introduction of Dendrobium leonis, with Dr Yam Tim Wing holding a specimen, 
image taken from The Straits Times (Tay, 2010) (B) Re-introduced Bulbophyllum 
medusae flowering at Bukit Batok Nature Park, image from NParks Quarterly 
Newsletter, My Green Space (Yam, 2013a) (C). 
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1.2 Impacts of Environmental Conditions on the Physiological Performances of 
Tropical Orchid 

Successful re-introduction of orchids depends on the suitability of the micro-climate 

which takes into account the relative humidity, rainfall, air flow and sunlight. For instance, 

orchid seedlings planted in well-watered sites have been observed to grow well even through 

a drought period, as compared to those planted under direct sunlight which exhibit less chance 

of survival during the re-introduction (Yam et al., 2011) and the survival of Singapore’s native 

species Cymbidium bicolor, Bulbophyllum medusae, Bulbophyllum vaginatum and 

Phalaenopsis cornu-cervi have been shown to be significantly correlated to the relative 

humidity of the micro-climate (Izuddin et al., 2018). Biophysical factors that make up the 

micro-climate of these re-introduction sites impact the physiology of re-introduced orchids and 

any extremes in these environmental parameters will lead to reduced growth and productivity 

(He et al., 1998; He & Teo, 2007; Anjum et al., 2011; He et al., 2014). 

Two biophysical factors that impact growth in tropical native orchids are light condition 

and water availability. Light is an important factor in many tropical orchids, both commercially 

popular hybrids and native species, because these orchids are shade plants (Hew & Yong, 1994; 

Yam et al., 2011) where growth is limited by the low irradiances (Wadasinghe & Hew, 1995; 

Yong & Hew, 1995). For example, leaves of the commonly grown tropical orchid hybrid 

Oncidium Goldiana that are grown under low light have a light saturation between 80 and 100 

µmol m-2 s-1 for all the different stages of development (He et al., 1998). Any increase in growth 

irradiance under well-watered and well-supplied mineral nutrients environment so as to 

increase the photosynthetic rate of leaves in these tropical orchids is not feasible (He et al., 

1998), and would, instead, lead to photoinhibition of leaves. Two tropical hybrids commonly 

grown in Singapore, Dendrobium Sonia and D. Burana Jade, have been shown to have lowered 

chlorophyll (Chl) and sustained decreases in Fv/Fm, indicative of photoinhibition and reduced 

leaf photosynthesis, when exposed to high irradiances (He et al., 1998; He & Teo, 2007). 
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Photoinhibition in the orchid species, Deceoclades masculata, as indicated by a drop in CO2 

gas exchange and leaf chlorosis, have also been reported in those exposed to drastic increase 

in photon flux densities (Johnson, 1993). On the other hand, constant low irradiances may be 

sub-optimal for photosynthesis and therefore result in reduced growth rate of plants (He et al., 

1998; Wu et al., 2013). Growing under high irradiances not only affects leaves but also flowers. 

A long term field study on the tropical hybrid Oncidium Goldiana indicated that there was a 

reduction in flower production when the annual total sunshine hours was high (Ding et al., 

1980). Flower production was also reported to have been reduced in Phalaenopsis hybrids 

cultivated under high irradiances (Konow & Wang, 2001). 

Much of recent research on the effects of light is dedicated to understanding the impact 

of light intensity on photosynthesis and growth in orchids, but there is little published on the 

effect of light quality on photosynthesis and growth. There are studies such as the effect of 

different spectral lights affect the protocorm-like bodies of Oncidium propagated by tissue 

culture in vitro (Liu et al., 2010), the effect of different wavelengths of LED-light on in vitro 

asymbiotic seed germination and seedling growth of Bletilla ochracea Schltr. (Godo et al., 

2011), the effect of irradiance from red-blue cold cathode fluorescent lamps (80 % red [~660 

nm] + 20 % blue [~450nm]) on the growth of in vitro Oncidesa plantlets with super-elevated 

CO2 enrichment (Norikane et al., 2013). These studies emphasise a need to better understand 

the influence of light quality and quantity in each phase of plant development in Orchidaceae. 

A better understanding would help to develop methods that can improve artificial propagation 

methods using LED-light and contribute to ex situ conservation of endangered species. 

Water availability plays an important role in the growth of tropical orchids. Being 

epiphytic (Yam et al., 2011), growth is limited by the water availability and survival hinges 

upon morphological and physiological adaptations to frequent water shortage in an arid natural 

environment (Lüttge, 1987; Benzing, 1989; Zotz & Tyree, 1996; Winter et al., 2015). Orchids 
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are equipped with storage organs, such as pesudobulbs that store water and mineral ions that 

are supplied to the leaves during drought (Stern & Morris, 1992; Ng & Hew, 2000; Kumar, 

2009), and, fleshy leaves (Zhang et al., 2018a), fleshy roots and pseudocorms that store water 

(Pan et al., 1997). Orchids may also rely on a specialised root epidermal layer on their aerial 

roots known as the velamen to reduce water loss through the roots and, in reverse, rapidly 

absorb moisture and nutrients from the surrounding humid atmosphere (Zhang et al., 2018a). 

Orchids may also have thicker cuticles in the upper epidermis to reduce water loss, such as in 

the case of Dendrobium chrysotoxum (Yang et al., 2016). In addition, orchids also regulate 

water loss at the stomatal level, with different ways in which they adapt to water shortage 

(Kerbauy et al., 2012; Zhang et al., 2016). Smaller and denser stomata in Coelogyne corymbosa 

enable more rapid response to environmental changes or to the decrease in leaf water potential, 

while promoting greater diffusive conductance under favourable conditions, which are 

attributes essential for survival under conditions of fluctuating water availability. In 

comparison, the large stomata of Pleione albiflora are slower to close and less able to prevent 

excessive water loss in dry conditions, but this delayed response provide an advantage in cool, 

moist, or shaded environments during the wet season (Zhang et al., 2016). 

Because of the importance of water availability, orchids rely on Crassulacean acid 

metabolism, or CAM for short, as a strategy of achieving a balance in carbon and water 

economy, especially critical in an arid environment where closure of stomata is a necessity in 

water conservation but limits intake of gaseous CO2 (Lüttge, 1987; Cushman, 2001; Silvera et 

al., 2009; Rodrigues et al., 2013). This CAM activity has been documented in several orchid 

species (Goh et al., 1977; Hew & Khoo, 1980; Winter et al., 1983; Cockburn et al., 1985; Goh 

& Kluge, 1989; Nelson et al., 2005; Silvera et al., 2005; Motomura et al., 2008a, 2008b) where 

the degree of CAM expression exists as a continuum with several intermediates in between, 

dependent on the evolutionary history of the given species and the environmental context 
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(Cushman & Borland, 2002; Winter et al., 2008; Rodrigues et al., 2013; Nosek et al., 2018). In 

many of the species that do express CAM, this activity is ‘obligate’ and is regulated by 

prevailing environmental conditions (Griffiths, 1988), while the remaining are ‘facultative’ or 

C3-CAM intermediate species that express CAM in response to environmental stress (Griffiths, 

1988; Silvera et al., 2005; Zhang et al., 2014; Yang et al., 2016). In such C3-CAM 

intermediates, the expression of CAM varies with experimental conditions, such as 

photoperiod (Brulfert & Queiroz, 1982), light, temperature, or atmospheric CO2 concentration 

(Lüttge, 2004); drought (Borland et al., 2011) and salinity (Nosek et al., 2018). This CAM 

expression not only allows orchids to reduce water loss while maintaining carbon assimilation 

for survival, but also provides alleviation to photoinhibition under high irradiances and drought 

conditions, as reported in D. emarginata (Zotz & Tyree, 1996), as well as benefits in 

photoprotection discussed extensively by Herrera (2009). In addition, water availability also 

influences osmoregulation in plants (Yang et al., 2015) with proline as one of the 

osmoregulants involved in water conservation (Hayat et al., 2012). Proline is a good indicator 

of water deficit stress in plants and may contribute towards drought-hardening. 

With global climate change, longer periods of drought would lead to water availability 

becoming less frequent (Gale et al., 2018), making it more vulnerable for epiphytic orchids. 

However, these orchids possess the morphological and physiological adaptations to drought 

that will continue to drive their distribution and ecophysiology for survival (Benzing, 1998). It 

would be interesting to study the extent of CAM expression in tropical orchids and its impact 

on drought adaptation, especially with the current lack of understanding of the morphological 

and physiological adaptations in the context of tropical native orchid species, in terms of 

published literature. There is a need to better understand this CAM expression in both 

predominantly C3 or CAM tropical orchids and how CAM expression affects photosynthetic 

light utilisation and water relations which are essential for survival. It would also be 
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informative to study the impact of drought on osmoregulation in tropical native orchids and 

make comparisons between C3 and CAM orchids. Closing these gaps in understanding will 

also allow better selection of re-introduction sites that have favourable conditions of light and 

water availability for the six species and achieve a more sustainable conservation. 

 

1.3 Native Orchid Species of Interest in This Study 

In order to compare between predominantly C3 or CAM orchids and their morphological 

and physiological adaptations to high irradiances and drought in the tropical environment, 3 

species each representing respective types of photosynthesis (C3 or CAM), with different 

morphology within each type, were selected for this study. At the same time, these species 

were selected because of their conservation status in Singapore, so as to draw relevance in 

application towards Singapore’s conservation efforts. The following epiphytic native orchid 

species (Figure 1-4) have been selected for this study: 

(A) Coelogyne rochusenii de Vriese (1854), common name Rouchussen's Coelogyne 

Predominantly C3 orchid native to Singapore (Wong & Hew, 1973; Neales & Hew, 

1975), found as a hot to cool growing epiphyte with cylindric, narrow, strongly furrowed 

pseudobulbs, each carrying two, oblanceolate to obovate, rounded and slightly 

acuminate, gradually narrowing below into petiolate base leaves. Blooms are 

heteranthous, pendant, racemose inflorescences arising from base of mature pseudobulb 

with brown basal bracts and numerous simultaneously opening flowers (Pfahl, 1997). 

(B) Coelogyne mayeriana Rchb. f. (1877), common name Mayer's Coelogyne 

Predominantly C3 orchid native to Singapore and nationally extinct with a preference for 

shade and an environment less exposed to high irradiances (Wong & Hew, 1973; Neales 

& Hew, 1975; Yam, 2013b). This species occurs as a hot growing (optimal temperature 

23.9 – 29.4°C) epiphyte on tree trunks or occasional terrestrial in humus at elevations of 
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0 – 100 m from sea-level, often near mangroves. Pyriforms are spaced 8 to 24 cm apart, 

with circular in cross-section pseudobulb enveloped basally by a few imbricate sheaths 

and carrying two, apical, plicate, seven nerved, acute, gradually narrowing below into 

the grooved petiolate base leaves. Blooms are arching to pendant, long, proteranthous 

inflorescence with many lemon scented, simultaneously opening flowers. Flowers have 

characteristic non-pandurate, deeply ruffled lip with hard, white warts (Pfahl, 1997). 

(C) Bulbophyllum membranaceum Teijsm. & Binn. (1854), common name The Membranous 

Bulbophyllum 

Predominantly C3 orchid species native to Singapore and under CITES Appendix II 

(Arditti, 1980; Yong & Hew, 2004) with thin leaves and preference for growing in shade 

and an environment less exposed to high irradiances (Yam, 2013b). This orchid is found 

at elevations of 0 – 450 m above sea level as a hot growing (optimal temperature 23.9 – 

29.4°C) epiphyte with conical-ovate pseudobulbs spaced 5 mm to 5 cm apart. Each 

pseudobulb carries a single, apical, petiolate, broadly elliptic leaf that blooms on a sub-

sessile, sub-erect, basal, single flowered inflorescence sometimes arising basally and 

often arising directly from the rhizome away from the pseudobulb (Pfahl, 1997). 

(D) Bulbophyllum vaginatum [Lindley] Rchb.f (1864), common name The Vagina 

Bulbophyllum, Magrah Batu 

A CAM orchid native to Singapore and endangered nationally, with thick leathery leaves 

and preference for exposure to full sunlight (Yam, 2013b; Yong et al., 2015). Found in 

mangrove, lowland, open secondary, mixed and peat swamp forests at elevations of 0 – 

600 m above sea-level as a hot to warm growing, unifoliate epiphyte with ovoid, yellow 

pseudobulbs 5 cm apart. Each pseudobulb carries a single, apical, oblong, coriaceous, 

convex, apically bilobed leaf. Blooms are slender, 12 cm long, inflorescence with four 

sheaths and a cluster of filamentous-shaped white flowers (Pfahl, 1997). 
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(E) Dendrobium leonis Rchb. f. (1864), common name The Lion-Like Dendrobium 

A CAM orchid species, native to Singapore but nationally extinct, with thick fleshy 

leaves and can be grown under full sun and windy places (Wadasinghe et al., 1995; Hew 

et al., 1998). Found in lowland forests at elevations of 0 – 1100 m above sea-level as a 

hot to cool growing epiphyte, or occasional lithophyte on limestone cliffs, with clustered, 

leafy, flattened stems that are completely enveloped by the many, distichous, succulent, 

alternating, triangular, overlapping, dark, imbricating, dull green leaves that blooms in 

the spring, summer and fall on an axillary, short, single flowered inflorescence arising at 

the apex of the imbricating canes with one to two fleshy, flowers that emit a fragrance 

resembling that of Vanilla (Pfahl, 1997). 

(F) Phalaenopsis cornu-cervi [Breda] Blume & Rchb.f. (1860), common name Deer 

Antlered Phalaenopsis 

A CAM orchid species with thick fleshy leaves that can grow very well under semi-shade 

and flowers frequently (Motomura et al., 2008a). Found in exposed lowland locations on 

stunted vegetation in fairly exposed areas or in dense riverine or lowland forests with 

heavy dews high up in the canopy at elevations of 200 – 1000 m as a small sized, hot to 

warm growing epiphyte or lithophyte. This orchid has a short stem enveloped by 

imbricating leaf bases carrying fleshy, oblong-ligulate to oblong-oblanceolate, obtuse 

leaves. Blooms, which can occur at any time of year, are with a lateral, rachis branched 

and flattened, racemose or paniculate, many flowered inflorescence with small bracts 

arranged in two rows, and having fragrant, long-lasting, fleshy flowers. The flattened, 

flexuous, winged inflorescence with ovate cucullate bracts has sequential flowers that 

can reappear at a later time, so, keep the inflorescence as long as it is green (Pfahl, 1997). 

 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Library and Information Services Centre, National Institute of Education.



 13 

 

Plate 1-4 Coelogyne rochussenii (A), Coelogyne mayeriana (B), Bulbophyllum 
membranaceum (C), Bulbophyllum vaginatum (D), Dendrobium leonis (E), 
Phalaenopsis cornu-cervi (F). White bar at the bottom-left corner of each 
specimen image represents 5 cm. 
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1.4 Research Objectives 

The proposed objectives of this PhD research study were to: 

1. study the photosynthetic characteristics of selected tropical C3 and CAM orchid species  

2. investigate the relationships among growth, water status and photosynthesis of the 

selected orchid species at various temperatures and growth irradiances under natural 

conditions and drought/well-watered conditions in the greenhouse 

3. study the effects of re-watering conditions on the water status and photosynthesis of 

the selected orchid species that were previously subjected to drought treatment 

4. investigate how carbon assimilation and metabolism are affected by various 

temperatures and growth irradiances under natural conditions and drought/well-

watered/re-watering conditions in the greenhouse 

5. investigate how the growth rate of the seedlings of the selected orchid species are 

affected by different spectra of LED lighting 

 

In the following chapters of this thesis, the second chapter comprises of a review of the 

literature on C3 and CAM photosynthesis and how light and water deficit shapes morphology, 

growth, photosynthetic performance, water status, and, osmoregulation, in C3 and CAM plants, 

as well as the impact of light quality on growth and photosynthesis, with emphasis on the use 

of LED. After the literature review, it was followed by four chapters discussing the methods 

and results of experiments carried out on the six orchid species under natural conditions, and 

in controlled environments of the greenhouse and indoor automated irrigation systems coupled 

with LED lighting, under water deficit and re-watering. Chapter 7 was then comprised of a 

general discussion of the results of this entire study and provide the conclusion for this thesis.
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2.1 C3, C3-CAM and CAM Photosynthetic Pathway 

Two types of photosynthetic pathways are found in epiphytes that grow under tropical 

conditions (Lüttge, 1989). The C3 photosynthetic pathway is based on the conventional Calvin 

cycle that takes place in the stroma of the chloroplast (Bassham et al., 1950), where carbon is 

fixed by the key enzyme, ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco) in a key 

step that combines ribulose-1,5-bisphosphate (RuBP) with inorganic CO2 to form 3-

phosphoglycerate (Wildman, 2002). The process of carbon fixation through the Calvin cycle 

consumes ATP and requires the reductant NADPH. Both ATP and NADPH are products of 

the light-dependent reactions of photosynthesis. 

The CAM photosynthetic pathway is based on a type of diurnal variation in acidity first 

discovered in the Crassulaceae plant Bryophyllum calycinum (syn. Bryophyllum pinnatum, 

common name: miracle leaf, Goethe plant) and hence, termed Crassulacean acid metabolism 

(CAM) (Ranson & Thomas, 1960). This CAM photosynthetic pathway is defined by four 

phases proposed by Osmond (1978) and elaborated by Winter (1985) (Figure 2-1) in which a  

 

Figure 2-1 The four phases of CAM as defined by Osmond (1978), measured from a well-
watered plant of Kalanchoe daigremontiana, which is constitutive CAM. Phase 
I, CO2 uptake and dark fixation by phosphoenol pyruvate carboxylase (PEPC); 
Phase II, night-day transition with CO2 fixation by PEPC and Rubisco; Phase III, 
malate re-mobilisation and CO2 assimilation through Rubisco and Calvin cycle; 
Phase IV, afternoon CO2 uptake and fixation by Rubisco and PEPC. Open 
symbols, transpiration; closed symbols, net CO2 exchange. Figure adapted from 
Smith & Lüttge (1985). Dark bar on x-axis indicates duration of dark period. 
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series of biochemical reactions are responsible for the spatio-temporal sequestration of carbon 

and subsequent decarboxylation to release CO2 for carbon fixation through the conventional 

C3 pathway. Concomitant with the biochemical reactions that govern the carboxylation and de-

carboxylation, plants that express CAM are able to regulate their stomata which typically close 

in the day, to reduce water loss through transpiration, and open at night, to allow diffusion of 

CO2 for carbon sequestration in the form of malate (Cockburn et al., 1979; Osmond, 1982). 

Therefore, CAM provides an alternative carbon fixation under dry and arid conditions other 

than the C3 pathway. 

Although the C3 and CAM photosynthetic pathways are separate entities by 

nomenclature and definition, they are intertwined with each other at different levels. For 

instance, both processes require an energetic cost supplied by the light-dependent reactions in 

the form of ATP (Lüttge, 1987), and the shuttling of malate between organelles serves as an 

intermediary to both pathways through a malate valve (Foyer & Noctor, 2000; Niyogi, 2000; 

Scheibe, 2004; Backhausen et al., 2005; Finkemeier & Sweetlove, 2009; Kinoshita et al., 2011; 

Selinski et al., 2014; Selinski & Scheibe, 2019). Moreover, CAM cannot replace C3 as the 

primary pathway through which a plant derives its carbon gains, but serves as a CO2-

concentrating mechanism that ensures the availability of CO2 for carbon fixation through the 

C3 pathway, even when CO2 diffusion is limited by stomatal closure (Winter, 1985; Frimert et 

al., 1986; Winter & Smith, 1996). 

Conversely, the expression of CAM may be constitutive or facultative. Constitutive 

CAM plants do not repress CAM expression completely during the growth period, but the 

extent of gas exchange and nocturnal acidification is regulated by prevailing condition 

(Griffiths, 1988). Several studies have shown this constitutive CAM expression in plants. For 

example, under well-watered conditions, the Kalanchoe daigremontiana (of the Crassulaceae 

family, common name: mother of thousands, devil’s backbone) and some Cactaceae and 
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Aizoaceae demonstrate constitutive CAM activity, as evident in the typical nocturnal opening 

of the stomata coupled with uptake of CO2 and sequestration into malate, which increases the 

nocturnal acidity, and subsequent decarboxylation and recycling of this CO2 for carbon fixation 

by Rubisco in the afternoon, with decreased acidity. This day-night fluctuation of malate is 

characteristic of constitutive CAM plants (Lüttge, 1987), and is also demonstrated clearly in 

well-watered Clusia rosea (common name: Balsam apple) (Garcia et al., 2009) and Clusia 

alata (a flowering plant found in South America) (Kornas et al., 2009); in Zamioculcas 

zamiifolia (common name: Zanzibar gem) (Holtum et al., 2007); in tropical epiphytic ferns, 

such as Pyrrosia longifolia, and orchids such as Phalaenopsis grandifolia, Cattleya species 

(Goh & Kluge, 1989) and Vanilla planifolia Andrews (Díez et al., 2017); in pineapple (Ananas 

comosus); Agave subsp. (Cushman, 2001); Talimum triangulare (Portulacaceae) (Herrera et 

al., 1991); and even in aquatic plants Lycophyta (Keeley, 1998). However, the CAM activity 

in constitutive CAM plants can still be regulated by prevailing environmental conditions, for 

example, the dark CO2 uptake characteristic of CAM plants, is upregulated in Z. zamiifolia 

during water stress (Holtum et al., 2007). 

The expression of CAM may also be induced in some plants that predominantly fix 

carbon via the C3 pathway. These plants are also known as facultative CAM or C3-CAM 

intermediate plants. The CAM expression is induced by stress conditions, for example, in the 

classical model plant Mesembryanthemum crystallinum (common name: ice plant), CAM can 

be induced by water stress from salinity (Adams et al., 1998; Barker et al., 2004; Matsuoka et 

al., 2018) and in the case of some species of Clusia, CAM activity can be induced by increasing 

water deficit, typical in the change from wet to dry season of their natural habitat (Borland et 

al., 1992; Lüttge, 1996; Winter et al., 2008). The CAM activity is also shown to be upregulated 

to different extents in CAM-inducible orchid Dendrobium officinale in relation to the 

prevailing environmental conditions, which originally showed both C3 and CAM pathways 
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under non-stress conditions (Zhang et al., 2014). Other examples of inducible CAM plants 

include the epiphytic fern Vittaria lineata (Minardi et al., 2014) and the bromeliad Guzmania 

monostachia (Pikart et al., 2018). 

Recent studies have given momentum to the idea of a continuum in the degree of CAM 

expression, which still uses the four phases of CAM to describe the fundamental 24-h pattern 

of CAM photosynthesis, but also includes the variations to these four phases that often occur. 

For example, the epiphytic bromeliad Tillandsia usneoides (common name: Spanish moss) is 

a complete exception to this four-phased pattern, where the phase III, characterised by malate 

re-mobilisation and CO2 assimilation through the C3 pathway, is shortened and CO2 

assimilation occurs instead throughout the entire 24 hours, with minimal downregulation of 

PEPC activity, and carbon fixation occurring through concomitant C3 and C4 pathways for 

most of the day (Dodd et al., 2002), which is also similarly reported in D. officinale under 

optimal well-watered conditions (Zhang et al., 2014). In some species, CAM activity may be 

present with daytime CO2 fixation and malate re-mobilisation but without the nocturnal 

opening of stomata, instead, these species build malate from the nocturnal carboxylation of 

recycled respiratory CO2. These are classified as CAM-cycling (Cushman, 2001; Herrera, 

2009; Borland et al., 2011; Mioto et al., 2015) and the examples include the cycad Dioon edule, 

which are found in seasonally-dry tropical forest along with associated CAM plants such as 

bromeliads and cacti, but fix carbon predominantly through C3 under well-watered conditions, 

and switch to CAM-cycling under drought (Vovides et al., 2002). CAM-cycling is also 

observed in Clusia minor (common name: tar gum tree) under high light without nitrogen 

supplementation (Lüttge, 2006), and in Euphorbia milii (common name: crown of thorns), 

which showed small diurnal fluctuations in acidity even when there was no nocturnal CO2 

uptake, demonstrating evidence of recycling nocturnal respiratory CO2 for building malate, 

and hence CAM-cycling (Herrera, 2013). 
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In the CAM K. daigremontiana exposed to mild drought, there is a shortened period of 

carbon fixation by both PEPC and Rubisco during the transition at daybreak with absent phase 

IV CO2 uptake in the afternoon, due to closure of stomata to reduce transpirational water loss, 

but consequentially reduces carbon gain as well, which is compensated by an increased 

intensity of nocturnal carboxylation (Dodd et al., 2002). If drought becomes more severe, some 

CAM species will further restrict transpirational water loss by stomatal closure throughout 24-

h, and as a consequence, reduce CO2 uptake drastically, but these plants are able to recycle 

metabolic CO2 to build malate in a continued diel fluctuation and maintain carbon fixation. 

These characteristics are classified as CAM-idling (Cushman, 2001), and its examples include 

Hoya carnosa (common name: porcelainflower plant) after 10-12 days of severe water stress, 

where it continue to close its stomata and recycle metabolic CO2 for another 8 weeks (Rayder 

& Ting, 1983); Talimum triangulare (of the Portulacaceae family, common name: Ceylon 

spinach) after 30 days of drought stress (Herrera et al., 1991); Peperomia carnevalii, a 

perennial, evergreen herb endemic to Venezuela that was drought-treated in a greenhouse 

(Herrera et al., 2000); the bromeliads Aechmea ‘Maya’, after 6 months of drought (Ceusters et 

al., 2009), and Guzmania monostachia (common name: West Indian tufted air plant) (Freschi 

et al., 2010b); in the succulent stems of the constitutive CAM Duvalia velutina (a stem 

succulent of the family Apocynaceae, commonly found in the arid region southwest of the 

Arabian Peninsula) which switch to CAM-idling under prolonged drought (Masrahi et al., 

2015); and in the CAM orchid Phalaenopsis, which shifted to CAM-idling after 6 weeks of 

drought stress (Ceusters et al., 2018). These several intermediates of C3-CAM or CAM-

inducible plants have introduced new terms such as C3, CAM-cycling, constitutive CAM, and 

CAM-idling, which have been elaborated above. These terms represent the new modes of 

CAM expression as shown in examples in Figure 2-2. 
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Figure 2-2 Daily gas-exchange of plants with different modes of CAM: (A) Obligate CAM 
in watered plants of Opuntia ficus-indica; (B) C3 CO2-uptake in well-watered 
plants of the inducible-CAM species, Talinum triangulare; (C) small dark 
CO2 fixation in plants of T. triangulare drought-stressed for 10 days; (D) CAM-
cycling in watered plants of Talinum calycinum; (E) CAM-idling in plants 
of Talinum calycinum drought-stressed for 3 days. The broken line indicates no 
net CO2-exchange; the dark bar on the abscissa indicates the duration of the dark 
period. The corresponding values of nocturnal acid accumulation were: (A) 85 
µmol H+cm−2 (droughted plants had a value of 16 µmol H+ cm−2); (B) 8 µmol 
H+ g−1 FW (0·2 µmol H+ cm−2); (C) 100 µmol H+ g−1 FW (2·0 µmol H+cm−2); (D, 
E) 56 µmol H+ g−1 fresh weight (FW). Figure taken from Herrera (2009). 
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With the use of carbon isotopic composition (δ13C) analysis, vascular plants were 

surveyed for CAM activity. In a report published in 1996, Winter and Smith (1996) estimated 

that there was an estimated 16 000 species of CAM plants with about 7000 of them being 

orchids. Crayn et al. (2004) then showed that in the neo-tropical family Bromeliaceae, strong 

CAM activity was found in 826 of 1873 bromeliad species (44%). The estimate of CAM 

expressing vascular plants continued to increase with more surveys done, such as the one by 

Silvera et al. (2005) demonstrating that in 200 native orchid species and 14 non-native species 

from Panama, 42 out of 128 supposed C3 species (roughly 30%) showed nocturnal acid 

accumulation as an indication of weak CAM expression despite having isotopic values 

characteristic of C3 photosynthesis (δ13C values less than -22‰), while 20% of the surveyed 

species show strong CAM species through nocturnal acidification and having carbon isotopic 

composition characteristic of CAM photosynthesis (δ13C values between −13‰ to −14‰). 

These results suggest the occurrence of strong and weak CAM modes in vascular plants of the 

topics, and hints at the possibility of more vascular plants expressing some form of CAM 

activity, be it weak or strong. Furthermore, in a larger survey done by Silvera et al. (2010b) in 

Panama and Costa Rica in 2010, even though the number of strong CAM species was refined 

to only 9.5% of the surveyed species, the total number of species exhibiting CAM (both strong 

and weak CAM) still increased. This second survey also included a broader geographical 

distribution in the tropics, including different elevations and climates that were wetter and 

drier, and showed that the distribution of CAM and C3 species was bimodal with few species 

having intermediate δ13C values, which proved that this distribution of CAM and C3 was 

closely associated with the species-adaptation to niche habitats that lead to these species 

exhibiting morphological or physiological characteristics that specialise in either the C3 or the 

CAM photosynthesis pathway. Nevertheless, this second survey by Silvera et al. was only a 

small representation of the estimated total number of orchid species known worldwide and in 
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2015, Yang et al. (2015b) then cited supportive data and stated that about 6% of an estimated 

350 000 species of vascular plants are believed to be capable of CAM photosynthesis, with a 

wide distribution over 35 families and more than 400 genera – a number that will likely 

increase further, given that there are more vascular plants yet to be surveyed for CAM activity. 

Therefore, with the increasing number of species surveyed to be expressing CAM, and the 

existence of plasticity in the expression of CAM in various species, Borland et al. (2011) goes 

on to argue that the current four CAM modes should not be viewed as distinctive, but rather as 

a continuum of strategies for storing CO2, which is either determined by the evolutionary 

history of a given species or regulated by the prevailing environmental conditions (Silvera et 

al., 2010a). To which Winter et al. (2015) refutes and reiterates the discrete nature of CAM 

expression, reiterating the evidence of a strongly bimodal occurrence of C3 or CAM plants with 

relatively few intermediates. Regardless of the controversy, what remains interesting is that 

there is, irrefutably, a high variability in the degree of phenotypic CAM expression within 

plants (Cushman, 2001; Silvera et al., 2010a; Borland et al., 2011; Winter et al., 2015; Heyduk 

et al., 2018), which may develop with leaf age, as in the case of constitutive CAM plants 

(Adams et al., 1998), or may be upregulated dynamically to adapt with the prevailing 

environmental condition (Silvera et al., 2010a). 

Metabolic changes with diel fluxes have been detailed in CAM orchid Phalaenopsis 

‘Edessa’ (Ceusters et al., 2019). For example, it was found that in the day, high levels of 3-

phosphoglycerate activated ADP-glucose pyrophosphorylase and enhanced production of 

ADP-glucose, while nocturnal buildup of fructose-1,6-bisphospate has been suggested to play 

a key role in biosynthesis and signalling of sucrose at night. Such metabolic changes have been 

suggested to (1) come as a result of coordinated activities of two carboxylating enzymes PEPC 

and Rubisco; (2) regulate diel CO2 rhythms between light and dark transitions; (3) respond to 

environmental cues (McClung, 2006) such as environmental stress. 
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2.2 Morphological and Leaf Traits of Epiphytic C3 and CAM plants and Their 

Functional Roles under Water Deficit Conditions  

2.2.1 Morphological traits 

 Being epiphytic, growth of these orchids is limited by the water availability and survival 

depends on the morphological traits that help in their adaptation to frequent water shortage in 

an arid natural environment. Some of these epiphytic orchids have modified stems known as 

pseudobulbs, which serves as a storage of water, mineral and carbohydrates (Hew & Ng, 1996; 

Khee Yew Ng, 1996; Ng & Hew, 2000), and actively regulate assimilate partitioning (He, 

2018). For example, pseudobulbs found in the orchids of the subtribe Stanhopeinae have 

epidermal cells with thick walls to reduce water loss by evaporation, and ground tissue made 

up of smaller living cells together with larger dead cells. The smaller living cells assimilate 

minerals and carbohydrates, while the larger dead cells are responsible for storing water (Stern 

& Morris, 1992; Stern & Whitten, 2008). Similarly in the orchid Bulbophyllum sterile, the 

pseudobulbs have a 4 – 5 µm thick cuticle with no stomata on the surface and ground tissue 

made up of smaller living cells found associated with pitted water cells (Muthukumar & 

Shenbagam, 2018). Both the storage and regulation functions in pseudobulbs are crucial to 

tolerating and adapting to water deficit. The storage of water in pseudobulbs of epiphytic 

orchids have been shown to slow the decrease in leaf water content and water potential during 

drought, as a form of drought tolerance against the effects of water deficit. For example, in the 

C3 orchid Oncidium Goldiana (Plate 2-1), pseudobulbs were reported to have an impermeable 

layer of cuticle and absence of stomata to conserve water held within (Hew & Yong, 1994; 

Hew & Ng, 1996), and in the CAM orchid Cattleya forbesii × Laelia tenebrosa, the presence 

of pseudobulbs reportedly enabled the reduction of water losses after 45 days of water deficit 

by having cells that store water within the pseudobulb, and supplying water to the leaves 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Library and Information Services Centre, National Institute of Education.



 25 

 

Plate 2-1 Oncidium Goldiana. Red arrow pointing at the pseudobulb where water is 
stored. Image taken from a public photo database (Stavros, n.d.). 

 
(Stancato et al., 2001). This was also reported in the C3 orchid Cymbidium sinense subjected 

to 42 days of water deficit (Zheng et al., 1992). Pseudobulbs with similar functions of water, 

mineral and carbohydrate storage were also reported in other orchids such as Pleione 

formosana Hayata (Chiang & Chen, 1968), Tipularia discolor (Zimmerman & Whigham, 

1992) Maxillaria species (Holtzmeier et al., 2008), orchids of the Catasetinae family (Judd & 

Stern, 2008), Cattleya laeliocattleya Aloha Case (He et al., 2013), four species of Dendrobiums 

(Yang et al., 2016), Pleione albiflora, Coelogyne corymbosa (Zhang et al., 2016), B. sterile 

(Muthukumar & Shenbagam, 2018), and Zygopetalinae (Pedroso-de-Moraes et al., 2018). In 

C. laeliocattleya Aloha Case, the relative water content (RWC) of pseudobulbs decreased more 

than the RWC of leaves after 3 weeks of drought and the pseudobulbs slowed down the 

reduction in leaf water content (He et al., 2013). Furthermore, in another study by Zhang et al. 

(2016), C. corymbosa had higher saturated water content in the pseudobulbs compared to P. 

albiflora which allowed the thicker leaves to take a longer time to dehydrate to 70% RWC, 

and was able to maintain better water-use efficiency during severe drought period, with higher 

leaf water potential after drought. This proved that C. corymbosa had a higher capacity for 

water storage and conservation in the pseudobulb. In a study done by Yang et al. (2016), it was 

also demonstrated that (1) although Dendrobium chrysanthum and D. crystallinum had lower 
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tissue density, they had cells that store water in their pseudobulbs to compensate for the higher 

rates of water loss in leaves which have thinner cuticles; (2) the storage of water in the 

pseudobulbs and supply of water to the leaves were shown to be true since pseudobulbs with 

attached leaves had lower rates of water loss compared to only excised leaf samples.  

The other role of pseudobulbs is in actively regulating assimilate partitioning (He et 

al. 2011; He, 2018). It was reported in the pseudobulbs of the orchid T. discolor, the severance 

of the older pseudobulbs from the younger pseudobulbs resulted in a greater loss of initial mass 

(45% loss) from the younger pseudobulbs, yet with the older pseudobulbs attached, the total 

non-structural carbohydrates did not change much compared to dormancy (61% of the dry 

mass). Therefore, the older pseudobulbs must have contributed carbohydrates to the younger 

pseudobulbs despite overall loss of mass during shoot initiation (Zimmerman & Whigham, 

1992). The development of new shoots and floral organs also requires a large proportion of 

newly fixed carbon (Hew et al., 1998) which is derived from the carbohydrates stored within 

the pseudobulbs. It was demonstrated that the rate of growth and final size of the new shoot in 

the epiphytic orchid hybrid C. forbesii x L. tenebrosa was determined by the volume of the 

pseudobulbs (Stancato et al., 2001) and in the process of young shoot development, the volume 

of the pseudobulbs were greatly reduced, also suggesting the movement of some storage 

compounds from pseudobulbs to developing shoot. In the C3 orchid Cymbidium sinense during 

the vegetative stage, pseudobulbs are active sinks of photoassimilates but during floral 

development, the pattern of photoassimilates partitioning changes such that the developing 

flowers now become major sinks and draw on the assimilates from leaves and pseudobulbs 

(Zheng et al., 1992; Pan et al., 1997). Moreover, it was demonstrated in Ranunculus glacialis 

found in high elevations, that most of the carbon assimilated during photosynthesis in the leaf 

was not utilised for respiration in the dark, instead, originated from the reserves within the 

plant (Pardo et al., 2006). In addition, it was also shown that in the C3 orchid O. Goldiana, 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Library and Information Services Centre, National Institute of Education.



 27 

photoassimilates for inflorescences were derived from the leaves of both the current shoot and 

the older backshoots, with remobilisation of storage reserves from older pseudobulbs to 

inflorescences (Yong & Hew, 1995). Pseudobulbs are also able to utilise respiratory CO2 for 

photosynthesis and contribute to the carbon balance, such as in the case of Oncidium Aloha, 

where the pseudobulbs have no stomata and the epidermis was lignified, which reduced water 

loss. In this orchid under drought, the pseudobulbs had the ability to upregulate carbon fixation 

through PEPC and build malate at night to be stored in the pseudobulbs. It was proposed that 

this malate could then be utilised by carbon fixation in the leaves through the C3 pathway 

(Rodrigues et al., 2013). In addition, it was also shown that in the C3 orchid Oncidium Gower 

Ramsey, even though the leaves are the main sources of carbon for the development of flowers, 

the transfer of photoassimilates from leaves to flowers occurred mainly through the re-

distribution of assimilates in the pseudobulbs (Chia & He, 1999). 

Beside pseudobulbs, other organs of the plant are also able to store water and 

assimilates to be utilised by the plant for growth and adaptation. For example, it was shown in 

the orchid Dimerandra emarginata, that during drought, the older stems increase in their water 

storage capacity and use it to supply water to the remaining leaves. In addition, they also 

accumulate twice as much total non-structural carbohydrates in the dry season compared to the 

rainy season. The older backshoots also store more inorganic nutrients compared to stems with 

leaves attached. Therefore, the older stems that remain after senescence of the attached leaf, 

function as storage of water and assimilates to supply the remaining leaves, thereby enabling 

greater drought tolerance (Zotz & Tyree, 1996; Zotz, 1999). Fleshy leaves may also play a 

significant role in storage of water and assimilates that are used for new growth. For example, 

during drought, the fleshy leaves of C. corymbosa had a higher leaf RWC and water potential 

compared to the thinner leaves of the P. albiflora, and therefore proved that the fleshy leaves 

were used for water storage as a strategy for avoidance of drought (Zhang et al., 2016). 
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Moreover, in O. Goldiana, photoassimilates were accumulated in the leaves and then shown to 

be supplied to the inflorescences for growth (Hew & Yong, 1993; Hew & Yong, 1994; Yong 

& Hew, 1995). In addition, in the C. forbesii × L. tenebrosa under drought, there was a marked 

accumulation of sucrose in the fleshy leaves which show their importance in supplying the 

metabolic demands of these leaves during drought, as well as to aid in the retention of water 

by osmotic adjustment in the water-storing cells in these succulent leaves (Stancato et al., 

2001). The function of fleshy leaves is further elaborated below under leaf traits. 

Traditionally, roots have been viewed as a sink for photoassimilates (Pan et al., 1997). 

However, orchid aerial roots were found to have grana present in them (Hew et al., 1983) and 

these roots were also able to fix carbon through PEPC activity, and build malate which is then 

decarboxylated to release CO2 for fixation through the C3 pathway in the leaves (Goh et al., 

1983). This CAM activity, shown in aerial roots, play a significant role in contributing 

positively to the carbon balance through photosynthesis (Aschan & Pfanz, 2003). This is 

further demonstrated in the two orchids O. Aloha and C. walkeriana. In the roots of O. Aloha, 

CAM activity increased with significant increase in PEPC and malate dehydrogenase activity 

coupled with significant increase in nocturnal malate accumulation, while the roots of C. 

walkeriana showed upregulation of PEPC and malate dehydrogenase activities with slight 

nocturnal acidification, when induced by drought (Rodrigues et al., 2013). The roots may also 

serve as storage for water and nutrients. For instance, roots of the C. walkeriana showed a 

higher number of cortical cell layers with more lignified cell walls in both velamen and 

exodermis, which increased their impermeability and reduced water loss (Rodrigues et al., 

2013) and in the orchid Dichaea cogniauxiana, succulent roots with thick cortex, large cortical 

cells and prominent vacuoles enable water absorption and high storage capacity (Moreira et 

al., 2009). In addition, Zotz and Winkler (2013) also showed that the velamen of aerial roots 
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in a large number of orchid species takes up solutions within seconds, and gradually lose water 

by evaporation retaining charged nutrient ions and facilitate its uptake and storage in the roots. 

Certain terrestrials have a unique additional layer of spongy cells surrounding the 

exodermis of the roots, which are made up of dead cells at maturity of this layer (Zotz & 

Winkler, 2013). This layer is known as the velamen radicum (Plate 2-2), or velamen in short, 

and its presence is found in almost 240 terrestrial genera (Heilmeier et al., 2005), with 

Orchidaceae contributing to the majority of the genera listed (Schickenberg et al., 2017).  

 

Plate 2-2 (A) Freehand sketch of the root transection of Rhodohypoxis thodiana 
(Hypoxidaceae) showing the uniseriate velamen, adapted from Schickenberg et 
al. (2017). (B) Detail of the multi-layered velamen, V, and exodermis, Ex, of the 
orchid Oncidium Aloha, adapted from Rodrigues et al. (2013). 

 

 The function of the velamen has been studied exclusively in epiphytic orchids and these 

functions are described in detail by Pridgeon (1987), which included water and nutrient uptake 

and storage, reducing transpirational water loss, protection of the cortical cells, and reducing 

the temperature of aerial roots of orchids, through evaporative cooling of water from the 

velamen. Two recent studies have provided significant insight into the roles of the velamen. It 

was reported that the velamen provided protection against UV-B damage to the exposed aerial 

roots of orchids (Chomicki et al., 2015), and that the velamen allowed the epiphytic to take 

nutrient solutions rapidly and retain mineral ions in the velamen, so as to increase effectiveness 
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of the subsequent nutrient uptake into the living cortex (Zotz & Winkler, 2013), which suggests 

a significant strategy in arid, nutrient poor environments that epiphytes are often associated 

with (Lüttge, 1989). The difference in presence of the velamen and suberized exodermis in the 

orchid C. corymbosa and its absence in the orchid P. albiflora, proves that the velamen is 

significant to drought adaptation through rapid water-absorption under wet conditions and 

resisting desiccation by being impermeable to transpirational water loss during the dry season 

(Benzing et al., 1982; Zotz and Winkler, 2013). Moreover, the presence of suberized cell layers 

at the exodermis prevents water loss under extreme drought (Hose et al., 2001) and a thicker 

velamen and suberised exodermis have also been observed in epiphytic orchids that grow in 

drier environment (Moreira et al., 2013). The presence of a thick velamen in C. corymbosa aid 

in the water and nutrient uptake, storage of nutrients, and the suberised exodermis aids 

retention of water within the roots, key to adaptation in dry seasons, but in P. albiflora, the 

absence of these structures prevent excessive hydraulic pressure which would otherwise be 

detrimental during the wet season, even when both orchid are grown in the same epiphytic 

habitat (Zhang et al., 2016). 

 

2.2.2 Leaf trait 

Plants are able to harness radiant energy and convert it to chemical energy through the 

light-dependent reactions of photosynthesis, which take place over an entire array of 

photosynthetic apparatus found in the thylakoids of chloroplasts, comprising of the light 

harvesting complexes, photosystems I (PS I) and II (PS II), cytochrome b6f and ATP synthase 

(Anderson, 1986). However, when light is in excess of the photosynthetic capacity of plants, 

it may cause irreversible damage to the photosynthetic apparatus (Demmig-Adams & Adams, 

1992). Plants therefore have morphological traits that aid in its acclimation to higher irradiance 

and prevent such photodamage. 
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Some plants may avoid excessive light interception by altering leaf angles in response 

to higher irradiance, such that the leaf is parallel to the incident light, so as to decrease its 

absorption (Bjorkman & Powles, 1981; Powles & Bjorkman, 1981; Koller, 1986). For instance, 

it has been reported that in different species of Heliconia, the photosynthetic photon flux 

density (PPFD) of the incident light on the leaf surface decreased by 41% with a difference in 

the leaf orientation from 10 to 80º from the horizontal, resulting in reduced light interception, 

which may otherwise have been detrimental to the plant photosynthetic apparatus and overall 

productivity (He et al., 1996). Leaf orientations and arrangements are critical to epiphytes 

which may be subjected to irregular or limited radiant energy from shading and transient 

changes in light environment due to the leaf canopy of the host tree. In such cases, leaf 

orientations aim to maximise light capturing. For instance, in the epiphytic orchid Rodriguezia 

granadensis found on Psidium guajava trees (Plate 2-3A), leaves orientate such that leaf angles 

produced complementary leaf positions, maximising potential light interception (Ventre- 

 
 
Plate 2-3 (A) Rodriguezia granadensis found on Psidium guajava trees, image taken from 

the study by Ventre-Lespiaucq et al. (2017). (B) Delosperma echinatum, image 
taken from a public photo database (Grootscholten, 2014). (C) Agave deserti 
found in the USA, image taken from PLANTS database (Peterson, 2002). (D) 
Dimerandra emarginata with older and newer stems shown connected at the base 
of the plant, image courtesy of Jesus Choy, found on IOSPE (Pfahl, 1997). 
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Lespiaucq et al., 2017). Exposure to different levels of irradiance may also trigger differences 

in the leaf area and thickness, and conventionally, plants that are shade-acclimated in their 

native habitat often have thin leaves with lower fresh weight (Boardman, 1977). However, 

shade plants may not always have thin leaves, as observed in the shade species Cordyline rubra 

(common name: palm lily) and Lomandra longifolia (common name: basket grass) of the 

Queensland rainforest, which have thick leaves and high ratio of dry matter to leaf area 

(Goodchild et al., 1972). Nevertheless, sun leaves have to be thicker than shade leaves, such 

that leaf thickness increases with increasing light availability. This will maximise 

photosynthetic capacity of the leaf by accommodating more Rubisco per unit leaf area than 

shade leaves (Terashima et al., 2011). This is also supported by evidence from other studies 

where increasing light resulted in increased leaf thickness, such as in soybeans and broadleaf 

weeds (Emilie et al., 1988), Salvia (Sage) species (Koike, 2013), 22 herbaceous species of 

Magnoliophyta (Meziane & Shipley, 1999), Acer (Mapleleaf) species (Hanba et al., 2002) and 

the understorey plant Aeschynanthus longicaulis (native to Southern Yunnan in China, 

Vietnam, Myanmar, Thailand and Malaysia, common name: zebra vine) (Li et al., 2014). 

Not only does high irradiance lead to excessive light capture that is damaging to the 

photosynthetic apparatus, drought may also lead to reduced photosynthetic capacity and further 

exacerbate the effects of light stress on the plant (Demmig-Adams & Adams, 1992; Anderson 

et al., 1995; Lawlor, 2002). To help reduce desiccation in the leaf, some plants maintain a high 

degree of leaf succulence. For example, in Aizoaceae (one of the examined species, 

Delosperma echinatum, a succulent native to South Africa commonly known as the pickle 

plant, and is shown in Plate 2-1B) leaf succulence increases the ability to maintain 

photosynthetic capacity over several hours and the light reaction integrity over several days, 

despite water stress (Ripley et al., 2013). Some plants are able to store water in leaves during 

periods of water deficit. For instance, most of the water is transported from the xylem to the 
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massive leaves of the Agave deserti (Plate 2-1C) for storage during the prolonged dry 

conditions in the Mojave desert (Andrew et al., 1986). 

Leaf succulence may be strongly associated with an increased dependence on CAM, as 

demonstrated in the CAM inducible Sedum wrightii (a flowering leaf succulent of the 

Crassulaceae family native to North America, common name: Wright’s stonecrop) where an 

increased leaf thickness was shown to be correlated with increased CAM activity (Kalisz & 

Teeri, 1986). It is reasoned that as the succulent leaf stores more water in the non-

photosynthetic leaf tissue, the air spaces reduce and the mesophyll conductance for CO2 

diffusion to the photosynthetic tissue decreases (Ripley et al., 2013). This limits photosynthesis 

in the leaf and CAM serves to overcome this limitation (Griffiths et al., 2008). Otherwise, leaf 

succulence arises from the storage of water in non-photosynthetic tissues without consequent 

increase in CAM activity, as shown in some species of Aizoaceae where the leaf succulence is 

due to non-photosynthetic hydrenchyma storing water, and these species show more C3 

photosynthesis than CAM (Ripley et al., 2013). 

Growth of the leaf is slowed down by drought, and leaf senescence followed by 

abscission might occur. This would reduce transpirational loss of water and maintain water 

balance of the whole plant (Munné-Bosch & Alegre, 2004). For example, leaf area per root dry 

mass and specific leaf area decreased in vegetable amaranth under drought stress (Liu & 

Stützel, 2004), and leaf abscission with increased high radiation and drought stress were 

observed in semi-deciduous Cistus albidus (a flowering shrub of the family Cistaceae native 

to south-western Europe and western north Africa, common name: grey-leaved cistus) and C. 

monspeliensis (another flowering shrub of the family Cistaceae, common name: Montpellier 

cistus), to reduce their transpirational surface and cope with the drought stress (Werner et al., 

1999). Leaf abscission was also reported in the orchid Dimerandra emarginata, after three 

weeks of drought stress (Zotz & Tyree, 1996). Moreover, in the comparison between four 
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species of Dendrobium (Yang et al., 2016), it was reported that leaves of two orchid species 

D. chrysanthum and D. crystallinum have thinner cuticles and higher rates of water loss 

compared to that of D. chrysotoxum and D. officinale, which have lower rates of water loss, 

and thicker leaves and upper cuticles, but lower epidermal thickness and leaf dry mass per area. 

The difference in the two types of orchids in this study highlight the differences in the strategies 

for maintaining water balance. In the case of D. chrysanthum and D. crystallinum with thinner 

leaves, the orchids shed their leaves to reduce the surface area and consequently reduce 

excessive transpirational water loss, as their main strategy for drought avoidance and tolerance. 

 

2.3 Impacts of light and water deficit on Photosynthetic Performances of C3 and 

CAM plants 

2.3.1 Photosynthetic light use efficiency 

Plants exposed to stress would result in reduced photosynthetic capacity that limits 

plant growth and survival. One of the key factors is drought stress, which results in stomatal 

closure (Bota et al., 2016), reduced mesophyll conductance and limited CO2 availability 

(Flexas et al., 2004; Lawlor & Tezara, 2009; Flexas et al., 2016). As the plant is subjected to 

increasing drought, photosynthetic CO2 assimilation decreases with decreasing stomatal and 

mesophyll conductance, but Lawlor and Tezara (2009) demonstrated that photosynthetic 

potential is not impaired under low light and water deficit, since photosynthetic rate still 

increased with elevated CO2. However, under high light and water deficit, photoinhibition 

occurred and photosynthetic rate decreased. This decreased photosynthesis could not be further 

stimulated by elevated CO2, because metabolism is impaired and photosynthetic potential is 

reduced. Photoinhibition can be dynamic or chronic. In the former, the loss of photosynthetic 

efficiency is due to increased (photoprotective) non-photochemical quenching of excitation 

energy at the expense of photochemical conversion, whereas in chronic photoinhibition, 
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damage to the D1 protein far exceeds the repair or replacement rate resulting in decreasing 

functional and open PS II systems over time (Anderson et al., 1997; Murata et al., 2007). Only 

under severe water deficit, is the synthesis of RuBP and ATP reduced significantly, which 

reduces the sink for electrons and decreases reductant content. Hence, electron transport is 

reduced, leading to over-energisation of the energy transduction through the photosystem 

activity (Lawlor & Tezara, 2009; Pinheiro & Chaves, 2011; Flexas et al., 2016; Yamori, 2016). 

Under drought stress, light intensities will exceed the photosynthetic capacity such that even 

moderate irradiance may be considered in excess (Demmig-Adams & Adams, 1992; Horton & 

Ruban, 1992; Anderson et al., 1997; Ort, 2001). 

To cope with this over-energisation of the energy transduction, plants would respond 

by reducing photosynthetic light capture and utilisation, and increasing the thermal dissipation 

of the energy by non-photochemical quenching (NPQ). In NPQ, the excess excitation energy 

is dissipated as heat through a series of processes within the thylakoid membrane that reduces 

the amount of excitation energy used for photosynthesis, but prevents the over-energisation of 

the energy transduction which is detrimental to the photosynthetic apparatus (Horton & Ruban, 

2004). Photosynthetic light utilisation has to be actively downregulated with a consequent 

reduction in photosynthetic capacity (Horton & Ruban, 1992; 2004). In the process of 

downregulating, electron transport rate (ETR) decreases and photochemical quenching (qP) 

decreases. ETR is a light-adapted parameter which measures the efficiency of photochemistry 

by PS II and it reflects the amount of energy transduction occurring from PS II to PS I, while 

qP is a measure of the proportion of excitation energy utilised in PS II photochemistry. The 

downregulation of photosynthetic light utilisation is not viewed as photodamage, but a strategy 

for photoprotection to limit the damage to the photosynthetic apparatus. This is coupled with 

other strategies such as increased thermal dissipation of excess excitation energy such as 

through NPQ as summarised in Figure 2-3 (Anderson et al., 1995). For example, in Arabidopsis 
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thaliana, short and long term drought stresses resulted in the decrease in Chl content, Chl 

fluorescence, RWC and oxygen evolution capacity (Chen et al., 2016), but the PS II was stable 

and intact under short-term drought stress significantly decreased only after increasing the 

severity of the water deficit stress (up to 15 days of drought), which reinforces the point by 

Lawlor and Tezara (2009) that only severe water deficit affects photosystem activity. The study 

by Chen et al. (2016) also showed the degradation of thylakoid membrane proteins which are 

mostly associated with photosystem II, resulting in disassembly of the light harvesting complex 

II (LHC II), under short-term drought stress, but with increasing severity in long-term drought, 

a marked increase in NPQ occurred. All these suggest a re-modelling of the LHC II assemblies 

to increase the dissipation of the excess energy by NPQ, as a mechanism for photoprotection  

 

Figure 2-3 Schematic representation of the responses of the photosynthetic apparatus of 
plants to the absorption of increasing levels of PPFD, including the utilization of 
light through photosynthesis, various protective responses, and potential damage. 
The regions of overlap represent areas where the interpretation of the response I 
controversial, or where the response could be viewed as both utilization and 
photoprotection, or photoprotection and damage. The relative magnitude of the 
different responses is generally illustrated in the lower two boxes for a shade leaf, 
a sun leaf, and a sun leaf that experiences one or more additional stresses. It is 
not known to what degree inactivation/turnover of PS II (and possible 
photooxidation) occurs in sun leaves acclimated to additional stresses. Figure 
modified from Demmig-Adams & Adams (1992). 
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against damage to the PS II. 

Furthermore, maximal PS II efficiency (dark-adapted Fv/Fm) decreases under drought 

stress, and can be used as a measure of the extent of photoinhibition that protects the 

photosynthetic apparatus from further damage. For example, in two sweet sorghum inbred lines 

(Roma versus M-18E) subjected to drought stress, the dark-adapted Fv/Fm decreased more and 

the NPQ increased to a greater extent in Roma than M-18E, and was associated with a higher 

reactive oxygen species (ROS) activity in Roma and higher antioxidant enzyme activity in M-

18E (Guo et al., 2018). This indicated a greater extent of photodamage in Roma, and a more 

efficient elimination of ROS and a greater reduction of excess energy (through increased 

photoinhibition) in M-18E, and therefore higher drought tolerance, compared to Roma. 

Another example studied how photosynthetic potentials and PS II efficiency are regulated in 

maize during drought and re-watering (Li et al., 2019). It was demonstrated that severe drought 

during the peak vegetative growth stage resulted in decreases in Chl content, dark-adapted 

Fv/Fm, and qP, but more energy was dissipated by NPQ as a protective strategy. However, re-

watering could only partially restore PS II function, especially with repeated droughting 

incidences, and thermal dissipation by NPQ becomes less of a significant protective strategy 

with repeated severe drought episodes and increasing leaf age, despite re-watering. Quantum 

yield of maize under severe drought decreased after 2 years, compared to that under mild 

drought, which shows the effects of the severity of the drought on photosynthesis and yield 

over time. Nevertheless, the photosynthetic light utilisation parameters such as dark-adapted 

Fv/Fm, ETR, qP and NPQ provide significant detail on the underlying mechanism of 

photosynthetic potentials, photochemistry efficiency and photoprotection in response to 

drought episodes and re-watering over the entire leaf lifespan (Li et al., 2019). It was also 

shown in Lycium ruthenicum seedlings that dark-adapted Fv/Fm, quantum yield of PS II 

photochemistry, and qP decreased, while NPQ increased, under drought stress. This 
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demonstrated the significance of downregulating PS II function, energy transduction and qP, 

coupled with an increased thermal dissipation by NPQ, as photoprotective mechanisms which 

conferred drought tolerance, and that drought stress did impact the openness of PS II reaction 

centres (Guo et al., 2016). In addition, effects of drought on the photosynthetic light utilisation 

were also reported in other studies, such as in Phaseolus vulgaris (bean plants), where drought 

stress resulted in a reduction in dry matter production and yield and dry weight of beans 

(Mathobo et al., 2017); and in Pisum sativum (pea plants), where drought stress resulted in a 

reduction in plant productivity in three cultivars (Embiale et al., 2016). In both of these 

examples, however, the reduction in productivity and yield was associated with a reduction in 

photosynthetic rate and Chl fluorescence. Nevertheless, the increased photoinhibition in 

response to drought is a strategy for protection against further photodamage, despite decreased 

yield overall. 

Plant growth and photosynthesis in response to water status have been extensively 

studied, often at the expense of neglecting the understanding of photochemistry and its 

indicators after drought and re-watering across the entire leaf lifespan (Li et al., 2019). Yet, 

these parameters measuring PS II photochemistry are significant performance indices under 

abiotic stress factors as an assessment of photosynthetic tolerance (Stirbet et al., 2018). 

Therefore, it is necessary to study the Chl fluorescence parameters such as dark-adapted Fv/Fm, 

ETR, qP and NPQ in a deeper analysis of the regulative mechanisms of light capture by 

photosystems and energy transduction under drought stress, and their changes with increasing 

severity of the drought stress. It would also demonstrate the sensitivity or tolerance of the 

photosystems to drought as an index of comparison of drought tolerance. 

Both C3 and CAM plants have been reported to show a reduction in photosynthetic light 

utilisation under exposure to drought and high irradiances. For instance, the C3 orchid 

Grammatophyllum speciosum orchid plants grown under natural tropical conditions 
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experienced midday depression of Fv/Fm ratio, decreasing to a value of 0.7 when exposed to 

high light (HL), which indicates dynamic photoinhibition, but not chronic photoinhibition as 

the Fv/Fm ratio recovered at early morning (He et al., 2014). The CAM-inducible epiphytic 

orchid D. emarginata, which inhabits tropical environments in Central Panama characterised 

by HL intensities and very variable water supply, also show chronic photoinhibition indicated 

by pre-dawn Fv/Fm ratio of 0.6 after 9 days of drought, with increased midday depression with 

Fv/Fm ratio decreasing to 0.35, which recovers in the afternoon with increased thermal 

dissipation of excess energy by NPQ (Zotz & Tyree, 1996). It was also demonstrated that the 

CAM orchid C. laeliocattleya Aloha Case was sensitive to drought stress , where the leaf and 

pseudobulb RWC decreased significantly only after 3 weeks of drought stress (to around 80% 

and 66% respectively) and dynamic photoinhibition occurred towards midday with maximal 

PS II efficiency (Fv/Fm ratio) decreasing from > 0.8 in the morning to around 0.73 by midday, 

significantly lower than in well-watered leaves (around 0.76). Chronic photoinhibition was 

also observed with the decrease in pre-dawn Fv/Fm to around 0.63 by week 4 of drought, 

coupled with decreased total Chl content, ETR, qP, and NPQ in the leaves after 3 weeks of 

drought, but the CAM acidity was also significantly lower in the leaves and pseudobulbs after 

2 weeks of drought treatment compared to well-watered plants, with the decrease in CAM 

acidity smaller in leaves than pseudobulbs (He et al., 2013). 

Difference in photosynthetic pathway between C3 and CAM plants do contribute to 

differences in the photochemistry. In plants that express CAM, the depletion of malate through 

decarboxylation in the afternoon coincides with the re-opening of the stomata and uptake of 

CO2 for fixation by Rubisco, which are the transitions from Phase I to Phase IV. At the same 

time, the ATP levels and PEPC activity fluctuates in a diurnal pattern (Freschi et al., 2010a) 

and consequently, the sink for electrons is affected and this would have an effect on the 

photosynthetic electron transport, which also show a diurnal pattern. For instance, the 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Library and Information Services Centre, National Institute of Education.



 40 

succulent leaves of K. daigremontiana exhibited a greater CAM activity compared to the less 

succulent leaves of K. pinnata and resulted in a difference in light use related to the electron 

sink strength between these two species, with the PEPC activity resulting in low electron 

transport rates (Griffiths et al., 2008). This difference in degree of CAM activity resulted in 

differences in degree and duration of photoinhibition and inhibition of potential Rubisco 

activity in the night, with the recovery of Rubisco activity and electron transport faster in K. 

pinnata (with weaker leaf CAM activity) than K. daigremontiana (with higher leaf CAM 

activity). In addition, it was also shown that after induced drought stress, M. crystallinum (ice 

plant) switched from C3 to CAM photosynthesis and showed diurnal changes in the electron 

transport chain, with higher NPQ and lower qP observed in the night compared to the day, as 

CAM activity increased progressively with induced drought stress, even when the irradiation 

was of the same intensity (Niewiadomska et al., 2011; Matsuoka et al., 2018). This change in 

diurnal fluctuation of electron transport was not attributed to the effects of the drought stress 

directly on photoinhibition, but through CAM induction alone, and was attributed to diurnal 

changes in proton gradient across thylakoid membranes as a result of the changes in ATP/ADP 

ratio. Moreover, the limitation of electron transport under CAM induction nocturnally also 

resulted in higher dissipation by NPQ when actinic light was introduced during the night in the 

study, which indicates the significance of NPQ as an index of extent of CAM induction 

(Matsuoka et al., 2018). 

 

2.3.2 Photosynthetic pigments 

Another way of downregulating photosynthetic light utilisation is through decreasing 

adsorption of radiant energy. Even though the loss of leaf Chl due to high light exposure is 

traditionally viewed as photodamage (Anderson, 1986), it can also be viewed as an adaptation 

of the light harvesting system to excess radiant energy from high light (Anderson et al., 1995; 
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Horton et al., 1996; Havaux & Tardy, 1999; Horton & Ruban, 2004; Ibrahim et al., 2011; 

Latowski et al., 2011; Gu et al., 2017; Slattery et al., 2017). Traditionally, plants exposed to 

high light had reportedly lower total Chl content and higher Chl a/b ratio (Anderson, 1986; 

Anderson et al., 1997) which was associated with a higher amount of light harvesting 

complexes (Krol et al., 1995; Griffin et al., 2004), leading to reduced adsorption of radiant 

energy. However, recent studies have demonstrated the transient benefits of a reduced Chl 

content. For example, when mutant soybean plants with reduced Chl content (reduced to about 

35% of the wild type soybean plants at the start of the growing season) were compared with 

the wild type, the mutants had a greater quantum yield of PS II efficiency only early in the 

growing season, with no effect on photosynthesis later in the season when mutant leaf Chl 

approached 50% of the wild type (Slattery et al., 2017). However, the lower Chl content in the 

mutants was shown to have little negative impact on biomass accumulation or yield, compared 

to wild type. Therefore, the study by Slattery et al. (2017) showed that the reduced Chl content 

could have enabled re-investment of nitrogen and energy resources to other metabolic needs, 

and improve photosynthesis and biomass production, but a reduced water use efficiency was 

also highlighted as a significant trade-off. 

In another study done on Oryza sativa Indica rice variety Z802 and its mutant pgl 

variety with pale green leaves (Gu et al., 2017), it was found that pgl had significantly lower 

Chl content compared to Z802, but when grown under different light conditions, pgl under HL 

showed a 60% increase in Chl content, with a significant improvement in Chl a/b ratio from 

2.6 to 9.6, and significantly lesser carotenoid (Car) content than Z802, with the light-saturated 

photosynthesis significantly higher in pgl compared to Z802. Moreover, the average relative 

ETR of the pgl genotype was 42% higher than that of Z802, with an improvement in pgl under 

HL compared to low light (LL), while the reverse occurred for Z802. The pgl genotype was 

also able to maintain a higher photosynthetic electron transport capacity and better improved 
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photosynthetic capacity under HL, while Z802 only performed better under LL, and the PS II 

efficiency was higher in pgl than Z802, and higher under HL for pgl but higher under LL for 

Z802. Increase in NPQ under HL compared to LL was higher in Z802 than pgl, while decline 

in qP under HL was smaller in pgl than Z802. All these results of photosynthetic light 

utilisation showed that there was higher photon to electron conversion efficiency and reduced 

NPQ in pgl. In addition, activity of antioxidant enzymes superoxide dismutase and catalase 

were higher in pgl than Z802 under HL, which indicate greater photooxidative damage by ROS 

in Z802 compared to pgl under HL. Therefore, energy losses due to dissipation by NPQ was 

lesser in pgl genotype despite lower Chl content than Z802, and proved that a lower Chl content 

resulted in greater efficiency in photosynthesis and lesser photo-oxidative damage, which also 

meant better acclimation to higher light intensity with lower Chl content. 

However, Chl content in the orchid Cypripedium guttatum was reported to be 

increased under LL conditions, but this was not correlated to the differences in maximum 

photosynthetic CO2 assimilation in three different light intensities: HL, moderate light (ML) 

and LL, that the plants were grown in. The differences in Chl content were better reflected in 

the increased Chl a/b ratio under LL which was associated with a greater efficiency in 

photosynthetic light utilisation under LL as a form of acclimation strategy. Under LL, C. 

guttatum also had a lower ability to dissipate excess light energy by NPQ, which showed its 

greater susceptibility to HL stress. Yet C. guttatum demonstrated that it was able to modify the 

Chl content so as to optimise the use of photosynthetic light under different light conditions, 

giving it an advantage in propagating over wide geographical distribution (Zhang et al., 2007). 

It was also reported that for the orchid Grammatophyllum speciosum, those grown on the 

ground had decreased Chl content while Car content and Chl a/b ratio increased under HL 

compared to LL, while Chl and Car content of those on the trees were lower compared to those 

on the ground. However, there were no significant differences in Chl and Car contents, and 
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Chl a/b ratio between G. speciosum grown on the trees under HL compared with those on the 

trees under LL, although Chl/Car ratio was higher in those on the trees under LL compared to 

those under HL. This suggested that the G. speciosum on the ground had acclimated to the HL, 

but at the same time, radiant energy was still in excess of the photosynthetic capacity and had 

to be dissipated via NPQ, which is associated with the increased proportion of Car to Chl (He 

et al., 2014).  

In addition, the orchid Vanilla planifolia Andrews subjected to increasing irradiances 

between 8 to 67% of full sunlight showed significant decrease in Chl content and significant 

increase in Car content, while Chl a/b ratio remained relatively similar, which suggested that 

HL resulted in loss of Chl and subsequent increase in Car (with associated upregulation excess 

energy dissipation through NPQ) and that V. planifolia Andrews was more shade-tolerant and 

susceptible to damage from HL (Díez et al., 2017). However, for another orchid species, 

Anoectochilus roxburghii, that was subjected to increased shading from 50% to 70%, ETR and 

qP increased and NPQ decreased, but was associated with decreased Chl content and Chl a/b 

ratios, which showed that modulation of chloroplast development, thylakoid ultrastructure and 

pigment concentration are significant shade tolerance mechanisms in A. roxburghii (Shao et 

al., 2014). Therefore changes in Chl content, Chl a/b ratio and Car content under different light 

conditions varied from species to species, which suggest that these different modifications to 

pigment concentrations demonstrate a variety in the mechanism of acclimation to shade or HL. 

The modification of pigment concentrations can also be a response to stress such as 

drought stress. As mentioned earlier, drought stress has an effect in lowering the photosynthetic 

capacity to utilise light energy for carbon fixation and energy transduction through the 

photosystems becomes over-excessive and may be detrimental. One key strategy of preventing 

photodamage is to dissipate the energy through NPQ and photoprotection by NPQ involves the 

xanthophyll cycle, where the excess radiant energy is dissipated through the de-epoxidation of 
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violaxanthin to zeaxanthin in the light harvesting complex (Horton et al., 1996; Anderson et 

al., 1997), further described in greater detail in a review by Latowski et al. (2011). The Car 

pigments are associated with this xanthophyll cycle, and the increase in Car content is often 

correlated with increased dissipation by NPQ. For example, epiphytic orchids in the Yucatan 

Peninsula, Mexico, acclimated to different light micro-environments in two tropical dry forests 

with the xanthophyll cycle pigments (Car pigments) reportedly provided significant 

photoprotection of these orchids (de la Rosa-Manzano et al., 2015). It was shown that during 

the dry season, the Car pigment concentrations and thermal dissipation by NPQ increased in 

orchids in the deciduous forest, with decreased maximal PS II efficiency (Fv/Fm), which are 

acclimation strategies to excessive light and drought. Moreover, these concentrations of Car 

pigments were higher than those in orchids with similar leaf shape in semi-deciduous forest, 

which further indicates the significant role of these pigments in dissipating excess radiant 

energy under stress from drought, as an acclimation strategy. It was also shown in two 

Tradescantia plants, T. fluminensis (shade-tolerant species commonly known as wandering 

Jew), and T. sillamontana (light-resistant species, native to north-eastern Mexico) grown under 

HL (875 – 1000 µmol photons m-2 s-1), that acclimation to HL occurred in both species, 

demonstrated in the increased Car (xanthophyll cycle pigments) composition as an indication 

of increased photoprotection by the Car pigments, which suggests the significance of light-

induced re-modelling of pigment-protein complexes in chloroplasts as a photoprotective 

mechanism (Mishanin et al., 2017). 

 

2.3.3 Photosynthetic gas exchange and stomatal conductance (gs)  

Most assessments of photosynthetic light utilisation involve the use of Chl fluorescence 

to determine PS II efficiency, but the use of photosynthetic O2 evolution enables the number 

of functional PS II to be determined (Chow et al., 1991). Moreover, through the measure of 
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photosynthetic O2 evolution, the effects of oxygen on PS II function can be further studied, 

where it had been reported to be varied from increasing to reducing the net photoinactivation 

of PS II, or having no effect on it at all (Fan et al., 2016). However, the study by Fan et al. 

(2016) with spinach leaves showed that while the rate of PS II photoinactivation was increased 

by O2 which can also play an important role in mediating the use of electrons, preventing the 

further over-energisation in the photosynthetic apparatus. This is achieved through the 

formation of ROS which stimulates the degradation of photodamaged D1 protein in PS II and 

also inhibits D1 synthesis. The balance between these two outcomes determines the net effect 

of O2 on PS II function, whether it will exacerbate or alleviate photoinactivation, which also 

suggests a regulatory function of oxygen and ROS production in the extent of photoinactivation 

of PS II. 

Photorespiration has been shown to increase under light stress, as with a decrease in the 

number of functional PS II, which indicates the increasing photoinactivation of PS II. In pea 

plants (Pisum sativum) grown in moderate light (Park et al., 1996), the electron transport in PS 

II and NPQ increased with increasing O2 concentration, even with increasing light intensity. 

The photoinactivation of PS II increased with higher light intensity, as shown by the decreasing 

O2 yield. In addition, the photoinactivation of PS II was greater under lower O2 concentration, 

which showed that the oxygenase photorespiration and the Mehler reaction are significant in 

reducing photoinactivation of PS II in vivo, where O2 is consumed in the process, and is a 

significant sink for electrons in addition to the electron sink function of CO2 assimilation (Park 

et al., 1996). Parallel to this, it has also been proposed that CAM minimises photorespiration 

(Cushman, 2001) and this was also shown to improve productivity. For example, using 

predictive modelling of C3 and CAM plants, the reduced photorespiration was shown to be 

sufficient in offsetting the energetic cost of the CAM cycle (Shameer et al., 2018). If the ratio 

of carboxylase/oxygenase activity of Rubisco was lower, the productivity of CAM would be 
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26–43% lower than that of C3. However, if the ratio of the carboxylase/oxygenase activity of 

Rubisco was higher, all CAM subtypes were able to exceed the productivity of C3. This proved 

that the reduced photorespiration in CAM had a more significant effect in increasing 

productivity compared to C3. The investigation of photosynthetic O2 evolution in C3 and CAM 

orchids might provide insight differences in functional PS II, photoinactivation, and respiration 

in C3 and CAM orchids, as there is currently a lack of literature on orchids in this area.  

At the same time, drought stress leads to decreased photosynthetic CO2 assimilation (A), 

as demonstrated in the orchid D. emarginata (Zotz & Tyree, 1996). Under well-watered 

conditions, D. emarginata showed high A of 7 µmol CO2 m-2 s-1, high transpiration rates (E) 

of 1.4 mmol m-2 s-1, and little nocturnal acidification (low CAM activity), but 9 days of drought 

induced an upregulation of the CAM activity associated with decreased A and E , and chronic 

photoinhibition occurred (with pre-dawn Fv/Fm falling to 0.6). However, the plant was still able 

to recover from dynamic photoinhibition in the midday by the afternoon, with increased 

dissipation of excess energy by NPQ. The increased photoinhibition was not a result of the 

light stress but due to the drought stress, since re-watering enabled recovery of the Fv/Fm ratio 

to initial levels of 0.8 within 15 days despite being under HL. Moreover, the reduction in gs 

reduced the excessive transpirational loss of water, and the increased CAM activity enabled 

the maintenance of the carbon intake despite the stomatal closure, as a consequence of drought 

stress (Zotz & Tyree, 1996). Through CAM, the CO2-concentrating internally in the leaf of 

CAM plants have been shown to alleviate photoinhibition despite high light stress (Griffiths et 

al., 1989). For example, when the C3 Eremanthus glomerulatus was compared with facultative 

CAM Clusia arrudae (both plants commonly found in in southern and eastern Brazil), the latter 

plant showed nocturnal closure of stomata and opening in the early morning hours followed 

by closure throughout the rest of the day (Scarano et al., 2016). The closure of stomata for most 

part of the day was associated with a depressed CO2 uptake but the CO2 assimilation continued 
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despite the stomatal closure, sustaining a high ETR and limited photoinhibition as indicated in 

the minimal decrease in Fv/Fm. This was likely due to the recycling of internal sources of CO2 

for carbon fixation in the facultative CAM C. arrudae. Therefore, CAM-cycling is a significant 

strategy for photoprotection under drought and drought tolerance. In addition, it has been 

proposed that epiphytic orchids expressing CAM, as compared to C3, might be able to 

withstand higher light intensities coupled with higher temperatures and are better suited to 

growing on higher canopies with frequent exposure to higher light intensities and temperatures 

(Benzing, 1989; Lüttge, 1989). In the three CAM species Clusia rosea, Clusia pratensis and 

Agave angustifolia, the acidified leaves at night had a lower tolerance to exposed to elevated 

temperatures, showing 50% decline of Fv/Fm at around 40-43ºC in leaves of C. rosea, but when 

the acidified leaves were illuminated during heat treatments, the level of tolerance in PS II 

function was increased to 50-51ºC, and with increased de-acidification by the end of the light 

period, this level of tolerance reached ~54°C. In addition, the increased acidity in A. 

angustifolia in the daytime resulted in increased level of tolerance from ~54° to ~57°C. These 

results suggest that the storage and release of malic acid during the CAM cycle might play a 

significant role in tolerance against the effect of elevated temperatures (associated with HL) 

on photoinhibition (Krause et al., 2016). 

The reduction in gs aids in reducing excessive transpirational loss of water, and is a 

significant mechanism of water conservation and drought tolerance. For instance, Qian et al. 

(2015) measured the stem sap flow in relation to stomatal parameters in Hedysarum 

mongolicum (common name: sweetvetch) shrubs and observed that these shrubs close their 

stomata in mid-mornings in summer when the conditions are hot and arid with low humidity. 

This closure of the stomata thus increased water conservation by reducing the movement of 

water through the stem sap flow and the sensitivity of the sap flow to the high temperature and 

vapour pressure deficit, thus increasing tolerance of the shrubs to desiccation by drought. In 
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addition, the reduction of gs demonstrated benefits to increasing yield in crops. For instance, 

while studying the effects of transpiration use efficiency on crop yield in wheat cultivars, 

(Sinclair, 2018) demonstrated that the leaf-to-air vapour pressure deficit, which is affected by 

stomatal control, had a direct impact on the transpiration use efficiency. It was also shown that 

the partial stomatal closure during midday decreased transpiration rate and conserved water 

within the plant, which sustained physiological activity in the late growing season despite 

periodic water deficit. This had a beneficial effect on the reproductive development and, hence, 

grain yield. Therefore, the impact of partial closure of the stomata on allowing more effective 

water use through the growing season was more significant in improving crop yield, rather 

than the impact of partial stomatal closure on transpiration use efficiency. 

Stomatal closure to conserve water will lead to significant trade-offs in the CO2 

uptake, which would have an impact on a reduced rate of photosynthesis. For example, in some 

low stomatal density rice lines, even though water conservation was shown to be up to 60% of 

the normal amount 4 and 5 weeks after germination, reductions in gs and photosynthetic CO2 

assimilation were seen in the line with lesser stomatal density and when under HL (above 1000 

µmol m-2 s-1 PPFD), both lines had much lower photosynthetic CO2 assimilation compared to 

the control with higher stomatal density (Caine et al., 2019). However, this had no significant 

effect on the maximum rate of Rubisco carboxylase activity or potential rate of electron 

transport, compared to controls. Yet, these rice lines with reduced stomatal density were able 

to keep their stomata open for longer under drought conditions and maintain high maximal PS 

II efficiency (dark-adapted Fv/Fm) for a longer period compared to the control with higher 

stomatal density, which demonstrate greater drought tolerance with reduced stomata density, 

which also suggests a similar effect if stomata was closed. Interestingly, when these rice lines 

were grown at elevated atmospheric CO2, they were able to maintain their gs and survive 
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drought and high temperature (40ºC) for longer than control plants, with equivalent or even 

improved yields.  

The maintenance of gs, greater drought tolerance and improved yields in the low 

stomatal density rice lines under elevated CO2 does imply the inherent benefits of CO2 

concentrating mechanisms in maintaining photosynthesis under drought, and from another 

perspective, it also demonstrates the limitation that a lower gs imposes on CO2 assimilation, 

especially under drought stress. For example, in two Ricinus communis (common name: Castor 

bean) cultivars that were subjected to regulated deficit irrigation to achieve specific stages of 

water deficit based on the matric potential, the plants that were subject to the highest level of 

water deficit (matric potential of -183 kPa) showed the lowest RWC among the different stages 

of water deficit, and the gs was also reduced, with increased resistance to CO2 diffusion as 

demonstrated in the decreased photosynthetic CO2 assimilation (Carvalho et al., 2019). This 

also suggested that the amount of photoassimilates also decreased. However, the reduction of 

gs did contribute to increased water use efficiency under water deficit stress, but still resulted 

in lower productivity as evident in the reduced root and shoot biomass, leaf area and plant 

height, and relative growth rate, 34 days after water deficit treatment. 

Despite CAM being synonymous with reduced gs in the day, stomatal regulations in 

response to stress from drought and high light are also significant in C3 plants, and these 

regulations limit the overall photosynthetic capacity (Lawlor, 2002; Lawson, 2009). For 

example, in three cultivars of the C3 pea plant (Pisum sativum) under severe drought stress, 

RWC decreased significantly, indicating a reduced water status in the plants, and the gs also 

reportedly decreased, possibly as a mechanism for reducing excessive water loss through 

transpiration, and as a results, limited photosynthetic CO2 assimilation and subsequent 

productivity and yield of the plants (Embiale et al., 2016). Even in the C3 soybean plants 

(Glycine max), drought stress resulted in a decreased gs and decreased transpiration, but limited 
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net photosynthetic rate by CO2 assimilation, which supports the fact that the reduction in gs 

conserves water in soybeans but at a significant price of limited photosynthesis due to reduced 

CO2 assimilation (Wang et al., 2018). However, what was interesting was that under elevated 

CO2, the gs did not change significantly, yet decreased transpiration, increased net 

photosynthetic rate and water use efficiency under drought, which suggested that the gs in C3 

soybean plants might not be sensitive to the increased level of CO2, but rather the effects of 

elevated CO2 could have been more significantly mediated through changes in Rubisco 

carboxylase activity. This is further supported by the findings by other studies and reviews of 

studies (Tezara et al., 1999; Flexas & Medrano, 2002; Lawlor, 2002), that showed that the 

reduction in photosynthesis was attributable to metabolic limitations (limited RuBP, ATP and 

NADPH) that reduce CO2 assimilation. Even though these metabolic limitations are associated 

with reduced gs, not all limitations are a direct result of it, regardless of C3 or CAM. For 

example, reduction in RuBP regeneration and ATP synthesis with increasing drought stress 

was demonstrated in a variety of C3 plants, even at high gs of more than 150 mmol H2O m-2  

s-1 (Flexas & Medrano, 2002), and in CAM orchid Doritaenopsis, it was reported that when 

water deficit was induced by increasing concentration of nutrient solution, the gs and 

transpiration decreased and had an effect in reducing CO2 assimilation even nocturnally, and 

consequently reduced overall photosynthesis, as shown in the decreased net photosynthetic 

rate, but this did not decrease the PEPC activity (Cui et al., 2004), which further supports the 

fact that the limitations to photosynthesis were due to metabolic limitations. 

 

2.3.4 Rubisco protein 

Rubisco is the key enzyme with dual enzymatic functions, one of which is the 

carboxylase activity where carbon is assimilated during photosynthesis by combining CO2 with 

RuBP to form two molecules of phosphoglycerate, while the other function is an oxygenase 
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activity where it converts O2 into metabolites in a process known as photorespiration (Parry, 

2003). Even though the oxygenase activity may be perceived as a “wasteful” process, it does 

have benefits in providing a mechanism for photoprotection. For instance, the upregulation of 

photorespiration in pea plants under light stress have been shown to significantly ameliorate 

the photoinactivation of PS II, as described earlier (Park et al., 1996). On the contrary, it was 

shown in CAM plants, in comparison to C3 plants, that reduced photorespiration was shown to 

be sufficient in offsetting the energetic cost of the CAM cycle, with higher carboxylase to 

oxygenase activity in Rubisco (Shameer et al., 2018). Therefore, the challenge in increasing 

yield in plants lies in increasing the carboxylase activity over the oxygenase activity (Conlan 

& Whitney, 2018), by increasing specificity of the enzyme for CO2 through genetic 

manipulation or using optimal light intensities that are sub-saturating (Parry, 2003). Regulation 

of the enzymatic activity of Rubisco is mediated by (1) the carbamylation of an active site 

lysine residue in Rubisco, which is dependent upon concentrations of CO2 and Mg2+ (Li et al., 

2002; Spreitzer & Salvucci, 2002); (2) phosphorylated compounds, particularly RuBP, which 

are associated or dissociated from non-carbamylated sites of the enzyme (Mueller-Cajar et al., 

2014); (3) activity of a regulative enzyme known as Rubisco activase (Zhang & Portis, 1999). 

There is controversy over whether restricted stomatal diffusion or reduced 

photosynthetic metabolism is more significant in limiting CO2 assimilation and overall 

photosynthesis during drought (Tezara et al., 1999; Cornic & Fresneau, 2002; Lawlor, 2002; 

Lawlor & Cornic, 2002; Lawlor & Tezara, 2009, see also Figure 2-4 next page). Despite this 

controversy, the effects of drought stress on the Rubisco cannot be understated (Parry et al., 

2002). For instance, Rubisco activity decreased under drought stress in Helianthus annuus 

(sunflower), (Tezara et al., 1999), rice (Vu et al., 1999) tomato (Bartholomew et al., 1991), 

tobacco (Parry et al., 2002) and some Mediterranean plants (Galmés et al., 2011). In particular, 

the study by Galmés et al. (2011) reported that the Rubisco was de-activated by lower CO2  
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Figure 2-4 Schematic of the basic responses of actual photosynthetic rate (A) in air (360 
µmol CO2 m-2 s-1) and potential photosynthetic rate (Apot) measured at elevated 
CO2 concentration, to relative water content (RWC). Type 1 and 2 responses 
of Apot is unaffected until a 20-30% decrease in RWC occurs, when it becomes 
metabolically limited. In both types in well-watered leaves, photosynthetic 
rate (A) is stimulated by elevated CO2. Elevated CO2 maintains A at the 
potential rate (Apot) in the Type 1 response as RWC decreases; but at RWC 
below approximately 80% Apot decreases in Type 1. Elevated CO2 simulates A 
progressively less as RWC decreases in Type 2, showing that Apot is inhibited. 
Figure adapted from Lawlor (2002). 

 

concentration in the chloroplasts, as a result of decreased gs under drought and increased 

desiccation of the leaf, yet the resistance to this de-activation of Rubisco as drought intensified 

was higher in species that were adapted to low chloroplastic CO2 concentration, which 

suggested that some species could adapt to these effects under drought and were therefore more 

drought-tolerant. The Rubisco activity was also sensitive to temperature, but mediated through 

the effects of Rubisco activase on the activation state of Rubisco. This was elegantly 

demonstrated by Crafts-Brandner & Salvucci (2000) that as temperature increased (exceeding 

35–40ºC), Rubisco de-activated faster than the rate of promoting Rubisco activation by 

Rubisco activase. In addition, the decrease in Rubisco activation at high CO2 was not attributed 

to a faster rate of Rubisco deactivation, but by reduced Rubisco activase activity possibly in 

response to lack of ATP to provide energy for the reaction, which further supports the 

understanding that the limitations to CO2 assimilation were indeed metabolically driven 

(Lawlor & Cornic, 2002; Lawlor & Tezara, 2009), by the lack of ATP in this case. 
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The controversy of whether restricted stomatal diffusion or reduced photosynthetic 

metabolism is more significant becomes further complicated when attributing the limitation of 

photosynthesis to RuBP regeneration and Rubisco activity. As shown by Bota et al. (2004), 

that under severe drought, RuBP regeneration and Rubisco activity declined in Rhamnus 

alaternus (Mediterranean buckthorn), R. ludovici and Vitis vinifera (common grapevine), and 

is concluded to be the cause of decreased photosynthesis. However, the same study also 

proposed that the correlation between decreased RuBP regeneration and Rubisco activity with 

decreased gs is species-dependent. Yet it was also shown by Flexas et al. (2004), that even 

though severe drought (with gs < 50 mmol m-2 s-1) did induce decreased Rubisco activity and 

protein content, the reduction in photosynthetic capacity is attributed to the decreased CO2 

availability in the chloroplast with the severe drought, and not the impairment of Rubisco 

activity. Therefore, if the findings by Crafts-Brandner & Salvucci (2000) are considered with 

those of Galmés et al. (2011), it would be likely that the reduced gs would have led to a decrease 

in chloroplastic CO2 concentration and limit the RuBP regeneration and ATP synthesis, and 

therefore result in decreased Rubisco activase activity, and not Rubisco de-activation directly, 

but led to the similar outcome of eventual reduced activity of Rubisco. 

In addition, protein synthesis is also inhibited under drought stress (Deleu et al., 1999), 

which might have an effect in reducing the total soluble protein available in the plant, as well 

as decreased synthesis of Rubisco and photosynthetic pigments (Castrillo & Calcagno, 1989; 

Lawlor & Cornic, 2002). For example, it was demonstrated in wheat cultivars under severe 

drought stress that a nitrogen deficiency resulted in downregulated photosynthesis and Chl 

fluorescence, with faster grain filling rate but shorter duration of grain filling and reduced grain 

yield. The N deficiency also led to the decrease in Chl content as well as Rubisco content, 

which could have resulted in the lower photosynthetic light utilisation and overall 

photosynthesis. However, when plants under higher N fertilisation regime were similarly 
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drought stressed, the plants showed greater drought tolerance by maintaining higher leaf water 

potential, Chl and Rubisco content (Abid et al., 2016). This suggested that the N deficiency 

was directly related to the decreased synthesis of Chl and Rubisco, and that additional N 

nutrition could alleviate drought stress. 

 

2.3.5 Recovery of photosynthesis from light and water deficit stress following re-watering 

Following re-watering, the effects of water deficit stress on reducing photosynthesis is 

ameliorated. The significance of re-watering in restoring photosynthesis is not a direct effect 

of increased gs, but due to the removal of the metabolic limitation that arises from lower CO2 

assimilation. For example, in Bauhinia forficata (common name: Brazil orchid tree), the re-

watering of plants after drought treatment restored the leaf water potential rapidly within 2 

days of re-watering. Subsequently, the plants acclimated to the restored water status within the 

plant by increasing gs and transpiration back to levels comparable to well-watered controls 

after 15 days, while leaf water potential decreased simultaneously as a result of the increased 

water loss by transpiration. However, the photosynthetic CO2 assimilation rate was constantly 

high throughout the re-watering process. This suggested that during the re-watering process, 

the increased turgor in the leaf almost immediately after re-watering, followed by acclimation 

responses in the stomata opening and transpiration increasing 15 days after re-watering, had a 

role in restoring and regulating the assimilation of CO2 and photosynthetic rate (Sanches & 

Silva, 2013). This was also observed in the CAM orchid Doritaenopsis, where re-watering led 

to opening of stomata, restoring CO2 uptake and assimilation which then increased 

photosynthesis (Cui et al., 2004). However, re-watering did not have a positive effect on 

stomata opening in the day in CAM orchid Doritaenopsis that were grown with high nutrient 

solution concentration, demonstrating the insensitivity of the stomatal opening and closing to 

droughting or re-watering when under high concentration of nutrient solution. It was proposed 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Library and Information Services Centre, National Institute of Education.



 55 

that the stomata were closed in this scenario so as to minimise changes to photosynthesis (CO2 

assimilation), gs and transpiration (Cui et al., 2004). This could have been due to the tight 

regulation of photosynthesis in the CAM orchids by metabolic limitations and not by the water 

status of the plant, so as to achieve a balance between water and carbon economy. This could 

also have been attributed to plant acclimatising to the high nutrient solution concentration 

which resulted in the water status being insensitive to drought or re-watering, which was not 

measured in the study. 

Re-watering also negates the effects of photoinhibition and reduced Chl content caused 

by drought stress (Devnarain et al., 2016; Guo et al., 2016; Wu et al., 2016). It was shown that 

after re-watering, drought-stressed Lycium ruthenicum (Russian box thorn) were able to restore 

Chl content, and this was associated with a recovery from photoinhibition, as indicated in the 

increased maximal fluorescence, maximum quantum yield and actual quantum yield of PS II 

photochemistry, while the dissipation of excess energy by NPQ decreased (Guo et al., 2016). 

In four sorghum landraces studied by Devnarain et al. (2016), it was found the more drought 

tolerant landraces had significantly more Chl content during drought stress, and further 

increased upon re-watering, which contributed to their far superior photosynthetic performance 

during drought and re-watering compared to the already drought-tolerant breeding line 

P898012, which suggests that the superior drought tolerance was closely associated with the 

increased Chl content and its relation to increased photosynthetic performance and maintaining 

higher leaf WC greater than 70%. 

However, in the case of L. ruthenicum, the reduction in NPQ, but increased Chl 

content after re-watering could have suggested that re-watering stimulated Chl synthesis but 

decreased Car content, which could account for an increased photosynthetic light harvesting 

and restoration of photosynthetic light utilisation back to levels comparable to controls (Guo 

et al., 2016). On the contrary, in the sorghum landraces with superior drought tolerance, the 
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Car content increased together with the increase in Chl content after re-watering, which 

suggests that after re-watering, even though the photosynthetic light utilisation increased, more 

energy was also being dissipated through NPQ as a protective strategy (Devnarain et al., 2016). 

In both cases, the modification of Chl and Car content upon re-watering has a significant 

impact on overall photosynthesis and it would seem that upon re-watering, much emphasis is 

placed by the plant on the recovery of photosynthetic rate, and suggests that this emphasis 

might be essential to acclimation upon re-watering. 

In addition, the stability of the photosystems contributed to the rapid recovery of 

photosynthetic rate upon re-watering (Wu et al., 2016; Yi et al., 2016). It was demonstrated in 

cotton plants (Gossypium herbaceum) that the drought reduced photosynthetic rate but the 

activity of the photosystems were stable throughout the drought and re-watering period (Yi et 

al., 2016). Stability of the photosystems was also demonstrated in the orchid Dendrobium 

moniliforme (Wu et al., 2016) and in both G. herbaceum and D. moniliforme, this photosystems 

stability during drought was a result of increased antioxidant enzymes activities despite 

increased production of ROS and lipid peroxidation, which suggests the significance of the 

ROS scavenging system in protecting the photosystems from oxidative stress (Wu et al., 2016; 

Yi et al., 2016). During re-watering the antioxidant enzyme activities were downregulated back 

to original levels following the reduction in ROS production and lipid peroxidation, and 

because the photosystems stability was preserved, the photosynthetic rate could recover 

quickly after drought (Wu et al., 2016; Yi et al., 2016; Tina et al., 2017). 

However, the severity of the drought may result in decreased antioxidant enzyme 

activity which is then over-compensated during re-watering, as shown in the case of juvenile 

bromeliad G. monostachia plants, where after 8 days of induced drought, peroxide production 

decreased despite overall decreasing antioxidant enzyme activities by dusk each day, except 

for glutathione reductase, while CAM activity increased as a mechanism for adapting to the 
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drought and preventing further ROS damage to the photosynthetic apparatus and cellular 

organelles (Schmitt et al., 2015; Carvalho et al., 2017). It was also shown that after 6 days of 

re-watering after drought, even though the peroxide content increased, the antioxidant enzyme 

activities were over-compensated above original levels before drought stress, demonstrating 

that the increased peroxide scavenging activity was stimulated by re-watering to cope with 

increased production of peroxide and to break it down (Carvalho et al., 2017), as a mechanism 

of preventing oxidative stress on the photosynthetic apparatus as well as other cellular 

organelles, during the drought recovery process (Wu et al., 2016; Yi et al., 2016; Carvalho et 

al., 2017; Tina et al., 2017). 

 

2.4 Light and Water Deficit Impacts on Water Status of C3 and CAM Plants 

2.4.1 Water content, RWC and water potential 

Water deficit results in reduction in water content (WC) and RWC in the leaves and 

stems of plants and these reflect the reduced water status within the plant (Stancato et al., 2001; 

He et al., 2013, 2014, 2017; Rodrigues et al., 2013). For instance, significant decrease in WC 

of pseudobulbs and leaves were observed in CAM orchid Cattleya laeliocattleya Aloha Case 

under drought, with the WC in leaves decreasing from ~87% to ~80%, but the loss in WC was 

buffered by the greater loss of WC in the pseudobulbs which was presumably used to supply 

the leaves with water. The RWC in the leaves also decreased from ~83% to ~65% (He et al., 

2013) and significant decrease in RWC were also found in the leaves, pseudobulbs and roots 

of CAM Cattleya walkeriana and C3 Oncidium Aloha under drought (Rodrigues et al., 2013). 

The water loss in the roots of both orchids was to a greater extent compared to the leaves and 

pseudobulbs, with a root RWC decrease near 35 and 62% in C. walkeriana and Oncidium 

Aloha, respectively, while the pseudobulbs of C. walkeriana and Oncidium Aloha lost only 10 

and 25% of their RWC, respectively, and leaf RWC in both species showed a decrease about 
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25 % (Rodrigues et al., 2013). The reduced WC and RWC was associated with the reduction 

in photosynthetic capacity and photosynthetic light utilisation in C. laeliocattleya Aloha Case, 

with the maximal PS II efficiency (dark-adapted Fv/Fm) decreasing significantly after drought 

(He et al., 2013). The importance of maintenance of the leaf water status in orchids was also 

evident in the closure of the stomata throughout the day in C3 orchid Oncidium Aloha to reduce 

transpirational water loss at the expense of net CO2 assimilation over 24-h (Rodrigues et al., 

2013). The significance of water deficit in reducing leaf RWC is also supported by evidence 

of the opposite trend under well-watered conditions, where G. speciosum under natural 

conditions grown on the ground with exposure high irradiances and well-watered conditions, 

do not exhibit water deficit as shown in the high midday leaf RWC of more than 80% (He et 

al., 2014) while the gs increased only from 0800 to 1000 h in the morning and closed in the 

afternoon so as to conserve water (He et al., 2017a). Under drought and HL stress, the RWC 

decreased in leaves and pseudobulbs of the epiphytic orchid C. forbesii × L. tenebrosa 

(Stancato et al., 2001) and since the RWC is closely associated with tissue metabolic activities, 

water loss by transpiration and drought stress response (Anjum et al., 2011), it represented the 

decreased water status and the extent of tolerance to water deficit in C. forbesii × L. tenebrosa. 

It was found that the pseudobulbs stored sugars that were supplied to the leaves during the 

water deficit when leaf RWC reduced and photosynthetic capacity reduced as a result of the 

decreased RWC (Stancato et al., 2001). 

As a response to the reduced water status, plants increase their water use efficiency, such 

as in the case of apple tree (Malus domestica) cultivars under moderate drought stress, where 

the drought tolerant cultivar ‘Qinguan’ was more drought tolerant than cv. ‘Naganofuji No. 2’ 

due to higher instantaneous water use efficiency (Zhou et al., 2015). Through proteomics 

analysis, it was found that the drought tolerance and better water use efficiency in cv. 

‘Qinguan’ were associated with a majority of proteins involved in the regulation of the 
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photosynthetic pathway in the leaves (Zhou et al., 2015), which suggested the importance of 

maintaining photosynthesis to achieve higher water use efficiency under drought stress (Zhou 

et al., 2015; Luo et al., 2016; Caine et al., 2019). Moreover, it was demonstrated that the main 

regulatory mechanisms for its high water use efficiency involved the key enzymes that 

maintain the Calvin cycle (Zhou et al., 2015; Flexas et al., 2016), stabilise the photosynthetic 

electron transfer and keep the ROS in check, regulating the photosynthetic electron transfer 

chain, photorespiration and ROS scavenging system, which helped to prevent photoinhibition, 

reduced oxidative stress and increase photosynthesis (Zhou et al., 2015; Gu et al., 2017; Tina 

et al., 2017). 

Drought stress also results in decreased leaf water potential, as demonstrated in D. 

emarginata where pre-dawn leaf water potential decreased with drought (Zotz & Tyree, 1996), 

and in B. forficata (a shrub commonly known as the Brazil orchid tree) under drought, where 

decreasing soil moisture led to decreased leaf water potential and consequentially lower 

maximum photosynthetic CO2 assimilation (Sanches & Silva, 2013). The lowering of the leaf 

water potential also leads to reduced turgor pressure in the leaves, which was demonstrated in 

common sage (Salvia officinalis) (Savi et al., 2016), wheat (Bramley et al., 2015); maize 

(Riboldi et al., 2016) The reduction in turgor pressure also led to the reduced the leaf 

evaporative demand, hydraulic conductance and leaf osmotic pressure – factors that 

contributed to the reduction in gs (Bramley et al., 2015; Rodriguez-Dominguez et al., 2016; 

Martin-StPaul et al., 2017). 

 

2.4.2 CAM pathway on water and carbon economy 

With water deficit, CAM becomes a significant strategy for water conservation in plants 

and to maintain photosynthesis (Herrera, 2009). The need for water conservation must be 

balanced with the carbon demands of the plant and this is a challenge since these are of 
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competing interest – stomatal closure inadvertently leads to limited CO2 uptake. This tight 

balance is first established at the stomatal level, which is sensitive to leaf water potential or 

RWC, regardless of C3 or CAM plants (Flexas & Medrano, 2002). Carbon-water economy can 

then be further optimised with the aid of CAM as a unique photosynthesis that allows for longer 

periods of stomatal closure to reduce transpiration, yet provide an alternative carbon 

sequestration through nocturnal acidification with the opening of the stomata at night, or the 

complete recycling of internal metabolically produced CO2. This alternative sequestration in 

the mesophyll cells in the form of malate, which can then be subsequently de-carboxylated and 

recycled for photosynthetic carbon fixation, is described earlier in Section 2.1 (Osmond, 1982; 

Lüttge, 1987; Adams & Osmond, 1988; Griffiths, 1988; Goh & Kluge, 1989; Borland, 1996; 

Nobel, 1996; Cushman, 2001; Silvera et al., 2010a; Liu et al., 2018; Pikart et al., 2018).  

The expression of CAM provides additional improvements in water use efficiency, 

generally 6-fold higher than for C3 plants and 3-fold higher than for C4 plants under comparable 

conditions (Nobel, 1996). Silvera et al (2009) also proposed strong links between CAM as a 

water-conservation strategy for efficient photosynthesis in orchids and the advantage it affords 

in the colonisation of epiphytic habitats. It is noted that there is substantial evidence of the 

occurrence of CAM within tropical epiphytic orchids (Goh et al., 1977; Hew & Khoo, 1980; 

Winter et al., 1983; Cockburn et al., 1985; Earnshaw et al., 1987; Goh & Kluge, 1989; Zotz & 

Tyree, 1996; Zotz & Ziegler, 1997; Silvera et al., 2005; Motomura et al., 2008a, 2008b; He et 

al., 2013; He et al., 2014). CAM not only allows orchids to reduce water loss while maintaining 

carbon assimilation for survival, but also provides alleviation to photoinhibition under high 

irradiances and drought conditions, as reported in the orchid D. emarginata (Zotz & Tyree, 

1996), as well as the benefits in photoprotection discussed extensively by Herrera (2009). 

In vascular epiphytes, CAM expression is significant (Lüttge, 1989), as reported that a 

bimodal distribution of C3 and CAM exists among the orchids of Panama and Costa Rica, 
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consistent with previous surveys of CAM taxa in the tropics and neo-tropics (Neales & Hew, 

1975; Winter et al., 1983; Earnshaw et al., 1987; Mooney et al., 1989; Zotz & Ziegler, 1997). 

Since occurrence of CAM is high, it is not surprising that epiphytism is associated with the 

characteristics of a tropical habitat marked by periodic aridness and frequent exposure to high 

irradiances (Benzing, 1987, 1989, 1998). Even tropical epiphytic orchids native to Singapore 

are not exclusive to these two carbon fixation pathways, as highlighted in several studies done 

previously (Neales & Hew, 1975; Goh et al., 1977; Arditti, 1980; Hew & Khoo, 1980; Goh et 

al., 1983; Hew et al., 1984; Goh & Kluge, 1989; Yam, 2013b; He et al., 2014; Yong et al., 

2015). This further support to the fact that CAM mode of photosynthesis must have its 

significance in epiphytic orchids in Singapore’s tropical habitat, possibly enabling adaptation 

to specific niches where stomatal opening in the day will be limited by drought and high 

irradiance (Lüttge, 1989), and also allowing rapid response to the prevailing environmental 

conditions (Silvera et al., 2010a). 

Another key aspect in CAM expressing plants is their stomatal regulation to reduce 

water deficit (Lüttge, 1987; Adams & Osmond, 1988), which enables the tight balancing of 

two competing requirements of water economy and carbon fixation (Lüttge, 1987; Cushman, 

2001; Cushman & Borland, 2002). With CAM, plants are able to overcome limited CO2 intake 

in the day as gs decreases to reduce water loss. Therefore, CAM plays a pivotal role in 

modulating gas exchange and nocturnal acidification in response to prevailing environmental 

conditions or stresses (Brulfert & Queiroz, 1982; Griffiths, 1988; Winter et al., 2008). For 

instance, under the humid climate of Singapore, the epiphytic CAM orchid Schomburgkia 

humboldtiana grown in situ here exhibited nocturnal carboxylation similar to orchids found 

locally (Lüttge, 1987), yet in contrast to Singapore, at the study site of Griffiths et al. (1989) 

in Venezuela where a dry season occurs, the amount of nocturnal carboxylation decreased in 

the same species, while recycling of internal CO2 increased substantially. This increased 
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intensity of nocturnal carboxylation was also similarly found in the epiphytic CAM fern under 

drought stress (Goh & Kluge, 1989; Minardi et al., 2014) and underlines the importance of 

CO2 recycling by CAM under drought (Winter, 1985; Lüttge, 1987; Griffiths, 1988). A 15-day 

drought was also able to induce decreased photosynthesis, gs and transpiration in CAM orchid 

Doritaenopsis, which could be reversed by re-watering (Cui et al., 2004). Water deficit was 

also able to cause a shift from C3-type photosynthesis to CAM in Clusia pratensis and stimulate 

up-regulation in nocturnal carboxylation in Kalanchoe and Opuntia (succulents of the 

Crassulaceae family), which could then be reversed with re-watering (Winter et al., 2008). The 

CAM pathway was also shown to be intensified specifically in the upper leaf section of the 

bromeliad G. monostachia, which spatially experience water deficit compared to the rest of the 

plant, with gas exchange data showing internal recycling of respiratory CO2 accounting for all 

of the nocturnal acidification, characterising a typical CAM-idling pathway in the drought-

exposed plants (Freschi et al., 2010b). Inducible weak CAM had also been reported in leaves 

of T. triangulare (Ceylon spinach) (Herrera et al., 1991), where plants grown under the sun 

and in a shade with daily irrigation showed characteristic C3-type fluctuations in CO2 

exchange, which then shifted gradually towards characteristics of CAM with increasing period 

of drought of up to 30 days, reaching the stage of ‘CAM-idling’ with almost all internally-

derived CO2 recycled for carbon fixation. Re-watering then reverted the pattern of CO2 

exchange to that of a C3 plant within 24 h. Many more examples are discussed in detail by 

(Cushman & Borland, 2002). 

 

2.4.3 Changes of water relations in drought-stressed plants following re-watering 

 Re-watering not only enables recovery of photoinhibition and consequent increase in 

photosynthetic capacity, it also results directly in increased water status within the plant. For 

example, in Lupinus albus (common name: white lupine) plants after 13 days of drought, a 
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significant decrease was observed in the leaf RWC, leaf water potential at pre-dawn, and gs, 

but the plants maintained the capacity to recover fully on re-watering, where 4 days after re-

watering, the leaf RWC, leaf water potential at pre-dawn, and gs had returned back to levels 

similar to controls, and produced new leaves (Pinheiro et al., 2004). It was also reported that 

after re-watering drought-treated Prunus lycioides (wild almond plant), maximal 

photosynthetic CO2 assimilation rates recovered in newly formed leaves to levels comparable 

with well-watered controls, with increased leaf water potential (Rouhi et al., 2007).  

Plants may also utilise the changes in water relations associated with re-watering, as 

strategies for survival in specific niches. For example, in comparing two epiphytic orchids C. 

corymbosa and P. albiflora, Zhang et al. (2016) demonstrated that even though the P. albiflora 

tended to store less water within the pseudobulbs compared to that of C. corymbosa, as 

reflected in the lower saturated water content in the pseudobulbs of P. albiflora during drought, 

but P. albiflora was able to increase carbon fixation during the short, favourable growing 

seasons because the gs and water content was higher under well-watered condition (or re-

watering phase after drought) compared to under drought, to compensate for the loss in carbon 

fixation during the drought and shedding leaves and roots during the dry season to reduce water 

loss. Whereas for C. corymbosa, after 10 days of re-watering, the plants recovered their values 

for gs and net photosynthetic CO2 assimilation faster than P. albiflora, which suggest that the 

responses of the gs to the increased water status in the two species differed in the speed and 

this reflected different approaches to adaptation to drought. 

Drought and re-watering may also confer greater water use efficiency as it was shown 

in water-stressed cotton (Gossypium hirsutum) that following short-term mild water stress at 

any of the late four stages of budding to bolling, and re-watering of the plant thereafter, restored 

root uptake of water above controls, and overcompensated the decline in photosynthesis, with 

no significant difference in yield compared to controls, but with even greater water use-
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efficiency following drought and re-watering. This suggests that the cotton plants were able to 

acclimate to the drought and that the re-watering process thereafter enhanced the 

photosynthetic performance of the plant, which is an advantage in cultivation of this plants in 

arid environments (Luo et al., 2016). 

 

2.5 Osmoregulation and Water Deficit in C3 and CAM plants 

2.5.1 Osmotic adjustment 

Osmotic adjustment is the active maintenance of turgor by accumulation of solutes in 

the plant in response to decreasing water potential (Turner & Jones, 1980), and is a mechanism 

of drought resistance and avoidance (Morgan, 2000). Osmotic adjustment was shown to be 

able to sustain RWC and gs at low leaf water potential in slow drying sorghum (Turner & Jones, 

1980), but this comes at a cost of reduced plant metabolism growth (Turner & Begg, 1981). 

However, this is a trade-off for maintaining photosynthesis despite drought stress (Blum, 

2017), as shown in two wheat cultivars in which growth was first inhibited by drought stress 

but later resumed in a wheat variety of high capacity for osmotic adjustment (‘Inbar’) after 6 

days, but not in a variety of low capacity for osmotic adjustment (‘Cajeme’), as shown in Figure 

2-5 (Blum et al., 1980). 

Both inorganic and organic solutes may be used to regulate turgor and protect specific 

cellular functions (Blum, 2017). Inorganic solutes used in plant osmotic adjustment include the 

use of K+, Na+ and Cl- ions, and these ions are found stored in vacuoles that help maintain cell 

turgor (Flowers et al., 1977). It was found that the maintenance of shoot sap osmolality (87 –

100%) in some bread and durum wheat varieties was achieved by these inorganic ions (Cuin 

et al., 2010), with K+ making the most significant contribution. Furthermore, the use of K+ for 

osmotic adjustment is not competitive to growth and would therefore contribute less of a cost 

to the plant (Shabala & Shabala, 2011). Organic solutes include the use of free amino acids, 
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Figure 2-5 Cumulative growth of wheat cv. ‘Inbar’ (A) and cv. ‘Cajeme-71’ (B) seedlings 
in nutrient solution (solid line) and in a nutrient solution containing polyethylene 
glycol-6000 (PEG), to induce water deficit (dashed lines). Arrows designate the 
time when PEG was added to the nutrient solution in the final respective 
concentrations. Twenty-five and thirty percent of PEG containing nutrient 
solution were calculated to provide 0.73 and 1.03 MPa of solution osmotic 
potential, respectively. Figure adapted from Blum et al. (1980). 

 

glycinebetaine, soluble sugars and proline as osmolytes. It was shown in Jatropha curcas, 

drought hardening treatment followed by drought stress induced greater accumulation of 

proline and glycinebetaine as osmolytes during the hardening treatment and subsequent 

drought stress, and these two osmolytes were significant in drought tolerance, through reducing 

osmotic potential in the leaves and maintaining a higher turgor (Yang et al., 2015a). The 

significance of soluble sugars and proline for osmotic adjustment are discussed further below 

in the next two sections. 

 

2.5.2 Proline as an osmolyte 
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One of the osmolytes accumulated in plants is proline, which is also commonly 

accumulated as a physiological response to abiotic stresses (Kaur & Asthir, 2015) and an 

adaptation to adverse environmental conditions, which includes osmoregulation in drought 

tolerance (Delauney & Verma, 1993; Yang et al., 2015a), so as to maintain high cellular water 

potential (Hayat et al., 2012). For example, in J. curcas, drought hardening treatment for two 

days followed by drought treatment increased the concentrations of compatible solute proline, 

in addition to the other compatible solutes glycinebetaine and soluble sugars (Yang et al., 

2015a). During the drought stress, the key enzyme of proline synthesis, P5C5, was upregulated, 

indicated the increase in proline biosynthesis, and higher cellular concentration of proline 

functioned as a significant osmolyte in the drought hardening process, also preventing 

oxidative stress during the drought treatment, and improving the water status during the early 

phase of the drought stress. These are significant strategies that provide greater tolerance to 

drought stress in the plant. It has also been shown that severe water stress induces up to 100-

fold accumulation in free-proline (Barnett & Naylor, 1966). In addition, the role of proline is 

significant in plants exposed to various stress conditions. It performs as an anti-oxidative 

defence molecule in the ROS pathway and a signalling molecule in stress response (Hayat et 

al., 2012). Not only is proline able to maintain cell turgor osmotic balance, but its 

overproduction in plants also enables stress tolerance through the osmotic adjustment and 

upregulation of antioxidant system against oxidative stress, which are mechanisms of drought-

hardening. 

 

2.5.3 Carbohydrates as osmolytes 

The other osmolyte that plays a significant role in osmoregulation is sugar. Under 

drought, the maintenance of leaf turgor can be achieved by osmotic adjustment in response to 

the accumulation of sucrose and soluble carbohydrates, and the process of accumulation is 
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highly dependent on the rate of plant water stress (Anjum et al., 2011; Turner, 2017). Water 

deficit is often accompanied by changes in carbon metabolism in the different organs, and 

sugars are likely to be key integrators of cellular responses at the whole plant level to internal 

and environmental alterations (Pinheiro et al., 2001), where they act as substrates and 

modulators of enzyme activity in carbon-related pathways and via the control of expression of 

different genes related to carbon metabolism (Koch, 1996; Taybi et al., 2017).  

Sugar as an osmolyte contributes significantly to osmoregulation and drought 

tolerance (Morgan, 1984), through the maintenance of turgor (Hare et al., 1998), especially in 

the leaves. It has been reported that in Lupinus albus (white lupine), Helianthus annuus 

(sunflower), Vitis vinifera (common grapevine) and Eucalyptus globules (common name: 

southern blue gum), the gradual water‐stressed leaves in all four species maintained high levels 

of leaf soluble sugars, despite having lower rates of field photosynthesis and low amounts of 

leaf starch (Quick et al., 1992). 

However, it has been reported that sucrose synthesis diminishes in drought stressed 

plants with decreasing net photosynthetic CO2 uptake and RWC (Lawlor & Cornic, 2002). 

Therefore, compared to other osmolytes, the use of metabolites such as sugar for 

osmoregulation may come at a more significant energetic cost, but (Blum, 2017) argues that 

such ‘cost’ should take into consideration the dynamics of osmotic adjustment and growth and 

the final balanced contribution of osmotic adjustment to growth and yield under drought stress 

as compared to without the adjustment. 

 

2.5.4 Other osmolytes 

Other osmolytes are also involved in the regulation of osmotic potentials in the plant, 

such as quaternary ammonium compounds such as glycine betaine, β-alanine betaine, proline 

betaine, choline-O-sulphate, hydroxyproline betaine and pipecolate betaine (Bouchereau et al., 
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2015), and among these compounds, glycinebetaine is one of the most abundantly found in 

plants experiencing desiccation due to water deficit stress. Glycinebetaine is synthesized 

mainly from choline, which is converted to betaine aldehyde through the action of choline 

monooxygenase, and subsequently converted to glycinebetaine through betaine aldehyde 

dehydrogenase, and the glycinebetaine molecule is non-toxic to cell even when accumulated 

in plant cells. Several halophytes and a few crop plants synthesize and accumulate 

glycinebetaine in response to environmental constraints such as water deficit, where 

glycinebetaine is a significant osmoregulant (Annunziata et al., 2019), Glycinebetaine interacts 

with molecules and structures and stabilises them, thus maintaining the integrity of membranes 

against stresses and scavenging ROS. For example, using suspension cultured cells of Citrullus 

lanatus (watermelon), (Xu et al., 2018) demonstrated that the glycinebetaine content remained 

high in cells subjected to osmotic stress and is proposed to be an adaptive mechanism to water 

deficit. In addition, in two Mediterranean halophytes, Plantago crassifolia and Inula 

crithmoides, subjected to salinity stress by addition of NaCl, I. crithmoides showed greater 

salt-tolerance than P. crassifolia, which was attributed to the greater osmotic adjustment in I. 

crithmoides with increased levels of proline and glycinebetaine used to maintain osmotic 

balance (Pardo-Domènech et al., 2016). 

 

2.5.5 Changes of osmoregulation in drought-stressed plants following re-watering 

Following re-watering, the water status of the plant is restored close to original and 

consequently, the levels of osmolytes also declines. For example, after re-watering drought-

treated Lolium perenne (common name: winter ryegrass), tissues re-gained turgor within 2 

days, with increase in water potential (Thomas, 1991), and at the same time, soluble sugars 

such as sucrose and glucose, and proline decreased rapidly. In addition, stems of the desert 

shrub Ephedra alata (a herb used in traditional Chinese medicine, common name: Mormon-
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tea, Brigham tea) accumulated high levels of proline, up to 480% of control values, with 

drought stress, which perform a significant role in osmotic adjustment during the intense water 

deficit and provide a mechanism for drought tolerance (Gorai et al., 2015). Following re-

watering the proline levels in the stem decreased to near control values, with transpiration, gs 

and internal CO2 levels increasing back to original levels by the end of the re-watering period, 

allowing rapid recovery of photosynthesis, which is a critical mechanism for drought tolerance 

and recovery from drought. Another plant, Chrysolaena obovata (syn. Vernonia herbacea, an 

Asteraceae native to the Cerrado tropical savannah in South America) showed increased 

proline, amino acid and fructan concentrations under water deficit, with proline particularly 

accumulated in leaves even under low leaf water contents (Garcia et al., 2015). The 

accumulation of proline, amino acid and fructans in the leaves serve as osmoregulants and are 

part of the mechanism tolerance to water deficit and are degraded when water status is restored 

again. Upon re-watering, the proline is also degraded to provide an important source of carbon 

and nitrogen required for restoration of growth. All these studies suggest a dynamic nature of 

osmotic adjustment, which reiterates its active role in turgor maintenance in support of 

photosynthesis, while trading-off losses in metabolism. In addition, when turgor is restored 

with re-watering, the need for osmotic adjustment decreases, possibly to restore metabolism to 

original levels. 

However, in some cases the level of osmolytes may also remain after re-watering, 

contributing to the recovery of the plant from drought. In a study by Hu et al. (2015), it was 

demonstrated that after 5 days of re-watering following 30 days of drought, the antioxidant 

enzymes and ascorbic acid (associated with antioxidative processes) in Phoebe zhennan tree 

saplings increased back to their original levels, but osmolytes such as soluble sugar and soluble 

protein remained markedly high, suggesting that the antioxidant defence system and osmolytes 

play important roles recovery from oxidative stress that resulted from the drought. In addition, 
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the residual levels of osmolyte upon re-watering may be essential for drought-hardening, as 

demonstrated in Saposhnikovia divaricata, a traditional herb of East Asia. In a study by Men 

et al. (2018), it was shown that after each rehydration (two in total) following progressive 

drought stress of 20 days by withholding water, the proline and soluble sugar content did not 

decrease and the accumulation of this osmolyte and others, together with the activation of the 

antioxidant system, provided further drought resistance through acclimation. 

 

2.6 LED Impacts on Plant Growth and Photosynthesis 

The previous sections have discussed the effects of light intensity and water deficit on 

the photosynthetic performance, water status, morphological traits, and overall plant growth in 

C3 and CAM plants, discussing different aspects of drought tolerance or susceptibility and 

some of the mechanisms of drought tolerance. However, not only is light intensity shown to 

be important to photosynthetic performance, morphology and plant growth, but also light 

quality (Hogewoning et al., 2010, 2012; Godo et al., 2011; Ouzounis et al., 2015; Bantis et al., 

2016; He et al., 2015, 2017; Tewolde et al., 2018; Foster et al., 2019). With LED lighting, there 

is greater control in the wavelength(s) of light (Yorio et al., 2001; Terashima et al., 2009; Cope 

& Bugbee, 2013; Mitchell et al., 2015; Billore et al., 2017) illuminated on the leaves which 

enables controllable and desirable effects on the photosynthetic performance and plant growth, 

and when applied to orchid seedling growth, it would enhance the growth and shorten the time 

taken to cultivate the orchids to maturity. This is because orchids are slow growing (Yam & 

Arditti, 2009; Norikane et al., 2013; Yam, 2013b) where it typically takes about three years to 

grow from seeds cultured aseptically in flasks, to seedlings ready for acclimatisation in 

common pots in the nursery, and not another 3 or more years of careful cultivation before the 

seedlings mature and flower (personal communication with Dr Yam Tim Wing, Singapore 

Botanic Gardens). By shortening the time taken for cultivation, it will support conservation 
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efforts by allowing faster re-introduction of threatened species back into the natural 

environments or in situ sites. 

 

2.6.1 Effects of LED on plant growth and morphology 

A significant cluster of related research in the past two decades has been focusing on 

the development of LED lighting applications on indoor agricultural production, advancing 

and improving plant growth through tweaking both light quantity and quality (Goins et al., 

1997; Yorio et al., 2001; Matsuda et al., 2004; He et al., 2015; Frąszczak et al., 2016; Wang et 

al., 2016; He et al., 2017b; Clavijo-Herrera et al., 2018). In a study on the effects of different 

LED lighting on lettuce cultivars, leaf area, specific leaf area, and Chl content (measured in 

SPAD index) increased with increasing proportion of blue to red LED light, up to 66% blue 

light, but decreased slightly or remained constant under pure blue light, while the leaf number, 

shoot dry mass and water use efficiency decreased (Clavijo-Herrera et al., 2018). gs also 

increased with increasing amount of blue light on the lettuce cultivars, which suggests the 

sensitivity of the stomata guard cell opening to blue light, and is similar to responses under 

high irradiance. The decrease in water use efficiency was attributed to the reduction in plant 

growth measured by dry mass and leaf number, as well as the increased transpiration as a 

consequence of increased gs. It was also shown that M. crystallinum (ice plant) grown under a 

ratio of 10% blue to 90% red LED lighting had highest shoot and root biomass and shoot/root 

ratio while those grown under pure red LED exhibited the lowest values (He et al., 2017b). 

The development of LED lighting applications on crop plants is with the eventual noble 

goal of achieving food sustainability. Research on different light quality on orchid growth is a 

notably smaller, albeit developing, area of interest. For example, different ratios of red-blue 

LED lighting was applied on the orchids of the genus Cymbidium and Phalaenopsis cultured 

in flasks and the growth of plantlets was enhanced than those under traditional plant growth 
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fluorescent lamps, and it was suggested that LED irradiation on orchid micropropagation 

systems would be of significant advantage in future (Nhut et al., 2018). The use of different 

wavelengths of monochromatic LED lighting on orchid shoot cultures in flask was also 

demonstrated by Billore et al. (2017), where cultures of the orchid Dendrobium Sonia produced 

higher cell proliferation, protocorm-like bodies formation, differentiation into green buds and 

shoot initiation under yellow light, as compared to red, blue and white lighting. Therefore, it 

was suggested that different wavelengths of LED lighting stimulated different morphogenic 

effects on in vitro culture of D. Sonia, and that yellow light treatment was advantageous to 

enhancing micropropagation. Therefore, the use of LED lighting has been focussed mostly on 

in vitro micropropagation (Tanaka et al., 1998; Talbott et al., 2002; Cybularz-Urban et al., 

2007; Liu et al., 2010; Godo et al., 2011; Norikane et al., 2013; Guo et al., 2015; Ouzounis et 

al., 2015; Favetta et al., 2017; Li et al., 2018), with a modest pursuit of speeding up growth of 

orchids and reducing cultivation time. 

Plants require optimal light, temperature, water, and nutrients – well-understood 

primary determinants of plant productivity, for optimal growth (Fischer & Turner, 1978; 

Boyer, 1982). While it is relatively easy to control water, nutrients, and temperature in a 

horticultural greenhouse, optimal irradiation control is technically difficult (Hanan, 1998; 

Griffin et al., 2004; Ibrahim & Jaafar, 2011), since light environment is highly variable over 

the course of the day, season, and year (Yamori, 2016). Plants may also respond dynamically 

to the variable light environment, and this fluctuation would affect photosynthesis, leading to 

uncertainty in growth and yield (Evans & Poorter, 2001; Konow & Wang, 2001; He & Teo, 

2007). Even with orchids, which are often mistakenly understood as all shade-loving (Arditti, 

1980), findings have shown variability in their adaptations to high irradiances through morpho-

physiological adjustments to light availability (Pires et al., 2012). Therefore, control of 

irradiance, photosynthesis and productivity, could best be achieved through use of precise 
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wavelengths of growth irradiance, made only possible with the modern use of LEDs (Yorio et 

al., 2001; Yano & Fujiwara, 2012; Mitchell et al., 2015; Tewolde et al., 2018). 

Plant growth and morphology are strongly influenced by the light spectrum of the 

growth environment. For example, it has been reported that under cryptochrome and 

phytochrome regulation, hypocotyls failed to elongate under low blue light, but 

monochromatic blue light inhibits hypocotyl growth during de-etiolation (Pedmale et al., 

2016). It was also reported that total dry-weight accumulation was lower in radish, lettuce and 

spinach plants, 21 days after planting, under red LEDs compared to red LEDs + 10% blue 

fluorescent light (Yorio et al., 2001). Mono-chromatic red and blue fluorescent light treatments 

have been shown to trigger photomorphogenesis in Cattleya orchid protocorm-like bodies 

(PLBs) (Cybularz-Urban et al., 2007), while yellow monochromatic LED light was observed 

to induce higher shoot proliferation, early PLBs formation, differentiation into green buds and 

shoot initiation, and higher yield of shoots per explants than red, blue and white light treatments 

(Billore et al., 2017). The light spectrum also directs phototropism. For instance, red light has 

been shown to enhance hypocotyl phototropism toward monochromatic blue light through a 

phytochrome-mediated response (Whippo & Hangarter, 2004), and rapid phototropic response 

is regulated by phytochromes under low fluence rates, but phototropism is then suppressed at 

high irradiances. However, water use efficiency has been reported to significantly decrease 

under higher blue-to-red LED light ratio, attributed to decreased plant growth and increased gs 

in two lettuce cultivars, ‘Cherokee’ and ‘Waldmann’s Green’ (Clavijo-Herrera et al., 2018), 

and increasing blue-to-red LED light ratio has also been reported to result in decreased leaf 

area (Poorter et al., 2009; Hogewoning et al., 2010). 

Light quality also affects leaf morphology, especially for long periods under blue or 

red LED lighting. For example, in Cordyline australis (common name: cabbage palm), Ficus 

benjamina (common name: weeping fig), and Sinningia speciosa (common name: gloxinia) 
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after 8 weeks under LED light, pure blue light resulted in the increase in leaf thickness and 

palisade parenchyma layer of F. benjamina, while in S. speciosa, pure blue light blue and 75% 

red with 25% blue combination of LED lighting resulted in the increase in the palisade 

parenchyma layer but not total leaf thickness (Zheng & Van Labeke, 2017). Therefore, the 

changes to leaf thickness in response to different LED lighting was species-dependent, but 

palisade parenchyma tissue thickness was correlated to the leaf PS II quantum efficiency, and 

hence, blue light addition in the spectrum seemed to replicate sun-type characteristics in leaf 

and was essential for the normal anatomical leaf development which also impacts the 

photosynthetic efficiency in the three studied species. This was also supported by the results 

of the study on the sensitivity of rapeseed (Brassica napus) to light quality, where Shengxin et 

al. (2016) showed that the leaf palisade tissue comprised of only one layer of cells when the 

plant was cultivated under pure red LED lighting, whereas two layers were present under the 

other treatments containing blue LED lighting added to red, or under pure blue lighting alone. 

Addition of blue to red lighting also resulted in increased leaf thickness, leaf mass per area, 

stomatal density, Chl content per weight and photosynthetic capacity, as compared to pure red 

lighting. 

Stomatal morphogenesis and behavior are also regulated by the lighting condition. For 

example, pure blue light was shown to stimulate increased gs in C. australis, F. benjamina, and 

S. speciosa as compared to the same three species grown under pure red light. This was 

attributed to the increasing stomatal index and stomatal density that was affected by the light 

quality (Zheng & Van Labeke, 2017). However, the changes in stomatal development and 

behavior with different lighting condition may vary between species. For example, stomatal 

density was not affected by the light quality of supplemental lighting, and the stomatal index 

was not affected by the supplemental LED lighting orientation and supplemental LED light 

quality with orientation together, when tomato plants were given different combinations of 
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polychromatic supplemental LED lighting from underneath the canopy (Song et al., 2016). 

However, the stomatal aperture size was significantly affected by the supplemental lighting, 

where the aperture length was significantly decreased and width was significantly increased, 

which resulted in a significantly higher width/length ratio of the stomata and a larger stomatal 

pore area. This resultant larger stomatal pore area was suggested to be another strategy in 

promoting greater CO2 diffusion into the leaf and maintaining high photosynthetic CO2 

assimilation, since stomatal number and density were not affected by the supplemental lighting. 

 

2.6.2 Effects of LED on photosynthesis 

Plant physiology is also affected by the growth light spectrum. Red LED light (600–700 

nm) is widely recognised as the primary driver of photosynthesis, because of their low energy 

photons and efficient absorption by photosynthetic pigments (Paradiso et al., 2011; 

Hogewoning et al., 2012). However, growth of plants under mono-chromatic red light is 

detrimental to photosynthesis, triggering what is known as “blue light deficiency” or “red light 

syndrome”, with symptoms including leaf curling and decreased photosynthetic capacity, leaf 

thickness and leaf pigmentation, which can be ameliorated by addition of blue LED light 

(Hogewoning et al., 2010; Hogewoning et al., 2012; Ouzounis et al., 2015). The growth light 

spectrum also affects photosynthesis through cryptochrome- and phytochrome-mediated 

regulation of stomatal development and leaf photosynthetic capacity. For example, it was 

reported that in lettuce, leaf photosynthetic capacity and photosynthetic rate increased with 

50% red + 50% blue light, and gs and stomatal density increased with slight decrease in 

stomatal size (Wang et al., 2016) and leaf photosynthetic capacity also increased with a mixture 

of red-blue light in pea leaves and tobacco (Lopez-Juez & Hughes, 1995; Yang et al., 2017). 

Adding blue to red light reportedly stimulates photosynthetic characteristics of “sun-type” 

leaves (Boardman, 1977; Lichtenthaler et al., 1981; Matsuda & Murakami, 2016; Kaiser et al., 
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2019), as well as alter the balance of carbon and nitrogen through regulation of Rubisco and 

Chl biosynthesis (Foyer & Paul, 2001; Muneer et al., 2014; Zhang et al., 2018b). 

The stimulation of “sun-type” characteristics in leaves under LED lighting with blue 

added to red also reportedly resulted in higher dissipation of energy by NPQ. For example, in 

M. crystallinum (ice plant), the use of different red-blue combinations of LED lighting resulted 

in higher total Chl and Car contents and higher Chl a/b ratios, which suggest a higher capacity 

for light harvesting and greater efficiency of light use, coupled with higher dissipation by NPQ 

as a mechanism to protect the photosystems from over-energisation (He et al., 2017b). There 

was also higher efficiency of photosynthetic light use as indicated by the higher qP and ETR 

under higher blue to red LED lighting, as compared to pure red LED lighting or those below 

50% of blue to red light. The addition of blue to red LED light also resulted in higher 

photosynthetic O2 evolution rate, light-saturated CO2 assimilation rate, and light-saturated gs 

among the M. crystallinum grown under the different combinations of red- and blue-LEDs, as 

compared to growing under just pure red light. Interestingly, despite being a facultative CAM 

plant, it was shown that M. crystallinum under red-blue LED lighting had very minimal CAM 

acidity, which is correlated to the higher Rubisco content and gs. This might have implied that 

under red-blue LED lighting with adequate supply of water, the metabolic limitation to CO2 

assimilation might have been minimised, therefore resulting in less necessity for upregulating 

metabolic pathways to maintain CO2 assimilation usually associated with sub-optimal 

photosynthesis (under stress), such as the CAM photosynthetic pathway. 

Therefore, both red and blue wavelengths of LED light play important but different 

roles in regulation of photosynthesis within plants, and may be the essential keys to tweaking 

productivity and yield, through optimisation of red-to-blue ratio. Then begs the question, what 

is optimal? Hogewoning et al. (2010) reported only 7% blue light to be sufficient in 

ameliorating “red light syndrome” in lettuce and increasing the photosynthetic capacity with 
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more blue-to-red LED light up to 50% blue, while Yorio et al. (2001) reported that a minimum 

of 30 μmol m-2 s-1 of blue light is necessary for normal development in lettuce. Elsewhere, 

Goins et al. (1997) reported that wheat grown under red LEDs + 10 % blue fluorescent light 

had comparable shoot dry matter accumulation and seed yield relative to wheat grown under 

white light, while Bantis et al. (2016) reported that different positive outcomes for different 

combinations of blue-red LED lighting in two Ocimum basilicum (basil) cultivars, in 

comparison with fluorescent lighting. Therefore, the effect of blue light and the blue-to-red 

LED light ratio on leaf photosynthesis and dry matter productivity remain unclear, very likely 

being species-specific. In addition, the effects of red-blue LED lighting on the photosynthesis 

and growth of orchids also remain a potentially interesting area of research. 

Further, it is argued that green light (500–600 nm) may be able to drive and regulate 

physiological responses and development in plants, enabling optimisation of resource-use 

efficiency and acclimation of photosynthesis to available irradiance, thus promoting higher 

biomass and yield (Kim et al., 2006; Terashima et al., 2009; Smith et al., 2017). However, 

different plant responses to short- and long-wavelength green light were reported (Dougher & 

Bugbee, 2001), possibly due to the different wavelengths of green light used in different 

studies. Some of these effects were undesirable, such as suppression of chloroplast or Chl 

formation. Despite contradictions in the reported effects of green light, it remains difficult to 

obtain efficient LEDs that have direct emission at 550–560 nm, which is thought to be 

beneficial. Difficult, but not impossible, as with expected improvements in the precision and 

quality of LED light in time to come. Therefore, there remains the potential that, with the right 

wavelengths and intensities are applied, green LED light will be advantageous to yield in 

controlled environment horticulture when used in combination with red and blue, while the use 

of green LED light will also provide greater insight into the role of green light from the solar 

spectrum on photosynthesis in plants (Smith et al., 2017).
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  Chapter 3 

PHOTOSYNTHETIC LIGHT USE EFFICIENCY, WATER 
RELATIONS AND LEAF GROWTH OF C3 AND CAM 

TROPICAL ORCHIDS UNDER NATURAL CONDITIONS 
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3.1 Abstract 

Native orchid species of Singapore in their natural conditions experience abiotic 

stresses such as high irradiance, high temperatures and periods of extended low rainfall. These 

abiotic stresses impact orchid plant physiology and lead to reduced growth and productivity. 

To study the impacts of the abiotic stress on native orchid species under natural conditions, the 

photosynthetic light utilisation efficiency, water relations and leaf growth were measured in 

six species of C3 and CAM native tropical orchids. The photosynthetic light utilisation 

efficiency was quantified by Chl fluorescence Fv/Fm ratio on a diurnal and weekly basis, 

corresponding with the measurement of the relative water content (RWC) of leaf and 

pseudobulb. Finally, the individual leaf growth was also tracked over the first 5 weeks under 

different growth irradiances. The results showed dynamic photoinhibition measured by midday 

Fv/Fm ratio in the six species namely Coelogyne rochussenii, Coelogyne mayeriana, 

Bulbophyllum membranaceum, Bulbophyllum vaginatum, Dendrobium leonis, Phalaenopsis 

cornu-cervi under high light (HL), and B. membranaceum and B. vaginatum under low light 

(LL). ). It was found that on a sunny day in the first week, the midday Fv/Fm ratio was as low 

as 0.320 in B. membranaceum under HL, but it was as high as 0.627 in C. mayeriana under a 

similar HL condition. Fv/Fm ratio continued to decrease over the first 7 weeks after 

transplanting, coinciding with a period of lower rainfall, indicating chronic photoinhibition. 

This was also supported by the weekly midday Fv/Fm ratio decreasing in all species to near or 

below 0.6, except for B. membranaceum where it decreased to the lowest value at around 0.3, 

but all species then recovered back to values close to the healthy level of 0.8 after a period of 

‘natural re-watering’ from week 8 to 16, brought about by higher rainfall as compared to the 

first 7 weeks. Correspondingly, the period of lower rainfall in the first 7 weeks also resulted in 

the decreased leaf RWC, to around 75% for C. rochussenii and C. mayeriana under HL and 

LL, less than 50% for the four other species under HL and between 39 to 70% for the four 
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other species under LL, which all recovered to higher levels of 66 to 96% after the period of 

natural re-watering. Consequently, the rate of leaf expansion did not differ much in B. 

vaginatum and P. cornu-cervi, as compared to a faster leaf expansion between week 3 to 5 in 

C. rochussenii, C. mayeriana and D. leonis under HL, and, interestingly, in B. membranaceum 

under LL. The decreased photosynthetic light utilisation efficiency in all six species is 

attributed to the decreased water status measured by leaf RWC, which lead to increased 

photoinhibition under HL compared to LL. However, HL appeared to stimulate faster leaf 

expansion in these C. rochussenii, C. mayeriana and D. leonis as compared to LL, while the 

converse occurs in B. membranaceum, which might be due to the severity of drought stress 

that had severely impacted leaf turgor and consequent leaf expansion. However, this might be 

a response to reduce light harvesting and prevent further damage to photosynthetic apparatus. 

Nevertheless, leaf abscission was also observed in the six species, representing loss in leaf 

growth overall, which could be a strategy for water conservation under drought in natural 

conditions. The severity of the combined drought stress and high light stress could have also 

affected B. membranaceum more than the other species, in severely reducing the 

photosynthetic light utilisation efficiency, RWC and leaf growth. 

 

3.2 Introduction 

Singapore has a tropical rainforest climate with no distinctive seasons, temperatures 

ranging from 22 to 35°C, high relative humidity averages ranging from 60 to 100%, and annual 

rainfall of about 2300 mm, with November to January being the wettest months. Considerable 

efforts have been made in the past decade to re-introduce native orchid species back into 

Singapore as part of conservation (Yam & Thame, 2005; Yam et al., 2011; Yam, 2013b). Many 

of these re-introduced species are epiphytes adapted to relatively dry habitats, native to low-

elevation forests, and are dependent upon their micro-climate. Crucial to these epiphytic 
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orchids is the requirement for water economy where frequent, high evapotranspiration 

combined with scarce water supply challenge plant water balance (Benzing, 1998). Epiphytic 

orchids grow well under optimal environmental conditions and propagate naturally. However, 

when they experience stress from high irradiance and periods of extended low rainfall, these 

factors significantly impact their physiology and lead to reduced growth and productivity. 

Leaves acclimated to the sun are better able to utilise photosynthetic light compared to 

shade-acclimated leaves. For example, the sun leaves of beech (Fagus sylvatica) are reported 

to have more Chl in a unit leaf area, higher maximum Chl fluorescence, and a higher light-

saturated photosynthetic rate (measured by photosynthetic CO2 assimilation) as compared to 

shade leaves (Lichtenthaler et al., 1981). However, high irradiance may cause a reduction in 

photosynthetic light utilisation, loss in leaf Chl, and a greater susceptibility to photoinhibition. 

For instance, Fv/Fm decreased in the leaves of CAM orchid Dendrobium Sonia simultaneous 

with an increased incident light during midday after exposure to full sunlight for 2 weeks, 

which indicated dynamic photoinhibition (He et al., 1998). In addition, chronic photoinhibition 

was observed in the 2 weeks under full sunlight, as demonstrated in the continually decreasing 

Chl content and Fv/Fm over the 2 weeks, and decreased light- and CO2-saturated photosynthetic 

rate (measured by O2 evolution) after the 2 weeks, as compared to those under shade (He et al., 

1998).  

The reduction in photosynthesis can be attributed to dynamic photoinhibition which is 

a photoprotective strategy (Chow, 1994; Osmond, 1994; Anderson et al., 1995). Otherwise, 

decreased photosynthesis may be a result of excessive light capture that leads to 

photooxidation, photobleaching of Chl, chloroplast damage, and deleterious effects of the leaf 

photosynthetic apparatus. Furthermore, orchid leaves exposed to drastic increase in photon flux 

densities experienced a drop in CO2 gas exchange and leaf chlorosis (Johnson, 1993). 

However, plants grown under low irradiance may also experience a reduction in the 
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photosynthetic rate, resulting in a decline in growth rate (Lüttge et al., 1991; He et al., 1998). 

Therefore it is necessary to strike a good balance in maximising photon energy utilisation of 

leaves to increase photosynthetic activity whilst minimising photoinhibition. This is shown in 

CAM orchid Dendrobium Burana Jade, where plants grown under intermediate light had no 

significant change in pre-dawn Fv/Fm compared to plants under shade, and higher maximum 

photosynthetic O2 evolution rates compared to plants under shade or full sunlight, which 

indicates minimal photoinhibition (He & Teo, 2007). 

Epiphytic orchids experiencing stress from water deficit show significant decrease in 

RWC in leaves and pseudobulbs, reduction in photosynthetic light utilization, and greater 

susceptibility to photoinhibition caused by high irradiance (Stancato et al., 2001). In other 

plants, periodic drought stress also leads to a closure of stomata (Pinheiro & Chaves, 2011), 

through the reduction of shoot water potential directly or reduced turgor (Lawson, 2009). As a 

result, CO2 depletes in the intercellular spaces and at the chloroplast level, limiting 

photosynthesis (Flexas & Medrano, 2002). Therefore, any changes in water status might have 

further impact on plants, making them more susceptible to photoinhibition and further reducing 

photosynthetic capacity under high light. This is turn would reduce the growth and productivity 

of the plant. Even though the development and growth of wheat leaves was much faster under 

HL compared to LL, speed of wilting was also increased (Lichtenthaler et al., 1981). Moreover, 

water-stressed Miscanthus x giganteus showed no significant increase in leaf area and 

decreased rate of leaf expansion after 26 days of water stress, in contrast to the continued 

growth and expansion of the leaf observed in well-watered controls (Ings et al., 2013). 

There is little information about the photosynthetic light utilization efficiency and water 

relations of tropical orchid species in their natural environments, especially with regards to 

their responses to varying environmental conditions and the light and water deficit stress that 

come with it. Therefore, the six native orchid species C. rochussenii, C. mayeriana, B. 
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membranaceum, B. vaginatum, D leonis and P. cornu-cervi were selected for this study and 

they were compared for their photosynthetic light utilization efficiency and water relations, 

with regards to leaf growth measured in terms of leaf expansion. Photosynthetic light 

utilisation, Chl content, and photosynthetic rate, are good parameters for comparing 

photosynthesis between LL- and HL-acclimated leaves (Boardman, 1977). The photosynthetic 

light utilisation can be measured by PS II efficiency, through Chl fluorescence Fv/Fm ratio. 

Meanwhile, RWC provides a reliable comparison of the water status for comparison of tissues 

and species, which is sensitive to the cellular metabolism, including those that are involved in 

photosynthesis (Lawlor & Cornic, 2002). The information collected would be useful for 

improving the approach towards conservation of orchid species in their natural environments. 

Therefore, to complement the conservation efforts in Singapore, this study aimed to better 

understand the photosynthetic light utilization efficiency, water relations and leaf growth of 

the six selected C3 and CAM native tropical orchids under natural conditions, to the benefit of 

more successful re-introduction of these orchid species. 

 

3.3 Materials and Methods 

3.3.1 Plant cultivation 

Mature plants of C. rochussenii, C. mayeriana, B. membranaceum, B. vaginatum, D. 

leonis and P. cornu-cervi were planted in NIE for this study (Plate 3-1A). These epiphytic 

orchid plants were planted on the trunks of rain trees, Albizia saman (syn. Samanea saman), 

under natural HL and LL conditions on 12 January 2015. LL was achieved by natural shading 

provided by the trees and positioning the plants out of direct sunlight (Plate 3-1D). A total of 

6 clusters of plants for each species were planted on each side, facing either direct sun or 

shaded, which makes up a total of 12 clusters for each species. For each cluster, there were 

many leaves and pseudobulbs, and there were also young shoots emerging from the base of 
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rhizomatous pseudobulbs, or newly emerging apical leaves, in the case of D. leonis and P. 

cornu-cervi. Examples are shown in Plate 3-1B and C. These orchids were neither watered nor 

fertilized after planting, and depended upon rainfall as the only source of water. The maximal 

PPFD ranged from 90 to 200 μmol m-2 s-1 for LL and from 400 to 1300 μmol m-2 s-1 for HL, 

with an ambient day temperature of about 30ºC to 35ºC during the photoperiod. Relative 

humidity averaged around 86% in the morning and 67% in the afternoon, and can reach 93% 

on rainy days. 

 

Plate 3-1 Planting of the six orchid species onto the Samanea saman trees (A, B, C) and 
side view of the tree illustrating the position of the orchids with respect to the 
light intensity (D). Blue arrow indicates the direction of the flow of rain water. 
(A, B, C are photos taken by Associate Professor He Jie)  
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3.3.2 PPFD measurements 

The PPFD was measured using a photosynthetically available radiation quantum sensor 

and reading unit (Skye Instruments Ltd, Llandrindod, UK). The stabilized PPFD, within a 

range of 0 to 1999 μmol m-2 s-1, was measured from six different positions above the leaves 

for moderate light and low light respectively, and an average was calculated from the six values 

measured. 

 

3.3.3 Sampling methods 

Six young mature (fully expanded) leaves, each from a different plant of the same 

species, were selected for measurement of Fv/Fm ratio and Chl content, per species, per light 

condition (HL or LL). These leaves were fully exposed to incident light that falls vertically on 

the leaf, which may be angled between 0 to 90°. The measurement of these two parameters 

were from roughly the same spot of same leaf, marked out using a coloured waterproof duct 

tape around the rhizome at base of the leaf (for those with rhizomatous pseudobulbs), or from 

the same fully expanded leaf immediately after apical leaf (for D. leonis and P. cornu-cervi). 

These measurements are non-destructive. For measurement of leaf and pseudobulb RWC, three 

young mature (fully expanded) leaves and their associated pseudobulbs were selected and 

removed from clusters and immediately brought to laboratory for analysis. To track expansion 

of emerging leaves, only young, budding leaves from rhizome, or apical leaf from 6 plants of 

each orchid species, per light condition (HL or LL), were selected and tracked over 16 weeks. 

 

3.3.4 Measurement of Chl fluorescence Fv/Fm ratio 

The Fv/Fm ratio were taken using the Plant Efficiency Analyzer, PEA (Hansatech 

Instruments Ltd, England). For diurnal measurements, readings were taken on sunny and 

cloudy days, every two hours from 0800 to 1600 h, within the first week after planting onto 
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the trees, while weekly Fv/Fm ratios were taken at the time corresponding to the maximal 

midday PPFD. 6 samples were taken from each species under each light condition. The Fv/Fm 

ratio is estimated from the efficiency of PS II reaction centres in capturing the excitation energy 

in dark adapted leaves. First, leaf clips were used to pre-darken leaves for 15 min prior to 

measurements. Then, the dark-adapted leaves were placed under the light pipe to measure the 

initial Chl fluorescence, F0. Thereafter, the maximum Chl fluorescence, Fm, was measured 

after a 0.8 s of saturated pulse (> 6000 µmol m-2 s-1) light exposure. The variable fluorescence 

yield, Fv, was determined by their difference, Fm – F0.  

 

3.3.5 Measurement of Chl reading with Chl meter (SPAD-502) 

Leaf Chl reading was measured using a hand-held Chl meter (SPAD-502, Minolta. 

Japan), whereby leaf sections were clasped between the jaws of the device which then measures 

the absorbances of the leaf at wavelengths 645 nm and 663 nm. Using these two absorbances, 

the meter calculates a numerical SPAD value which is relative to the amount of total Chl 

present in the leaf, and expresses in terms of SPAD readings. 6 samples were taken from each 

species under each light condition. 

 

3.3.6 Measurements of midday RWC 

Square cuts (1 cm by 1 cm) were made out of the leaves and 5mm thick slices were 

made out of the pseudobulbs. The leaves and pseudobulbs were those freshly harvested from 

young mature, fully expanded leaves from the six species as described earlier in the sampling 

method (Section 3.3.3). These samples (leaf cuts and pseudobulb slices) were first weighed 

with an analytical balance to determine fresh weight (FW), followed by immersion in water in 

the dark for 3 hours (for pseudobulb of C. mayeriana and leaf of B. membranaceum) or 24 

hours (for the other samples) prior to measurement of their saturated weight (SW). The 
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different equilibration time to achieve SW was due to the nature of the pseudobulb of C. 

mayeriana and leaf of B. membranaceum losing mass after soaking for more than 3 hours 

possibly as a result of cell lysis and release of cytoplasmic contents into the water. The 

equilibration time was determined by an initial test done on the same samples with the wright 

measured every hour for 36 hours. After measuring the SW, samples were dried in a 80 ̊C oven 

for at least 72 hours to obtain their dry weight (DW). RWC was calculated according to: 

RWC =
(FW − DW)
(SW − DW)

× 100% 

where FW is the fresh weight, DW is the dry weight, and SW is the saturated weight. 

Ten samples each for leaves and for pseudobulbs were obtained from each species. 

 

3.3.7 Measurement of leaf expansion 

Six young, budding leaves from each orchid species, cultivated under the respective 

light conditions (HL or LL), were selected and tracked over 5 weeks. The individual leaf area 

was measured every week by capturing the image of the selected leaves against a measured 

scale and then using ImageJ software to calculate the leaf area from the image according the 

method outlined by Schneider et al. (Schneider et al., 2012). The single leaf area was calculated 

as an average of the six individual leaf areas. This is the parameter used to determine leaf 

growth or expansion. 

 

3.3.8 Statistical analysis 

A mixed-model nested analysis of variance (ANOVA) was performed using SPSS 

(Version 22.0, 2013) to test for significant differences in Fv/Fm ratio at midday maximal PPFD 

after 1 and 3 months of cultivation (Figures 3-2), or to test for significant differences in leaf 

and pseudobulb RWC after 1 and 4 months of cultivation (Figure 3-6 and 3-7), using post-hoc 

Tukey’s pairwise test, with significance at α = 0.05. 
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3.4  Results 

3.4.1 Growth conditions and photosynthetic light use efficiency 

Diurnal PPFD was much higher for the plants grown under HL (Figure 3-1A) than LL 

(Figure 3-1B) on a sunny day at 1000h, 1200h and 1400h and the diurnal Fv/Fm ratio at these 

timings were also correspondingly lower in HL (Figure 3-1C) than LL (Figure 3-1D), with the 

biggest difference in B. membranaceum and B. vaginatum. This suggests a reduction in the 

efficiency of open PS II reaction centres of the orchids under exposure to HL (PPFD 400 – 

1300 μmol m-2 s-1) towards midday, particularly lower in B. membranaceum and B. vaginatum,  

 

Figure 3-1 Diurnal changes of PPFD for high light (A) and low light (B) and Fv/Fm ratio on 
a sunny day in the first week, for the six orchid species (Cr: C. rochussenii, Cm: 
C. mayeriana, Bm: B. membranaceum, Bv: B. vaginatum, Dl: D. leonis, Pc: P. 
cornu-cervi) grown under high light (C) and low light (D). Vertical bars 
represent standard error. n=6. 
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among the 6 orchid species examined. Under exposure to LL, a slight reduction in the 

efficiency of open PS II reaction centres was also shown in with Fv/Fm ratios of 0.651 and 

0.638 respectively for B. membranaceum and B. vaginatum during midday, corresponding to 

a PPFD of 200 μmol m-2 s-1, which did not recover by 1600 h in B. membranaceum. Fv/Fm ratio 

at 1600h of all plants grown under HL except C. mayeriana and P. cornu-cervi, also did not 

increase close to the same levels as at 0800h, suggesting that these plants were likely to suffer 

from chronic photoinhibition. 

However, there was evidence of recovery from this chronic photoinhibition as shown 

in the difference in midday Fv/Fm ratios between 1 and 3 months of growing under HL and LL. 

Significant increase in the midday Fv/Fm ratios from 1 to 3 months of cultivation were observed 

in all species under both HL (Figure 3-2A). Under LL (Figure 3-2B), mean values were higher 

after 3 months compared to after 1 month, except for C. mayeriana (ANOVA, p < 0.05, n = 

6), but all values were within the range of 0.638 to 0.774, which is close to the ideal of 0.8. 

Comparing between species, B. membranaceum and B. vaginatum after 1 month under HL 

 

Figure 3-2 Midday Fv/Fm ratio at midday maximal PPFD after 1 and 3 months of cultivation 
under HL (A) and LL (B). Cr: C. rochussenii, Cm: C. mayeriana, Bm: B. 
membranaceum, Bv: B. vaginatum, Dl: D. leonis, Pc: P. cornu-cervi. Red dotted 
line represents the ideal value of 0.8. Vertical bars represent standard error. 
Different letters above bars indicate statistical difference between the species 
and months in comparison under high light (Tukey’s multiple comparison, p < 
0.05, n=6). 
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show significantly lower Fv/Fm ratios as compared with the others but recovered to levels 

comparable to D. leonis and P. cornu-cervi after 3 months under HL (Tukey’s multiple 

comparison test, p < 0.05, n = 6). No significant difference in Fv/Fm ratio was found between 

species after 1 month and 3 months under LL, except for B. membranaceum and B. vaginatum. 

Further evidence of recovery from this chronic photoinhibition was provided in the data 

collected over 16 weeks for the changes to weekly midday maximal PPFD and Fv/Fm ratio. 

Over the 16 weeks of cultivation under HL, midday maximal PPFD exceeded 800 μmol m-2  

s-1 only in weeks 2 to 7 and week 13 (Figure 3-3A) while little fluctuation in midday PPFD  

(< 200 μmol m-2 s-1) was seen in LL (Figure 3-3B). Based on rainfall data of the micro-climate 

of the area where the orchids were cultivated (NEA, 2015), weeks 2 to 7 coincided with a 

period of low rainfall, while the drop in midday maximal PPFD (< 800 μmol m-2 s-1) from 

week 8 onwards, with the exception of week 13, coincided with an increase in weekly total 

rainfall (Figure 3-3A). Corresponding with the fluctuations in midday maximal PPFD under 

HL and the weekly total rainfall, the mean values of the Fv/Fm ratio generally decreased from 

 

 

Figure 3-3 Changes in midday PPFD over 16 weeks of HL (A) and LL (B) represented as 
a line graph, together with the rainfall data represented as a bar graph in (A). 
Rainfall data adapted with permission from Meteorological Services Singapore 
(NEA, 2015). Blue arrow indicates the start of the weeks of higher rainfall 
(week 8). 
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weeks 2 to 8 for all 6 orchid species, under both HL (Figures 3-4A and C) and LL (Figures 3-

4B and D), and generally increased back to original levels or higher from weeks 8 to 16. The 

decrease in mean values of Fv/Fm ratio was greater in HL than LL, for all six species. Therefore, 

the period of higher weekly total rainfall from week 8 onwards corresponded with plants 

showing recovery from chronic photoinhibition, where Fv/Fm ratio that was decreasing below 

0.7 in the first 8 weeks started to increase back to levels above or close to 0.8 by week 16. 

 

 

Figure 3-4 Changes in Fv/Fm ratios over 16 weeks of high light and low light for C. 
rochussenii, C. mayeriana, B. membranaceum (A, B), and B. vaginatum, D. 
leonis and P. cornu-cervi (C, D). Red dotted line represents the ideal value of 
0.8. Vertical bars represent standard error. Blue arrow indicates the start of the 
weeks of higher rainfall (week 8). 
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3.4.2 Photosynthetic pigments 

In contrast to the changes in Fv/Fm ratio over 16 weeks of cultivation, difference 

between Chl content under HL and LL were lesser, as measured by the SPAD-502, with the 

exception of B. membranaceum which showed a higher Chl reading under LL (Figure 3-5B 

and D) than HL (Figure 3-5A and C). Chl reading fluctuated between 20 to 40 SPAD units for 

C. rochussenii, C. mayeriana and P. cornu-cervi (Figures 3-5A and B), whereas Chl reading 

showed greater fluctuations between 30 to 70 SPAD units for B. vaginatum and D. leonis 

(Figures 3-5C and D). Interestingly, Chl reading for C. mayeriana under LL decreased by 

almost 15 units by end of first four weeks, more than the difference between first and fourth 

week under HL. 

 
Figure 3-5 Changes in Chl reading over 16 weeks of high light and low light for C. 

rochussenii, C. mayeriana, B. membranaceum (A, B), and B. vaginatum, D. 
leonis and P. cornu-cervi (C, D). Vertical bars represent standard error. Blue 
arrow indicates the start of the weeks of higher rainfall (week 8). 
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3.4.3 Midday leaf RWC 

To further understand the significance of the natural re-watering conditions provided 

by the higher weekly total rainfall from week 8 onwards, the water status of the plants was 

examined. Leaf RWC (Figures 3-6) and pseudobulb RWC (Figure 3-7) increased significantly  

 

Figure 3-6 Leaf RWC of the six species (Cr: C. rochussenii, Cm: C. mayeriana, Bm: B. 
membranaceum, Bv: B. vaginatum, Dl: D. leonis, Pc: P. cornu-cervi) after 1 and 
4 months under high light (A) and low light (B). Vertical bars represent standard 
error. Different letters above bars indicate statistical difference between the 
species and months in comparison under HL (Tukey’s multiple comparison,  
p < 0.05, n=10). 

 

 

Figure 3-7 Pseudobulb RWC of the four species (Cr: C. rochussenii, Cm: C. mayeriana, 
Bm: B. membranaceum, Bv: B. vaginatum) after 1 and 4 months under high 
light (A) and low light (B). Vertical bars represent standard error. Different 
letters above bars indicate statistical difference between the species and 
months in comparison under HL (Tukey’s multiple comparison, p < 0.05, 
n=10. 
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Figure 3-8 Correlation plots of Fv/Fm ratios and their corresponding leaf RWC of C. 
rochussenii (Cr), C. mayeriana (Cm), B. membranaceum (Bm), B. vaginatum 
(Bv), D. leonis (Dl), P. cornu-cervi (Pc), for samples from HL and LL in weeks 
2, 6, 11, 16 combined, each sample represented by a blue dot. Pearson 
correlation coefficient (r value) is shown for each species, with corresponding 
p value. For Cm and Pc, correlation was not statistically significant. 

 
in all 6 orchid species, between 1 to 4 months of cultivation under HL and LL, with the 

exception of the pseudobulbs of B. membranaceum under HL which decreased significantly 

(ANOVA, p < 0.05, n = 10). Between species, leaves of B. membranaceum, B. vaginatum, D. 

leonis, P. cornu-cervi after 1 month under HL and LL had significantly lower RWC compared 

to C. rochussenii and C. mayeriana (Tukey’s multiple comparison test, p < 0.05, n = 10). 
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However, after 4 months, RWC in the leaves of all species under HL and LL increased, and 

that in P. cornu-cervi under HL and LL and B. membranaceum under LL increased back to 

levels comparable with C. rochussenii and C. mayeriana. After 1 and 4 months under HL and 

LL, pseudobulbs of C. rochussenii, B. membranaceum and B. vaginatum remained 

significantly lower than that of C. mayeriana. 

 When the Fv/Fm ratios were plotted against respective leaf RWC (Figure 3-8), where 

samples were taken from HL and LL in weeks 2, 6, 11, 16 combined, the correlation between 

the two parameters for C. rochussenii, B. membranaceum, B. vaginatum, D. leonis was 

moderately strong (0.31 ≤ r ≤ 0.62) and this r value was statistically significant (p < 0.05). 

 

3.4.4 Leaf growth 

The difference in leaf growth under HL and LL was also examined through the 

changes in single leaf area for all 6 species. Single leaf area generally increased for the first 5 

weeks for all 6 orchid species under HL and LL as the leaf expanded and reached maximum 

expansion from week 5 to 7, despite having been under a period of low rainfall from week 2 

to 7 (Figure 3-8). The increase in single leaf area in B. vaginatum and P. cornu-cervi under HL 

and LL over the first 5 weeks seem to be parallel to each other (Figure 3-8D and F, 

respectively), whereas this increase in C. rochussenii, C. mayeriana and D. leonis appeared to 

be faster under HL from week 3 to 5 (Figure 3-8A, B, E, respectively), while the increase in B. 

membranaceum appeared to be faster under LL in the same period (Figure 3-8C). 

However, leaf abscission was observed in all of the species under HL and LL from 

week 5 onwards, particularly more severe in B. membranaceum and D. leonis under HL, with 

as much as 4 out of the 6 leaves tracked lost to leaf abscission, in addition to the shedding of 

older mature leaves (data not shown). For the four species with pseudobulbs, the shedding of 

the leaves resulted in many of the shrivelled-looking pseudobulbs without any attached leaves. 
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Figure 3-9 Average single leaf area of the different orchid species over the first 5 weeks 
under high light (HL) and low light (LL). Vertical bars represent standard error. 
n=6. 

 

3.5 Discussion 

3.5.1 Photosynthetic light use efficiency in C3 and CAM plants under tropical natural 
conditions 

Decreases in midday Fv/Fm ratio with high light under tropical conditions were 

reported in other orchids, such as CAM Dendrobium Sonia, with lowered Chl and sustained 

decrease in Fv/Fm ratio indicating chronic photoinhibition (He et al., 1998); CAM Cattleya 
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forbesii × Laelia tenebrosa, with decreased Fv/Fm ratio (Stancato et al., 2001); CAM 

Dendrobium Burana Jade, with lower maximal photosynthetic O2 evolution rates, predawn 

Fv/Fm ratio and Chl content compared to those grown under shade (He & Teo, 2007); C3 

Grammatophyllum speciosum, with lower midday Fv/Fm and Chl content compared to those 

grown under LL (He et al., 2017a); and CAM Vanilla planifolia Andrews, where plants 

acclimated to shading are especially susceptible to chronic photoinhibition when exposed to 

high light intensities, indicated by lower Fv/Fm ratio (Díez et al., 2017). The results of this 

chapter show a reduction in the PS II efficiency (decreased Fv/Fm ratio) of all the 6 orchid 

species under HL, and B. membranaceum and B. vaginatum under LL, towards midday (Figure 

3-1C and D), indicating photoinhibition. This photoinhibition is particularly more severe in B. 

membranaceum and B. vaginatum grown under HL. All plants under HL, and B. 

membranaceum and B. vaginatum under LL, were also not able to fully recover from the 

photoinhibition after the first month (Figure 3-2A, 1 Month), indicating chronic 

photoinhibition. Therefore, there are no general differences in the reduction of PS II efficiency 

between the C3 and CAM orchids studied under HL in natural tropical conditions, and both are 

equally susceptible to photoinhibition, but particularly more so in B. membranaceum and B. 

vaginatum, than the other four species, as shown in the lower Fv/Fm values after 1 month of 

HL and LL, compared to the rest. However, previous related studies done in our laboratory 

reported higher tolerance to HL and faster recovery from photoinhibition in C3 Oncidium 

orchid as compared to CAM Phalaenopsis orchid (Wang, 2007). The results of this chapter 

seem to contradict the earlier report because the midday depression in Fv/Fm ratio declined 

sharply towards 1200h in all the orchids exposed to HL (Figure 3-1C), lower as compared to 

LL (Figure 3-1D), with no general differences between C3 and CAM orchids. 

Reasons for this contradiction in results under natural conditions could be due to the 

differences in severity of water deficit, which was to a greater extent in this study as 
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demonstrated in the much lower leaf and pseudobulb RWC in this study after 1 month under 

HL, as compared to the findings by Wang (2007) where the orchids had RWC close to 90% 

despite under HL. This difference in water deficit severity could be the reason why, in the 

study by Wang (2007), the C3 orchids could better utilize photosynthetic light energy as 

compared to the CAM orchids under higher irradiances, possibly through significant 

evaporative cooling through transpiration more so in C3 than CAM, since (1) photodamage in 

leaves is attributed to the higher temperature associated with HL (He et al., 1998) and (2) CAM 

expressing plants close their stomata in the day. This better use of photosynthetic light energy 

would be less likely in this study if the severity of the drought stress resulted in greater extent 

of stomatal closure in both C3 and CAM. In addition, LL could have posed less severe stress 

compared to HL, since radiant energy is lower in LL than HL, and this could have resulted in 

a midday depression in Fv/Fm that was lower in LL than HL. Nevertheless, all 6 species also 

showed chronic photoinhibition after 1 month under HL but recovered after 3 months (Figure 

3-2, 3 Months) following a period of higher rainfall, which can be considered as natural re-

watering. Therefore, the sustained period of water deficit caused a decline in photosynthetic 

light utilization in all 6 orchid species, which could be reversed following a period of natural 

re-watering from week 8 onwards (Figure 3-4). 

Other findings also agree that re-watering is able to reverse photoinhibition despite HL. 

For instance, the C3 Grammatophyllum speciosum under HL showed recovery from 

photoinhibition with increased water availability (He et al., 2014, 2017a), and the C3 epiphytic 

orchid Catasetum viridiflavum, and other epiphytes, re-watered plants show recovery from 

photoinhibition despite HL (Zotz & Winter, 1994; Zotz & Tyree, 1996). Moreover, in a related 

research done in the laboratory, it was shown that under water deficit stress, C. rochussenii 

under HL had a reduced photosynthetic light utilization than plants under LL, and water deficit 

stress took precedence over light stress in reducing the Chl reading of C. rochussenii (Tan, 
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2012). Therefore, water status takes physiological precedence over maximizing 

photosynthesis, under HL, and water deficit has a greater impact on photoinhibition than high 

light (Demmig-Adams & Adams, 1992; Horton & Ruban, 1992; Ort, 2001), and when water 

supply is insufficient to sustain plant growth, drought stress further exacerbates stress from HL 

(Ashraf, 2010; He et al., 2014, 2017a). The significance of water availability under natural 

conditions will be further discussed in Section 3.5.3 below. 

Even though HL reportedly results in lower photosynthetic light utilisation compared to 

shade-acclimated orchids under LL, as shown in the results in this chapter and in others (He et 

al., 1998; He & Teo, 2007), shade-acclimated orchids are especially susceptible to chronic 

photoinhibition (Díez et al., 2017). Meanwhile, exposure to intermediate lighting (maximal 

PPFD of 500 – 600 μmol m–2 s–1) under natural tropical conditions has been shown to increase 

photosynthetic capacity and photosynthetic rates compared to shade-acclimated plants (LL) 

(He et al., 1998; He & Teo, 2007). It was also reported that high-light tolerant tropical tree 

Illicium parviflorum had greater capacity to use light energy for carbon fixation while 

minimizing photodamage, compared to low-light tolerant I. floridanum (Griffin et al., 2004). 

Moreover, there is evidence of increased proportion of CAM species from shaded to exposed 

habitats within the tropical forest (Zotz & Ziegler, 1997), which does suggest the advantage 

CAM has on improving photosynthetic light utilisation with increasing light. Even though our 

results show that photosynthetic light utilisation is reduced in both C3 and CAM species with 

exposure to HL compared to LL, under natural conditions, the intensity of light could have 

significant impact on the extent of photoinhibition, and the effects of an intermediate light 

intensity between HL and LL might produce different results. Therefore, more work needs to 

be done on investigating different effects of moderate light (ML) and LL on photosynthetic 

light utilisation and water status of C3 and CAM orchids under controlled conditions in the 

greenhouse with or without drought, which are discussed in Chapters 4 and 5. 
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3.5.2 Photosynthetic pigments 

In the process of acclimation to sun and shade, changes may also occur in the Chl content, 

Chl a/b ratio and Car content in plants (Boardman, 1977; Lichtenthaler et al., 1981; Anderson, 

1986; Horton et al., 1996; Mathur et al., 2018). Shading to give as low as 8% of total irradiance 

has also been shown to increase total Chl concentration, so as to increase efficiency of light 

harvesting in CAM orchid Vanilla planifolia Andrews under LL (Díez et al., 2017). However, 

the results of this study show that under natural conditions, there was no clear trend in Chl 

fluctuations between HL and LL over the 16 weeks, with the exception of B. membranaceum 

which showed a higher Chl content under LL than HL, and the decrease in Chl reading in C. 

mayeriana in the first four weeks after transplanting to LL conditions (Figure 3-5A and B). 

Therefore, the changes in photosynthetic light utilisation as discussed in Section 3.5.1, were 

less likely to be attributed to any changes in the Chl reading, but B. membranaceum does show 

increased Chl content as an acclimation to LL under natural conditions, which agrees with the 

results and conclusion on the effects of shading on Chl content as discussed by Díez et al. 

(2017). The decrease in Chl content in C. mayeriana could also be a response that reduces the 

pigment content so as to reduce photosynthetic light capture as a form of photoprotection to 

light in excess of photosynthetic capacity under drought as discussed in the literature review 

earlier (Anderson et al., 1995; Horton et al., 1996; Havaux & Tardy, 1999). The SPAD-502 

was also not able to distinguish Chl a, Chl b and Car absolute concentrations, but the selected 

method of measuring the Chl reading here in this chapter was to be non-destructive so as to 

preserve as much of the plant under natural conditions. In addition, the relatively thicker leaves 

the of B. vaginatum, D. leonis and P. cornu-cervi made it very challenging to clasp the sample 

between the jaws of the SPAD-502, often resulting in slight damage to the leaves, and could 

have affected the reliability of the Chl readings. Therefore, pigment concentrations were more 
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thoroughly analysed in the next Chapter using destructive methods, with plants grown under 

controlled conditions in the greenhouse (see Section 4.4.1.2). 

 

3.5.3 Plant water relations in C3 and CAM plants under tropical natural conditions 

The lack of water availability remains a challenge for epiphytes under tropical natural 

conditions (Benzing, 1987; Goh & Kluge, 1989; Lüttge, 1989) and water status has a greater 

significance in limiting photosynthetic capacity compared to HL (Lawlor & Cornic, 2002). 

Moreover, drought stress alone is capable of restricting photosynthetic capacity under tropical 

natural conditions. For instance, in the drought-prone epiphytic habitat of a moist lowland 

forest, the lack of water availability limits the use of sunflecks for CO2 fixation in understorey 

C3 vascular epiphyte Aspasia principissa acclimated to LL (Zotz & Mikona, 2003). Drought 

stress also results in the upregulation of CAM activity, as shown in Zamioculcas zamiifolia 

(Holtum et al., 2007), which demonstrates CAM as an adaptive strategy to droughting. 

Furthermore, it is suggested that CAM plants have better drought tolerance and less reduction 

in photosynthetic capacity compared to C3 plants (Herrera, 2009). 

The results of this chapter showed that after 1 month of lower rainfall, the CAM orchids 

B. vaginatum, D. leonis and P. cornu-cervi had significantly lower leaf RWC compared to two 

C3 orchids C. rochussenii and C. mayeriana under HL and LL, but comparably low in the C3 

orchid B. membranaceum (Figure 3-6). Yet, photoinhibition occurred in both the C3 and CAM 

orchids, and the Fv/Fm ratio after 1 month of low rainfall was comparable between the CAM 

orchids D. leonis and P. cornu-cervi with that of C3 orchids C. rochussenii and C. mayeriana. 

However, the observations made in this chapter were under natural conditions under different 

light intensities and periods of different amount of rainfall. Therefore, more work is needed to 

ascertain the importance of water deficit in limiting photosynthesis more than the effects of 

HL. This was further explored in Chapter 4, where these six species are grown in the 
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greenhouse under controlled conditions of four different combinations: well-watered or 

drought induced conditions, coupled with ML or LL.  

The results here also showed that after the period of natural re-watering (week 8 to 16), 

RWC of leaves and pseudobulbs increased significantly in all species, with the exception of 

the pseudobulbs of B. membranaceum under HL which decreased significantly (Figure 3-7A). 

Large pseudobulbs in C3 orchids C. rochussenii and C. mayeriana could have stored water and 

helped maintain leaf water content so as to alleviate photoinhibition. The small size and thin 

leaves of B. membranaceum could have disadvantaged it in its ability to store a significant 

amount of water in the pseudobulbs to overcome periods of water deficit and for the leaves to 

overcome the stress from high irradiance. This might also explain its severity of 

photoinhibition under HL in natural conditions, as an increased photoprotective measure 

against the drought and light stress, which then recovered with natural re-watering. On the 

other hand, in both D. leonis and P. cornu-cervi, having fleshy leaves and the ability to fix 

carbon through CAM could also be significant strategies in response to drought. These 

comparisons of morphological traits and their impact on water conservation are discussed 

further in Chapter 5. The upregulation of CAM induced by drought is a strategy of increasing 

water-use efficiency and carbon economy (Herrera, 2009; Borland et al., 2014; Pikart et al., 

2018), but CAM activity is not explored in the experiments conducted in this chapter, even 

though C3 and CAM orchids were used. They are explored and discussed further in Chapter 5 

as well. Epiphytic orchids have also been reported to lose water from the leaf slowly, yet 

maintain high values of RWC (Goh & Kluge, 1989). However, another study reported a 

reduction in RWC and osmotic potential during a period of water shortage in some tropical 

epiphytes (Sinclair, 1983a, 1983b). A related study done previously had also reported that C. 

rochussenii grown under LL had a significantly higher leaf RWC than those under HL (Tan, 
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2012). The results here agree with Sinclair, and also Tan, that water deficit had reduced the 

RWC in these six species which was restored after natural re-watering. 

A lower RWC is generally correlated with decreased photosynthetic light utilisation, as 

shown in this study (Figure 3-8). In support of this, other studies have shown that, over a period 

of drought, PS II efficiency decreased with corresponding decrease in RWC in leaves and 

pseudobulbs in epiphytic CAM orchid Cattleya forbesii × Laelia tenebrosa, and sugars in the 

pseudobulb are mobilised for osmotic adjustment so as to moderate the effects of drought 

(Stancato et al., 2001) and drought-treated CAM orchid Cattleya laeliocattleya Aloha Case 

resulted in increased photoinhibition and decreased Chl content compared to well-watered 

plants (He et al., 2013). The effects of osmotic adjustment and its significance in water 

conservation will also be discussed in Chapter 5. 

 

3.5.4 Leaf growth of C3 and CAM plants 

Ultimately, the reduction in photosynthetic capacity will result in a reduction in growth 

and productivity (He et al., 1998; He & Teo, 2007). Water deficits will also lead to reduction 

in leaf area, increased leaf abscission, and dieback of individual plant parts. However, 

reduction in leaf area and increased leaf abscission strongly reduced water loss, and epiphytic 

orchids that encounter shortages of water may stop growing when water is in short supply, only 

to resume growth when water supply is restored (Sinclair, 1983a; Yam et al., 2011). For 

instance, leaf abscission occurred in the orchid Dimerandra emarginata after only 4 days of 

water deficit, but it is proposed to be an effective means of reducing the transpiring surface of 

a plant in times of drought (Zotz & Tyree, 1996). The results of this study showed an increase 

in single leaf area for the 6 species for the first 5 weeks under HL and LL (Figure 3-8) and 

reached maximum leaf expansion from week 5 to 7 (data not shown). This expansion occurred 

despite low rainfall and consequent lower water status over the same time period. This suggests 
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that turgor might still be maintained so as to allow continued expansion of the leaf, since water 

status determines leaf elongation rate (Munns et al., 2000). This continued leaf expansion is to 

sustain light capture for photosynthesis (Niinemets & Sack, 2006).  

The increase in single leaf area in B. vaginatum and P. cornu-cervi suggests 

similarities between HL and LL, but the faster increase in C. rochussenii, C. mayeriana and D. 

leonis under HL from week 3 to 5 suggests that HL might stimulate faster leaf expansion in 

these three species as compared to LL, while the converse occurred in B. membranaceum 

(Figure 3-8). The latter scenario might be one due to the severity of drought stress on B. 

membranaceum, which might have severely impacted leaf turgor and consequent leaf 

expansion. However, this slower leaf expansion in HL compared to LL might also be a 

response to reduce light harvesting and prevent further damage to photosynthetic apparatus as 

proposed by Jiang et al. (2006). 

Leaf abscission in the six species, especially in B. membranaceum and D. leonis, 

represent a loss in leaf growth overall. However, this could be a strategy for water conservation 

under drought in natural conditions, through reducing the total number of leaves, further 

discussed in detail in a review by Munné-Bosch & Alegre (2004). Two key points were that 

the reduction in the number of leaves (1) helps reduce the overall number of stomata and leaf 

surface area, leading to lesser water loss by evapotranspiration in the overall plant; and (2) the 

transfer of essential resources such as metabolites and water to newly emerging and growing 

young leaves, while these leaves might develop to be more drought-tolerant, thus providing 

better balance to the distribution of water and metabolites within the plant. 

 

3.6 Conclusion 

The results of this chapter suggest that water deficit had a greater impact on 

photosynthetic light utilization efficiency than excess light. Over a period of water deficit under 
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tropical natural conditions, six orchid species experienced a decrease in RWC of leaves and 

pseudobulbs, which resulted in dynamic and chronic photoinhibition as demonstrated through 

the reduction in PS II efficiency. The increased photoinhibition also indicates a reduction in 

photosynthetic capacity, which could both be reversed, together with the water status, by 

natural re-watering conditions as a result of weeks of higher rainfall. Over first 5 weeks of 

lower rainfall, water deficit had an impact on leaf growth. Even though leaf expansion 

continued, it was slower in B. membranaceum and B. vaginatum under HL, which suggested 

that the decreased water status in these plants had resulted in reduced turgor, possibly leading 

to the reduction in rate of leaf expansion. This might have had an effect in reducing light 

harvesting and hence may be seen as a response to the severity of the combined drought stress 

and high light stress, which may have affected B. membranaceum and B. vaginatum more than 

the other species. Nevertheless, leaves reached maximum expansion after 5 to 7 weeks under 

both HL and LL, but leaf abscission still occurred from week 5 onwards, possibly as a strategy 

for water conservation. The next two chapters will further explore the adaptation strategies in 

response to water deficit stress under different light intensities of HL, ML and LL. 
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Chapter 4 
PHOTOSYNTHESIS, WATER RELATION AND 

GROWTH RESPONSES TO WATER DEFICIT AND  
RE-WATERING UNDER TWO DIFFERENT GROWTH 
IRRADIANCES IN C3 AND CAM TROPICAL ORCHIDS 
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4.1 Abstract 

This chapter aimed to address the mechanisms of tolerance against drought under two 

different growth irradiances: moderate light (ML, 180 to 900 μmol m-2 s-1) and low light (LL, 

below 100 μmol m-2 s-1) in six orchid species studied in the previous chapter to compare 

drought-tolerance strategies employed in C3 (C. rochussenii, C. mayeriana, B. 

membranaceum) and CAM (B. vaginatum, D. leonis and P. cornu-cervi) tropical orchids. In 

addition, this chapter sought to understand the significance of re-watering after drought. 

Mature plants of the six native orchid species were grown in a tropical greenhouse and 

subjected to four growing conditions: induced drought under ML and LL (DRML and DRLL), 

and well-watered conditions under ML and LL (WWML and WWLL) over 7 weeks. Well-

watered condition was achieved through watering twice daily (at 0900 h and 1700 h), each 

lasting a duration of 10 min. Drought was induced in DRML and DRLL by withholding 

watering for the 7 weeks, followed by 14 weeks of re-watering. Effects of drought and light 

stress, and subsequent re-watering, on photosynthesis and water status of the orchids were then 

measured based on the parameters of photosynthetic light utilisation (dark-adapted Fv/Fm ratio, 

Chl fluorescence parameters ETR, qP and NPQ), photosynthetic rate by O2 evolution, 

photosynthetic pigments, RWC of leaves and pseudobulbs, total soluble protein and Rubisco 

protein content. After 7 weeks of DRML, Fv/Fm and ETR decreased in all species while qP 

decreased in B. vaginatum, D. leonis and P. cornu-cervi, NPQ increased in C. rochussenii and 

D. leonis. Re-watering reversed the effects of DRML on Fv/Fm for all species, on ETR and qP 

of C. mayeriana, B. vaginatum and D. leonis, and on NPQ of C. rochussenii. DRML also 

reduced Chl content generally in all species compared to WWML, and Chl/Car ratio was 

significantly lower in DRML, which suggested that the six species were able to reduce light 

harvesting in response to stress from drought or ML, while retaining Car for photoprotection 

during drought. Light- and CO2-saturated O2 evolution (Pmax) was significantly lower in C. 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Library and Information Services Centre, National Institute of Education.



 108 

rochussenii, B. membranaceum, and B. vaginatum after 7 weeks of DRML, suggesting reduced 

photosynthetic capacity with no clear difference between C3 and CAM. The Pmax recovered in 

B. membranaceum and P. cornu-cervi under ML, and C. rochussenii under LL, after re-

watering. Based on the results of Pmax, there were no conclusive differences between C3 and 

CAM that support either mode of photosynthesis being more advantageous in reducing 

photoinactivation. After 7 weeks of DRML and DRLL, leaf and pseudobulb RWC decreased 

in all species, and the leaf RWC mean values were lower in CAM orchids compared to C3 

orchids under DRML. After drought stress, total soluble protein was significantly lower in only 

C. rochussenii and C. mayeriana under DRML compared to WWML, and in all species under 

DRLL, except P. cornu-cervi, compared to WWLL. Rubisco content diminished in C. 

rochussenii, C. mayeriana, and B. vaginatum, after 7 weeks of DRML compared to WWML, 

and in C. rochussenii, B. membranaceum, and D. leonis, after 7 weeks of DRLL compared to 

WWLL. These changes in total soluble protein and Rubisco content were not clearly based on 

differences in photosynthetic mode (C3 versus CAM), but were more species-dependent. 

Therefore, all these results demonstrate that under DRML, photosynthetic light utilisation 

decreased as a photoprotective mechanism against possible further photodamage caused by 

drought, and the increased NPQ in C. rochussenii and D. leonis under DRML are additional 

photoprotective strategies to dissipate excess energy. In addition, the reduction in Chl content 

while retaining Car pigments helps to reduce the light harvesting and prevents over-

energisation of the photosystems while increasing the photoprotection by Car pigments that 

screen the Chl from photodamage, and are also associated with increased NPQ through the 

xanthophyll cycle. The overall photosynthetic capacity was also reduced under DRML as a 

result of the reduced water status in the six species, coupled with the reduction in 

photosynthetic light utilisation, but this would necessitate water conservation strategies that 

will be further discussed in the next chapter. 
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4.2 Introduction 

Tropical epiphytic orchids are exposed to stress from high irradiance and periodic water 

deficit in a semi-arid environment (Sinclair, 1983a; Benzing, 1987; Lüttge, 1989; Silvera et al., 

2010a; Borland et al., 2011) that may significantly impact their physiology and lead to reduced 

growth and productivity (He & Teo, 2007; He et al., 2013; He et al., 2014). Under moderate to 

high irradiance, the radiant energy captured by the light harvesting system may be in excess of 

the capacity for photosynthetic light utilisation that may be damaging to the photosynthetic 

apparatus (Demmig-Adams & Adams, 1992; He et al., 1998; Schiefthaler et al., 1999; Horton 

& Ruban, 2004; Murata et al., 2007; Latowski et al., 2011; He et al., 2017a). Under such 

circumstances, plants respond through several photoprotective strategies, such as (1) 

preventing excessive light absorption through chloroplast and whole leaf movements 

(Demmig-Adams & Adams, 1992; He et al., 1996; Kao & Tsai, 1998; Werner et al., 1999; 

Jiang et al., 2006; Terashima et al., 2011), (2) absorption of the excess light by screening 

pigments other than Chl (Krol et al., 1995; Schiefthaler et al., 1999; Horton, 2000; Horton & 

Ruban, 2004; Latowski et al., 2011; Devnarain et al., 2016; He et al., 2017a), (3) dissipating 

the excess energy directly in the light harvesting system (Horton et al., 1996; Horton, 2000; 

Horton & Ruban, 2004; Niinemets & Sack, 2006), (4) photoregulation through pigments 

(Anderson, 1986; Anderson et al., 1997; Havaux & Tardy, 1999; Niyogi, 1999), (5) 

acclimation to the stress through photoinactivation of the PS II (Anderson et al., 1997; 

Schiefthaler et al., 1999; Chow et al., 2005; Sun et al., 2006; Murata et al., 2007), just to 

mention a few. Although these strategies have been applicable to all plants, there are variations 

in the choice of strategies. In addition, drought stress further exacerbates the stress from high 

irradiance, but the resulting increased photoinhibition is proposed as an acclimation strategy 

(Anderson et al., 1997). Likewise in orchids under drought stress, photosynthetic light 
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utilization is reduced, and orchids are more susceptible to photoinhibition under high irradiance 

(Stancato et al., 2001; He et al., 2013; He et al., 2014; Díez et al., 2017; He et al., 2017a). 

On the one hand, high irradiance reportedly results in decreased photosynthetic light 

utilisation in orchids (He et al., 1998; He & Teo, 2007; He & Woon, 2008; He et al., 2014; 

Díez et al., 2017; He et al., 2017a). On the other hand, growth of orchids is source-limited 

(Wadasinghe & Hew, 1995; Yong & Hew, 1995; He & Teo, 2007; He & Woon, 2008; He et 

al., 2013; He et al., 2017a) and increasing radiant energy might increase photosynthetic light 

utilisation and enhance the growth rate of tropical orchids. In the previous chapter, under 

natural conditions, it was observed that HL resulted in decreased Fv/Fm ratios in all six species 

over the first 7 weeks of low rainfall, which then reversed following another 9 weeks of higher 

rainfall. Although this suggests chronic photoinhibition, more detailed analyses of the effects 

of drought on ETR, qP, NPQ, pigment concentrations, and photosynthetic O2 evolution were 

needed to better understand the mechanisms of tolerance against drought and higher light 

intensities. Moreover, it was also proposed in the previous chapter that perhaps a moderate 

intensity of light between that of HL and LL might produce different results. Responses of the 

photosynthetic light utilisation, pigment concentration, and photosynthetic O2 evolution to 

drought stress under different growth irradiances, are worth investigating because these 

provide information on the photoprotective strategies that are significant towards adaptation to 

the drought and light stress, and whether there are differences in the strategies employed in C3 

versus CAM orchids, under ML versus LL. This study aimed to provide insight into whether 

these native orchid species can be cultivated under higher light intensities (above LL) for 

higher growth rate, if well-watered. 

In addition, under drought stress and high irradiance, RWC reportedly decreases in 

leaves and pseudobulbs of epiphytic orchids (Stancato et al., 2001; Zhang et al., 2016; He, 

2018). This RWC is closely associated with tissue metabolic activities, water loss by 
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transpiration and drought stress response (Anjum et al., 2011), and is, therefore, a good 

representation of the water status of the plant and a measure of tolerance to water deficit. When 

used in comparison with the photosynthetic light utilisation parameters, it provides a basis of 

the extent of dehydration within the leaves and pseudobulbs in relation to the metabolic 

activities and stomatal level transpiration. Progressive decrease in RWC also results in 

decreased photosynthetic CO2 assimilation of leaves, which is dependent on Rubisco activity, 

RuBP synthesis, and CO2 diffusion through the stomata (Lawlor & Cornic, 2002; Bota et al., 

2004; Grassi & Magnani, 2005; Lawlor & Tezara, 2009; Matsuda & Murakami, 2016; Martin-

StPaul et al., 2017; Conlan & Whitney, 2018). 

 Drought stress also affects the CO2 assimilating enzyme ribulose-1,5-bisphosphate 

carboxylase/oxygenase (Rubisco) (Parry et al., 2002), with reported decreased activity 

(Bartholomew et al., 1991; Tezara et al., 1999; Vu et al., 1999; Parry et al., 2002) and protein 

synthesis is also inhibited under drought stress (Deleu et al., 1999), which might have an effect 

in reducing the total soluble protein available in the plant, as well as decreased synthesis of 

Rubisco and photosynthetic pigments (Castrillo & Calcagno, 1989; Lawlor & Cornic, 2002). 

It is also unclear on the effect that drought stress has on Rubisco content in the six native orchid 

species, and whether there are differences between C3 and CAM orchids, which would 

otherwise suggest any difference in CO2 assimilation between the two types of orchids, since 

the regulation of CO2 assimilation is associated with the stomatal regulation and limitations to 

CO2 diffusion in CAM (Lawlor, 2002). 

 In the previous Chapter 3, it was found that under natural conditions, the 7 weeks of 

lower rainfall impacted the six native species and resulted in decreased photosynthetic light 

utilisation and reduced leaf and pseudobulb RWC. These negative effects were then 

ameliorated by the increased rainfall over the following 8 weeks. Therefore, it was suggested 

that re-watering might have been able to restore the photosynthetic capacity and water status 
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in the drought-stressed orchids (Cui et al., 2004; Sanches & Silva, 2013; Devnarain et al., 2016; 

Guo et al., 2016; Wu et al., 2016; Yi et al., 2016; Zhang et al., 2016) but the extent of recovery 

is also dependent on the different morphological traits that enable better drought tolerance 

(Ripley et al., 2013; Rodrigues et al., 2013; Zotz & Winkler, 2013; He, 2018; Zhang et al., 

2018a). It is unclear what are the specific effects of re-watering on the recovery of these orchids 

from severe drought and the significance of re-watering in relation to the drought tolerance or 

avoidance in these orchids. Therefore, this chapter also set out to address these effects after 14 

weeks of re-watering that followed a 7-week drought treatment, similar to that experienced by 

the plants under natural conditions described in the previous chapter. 

 

4.3 Materials and Methods 

4.3.1 Plant cultivation 

 Mature plants of C. rochussenii, C. mayeriana, B. membranaceum, B. vaginatum, D. 

leonis and P. cornu-cervi were grown in the tropical greenhouse in the National Institute of 

Education, Singapore. Under natural conditions in Singapore, most native species including 

the six species used for this study, are normally grown under PPFDs that ranged from 30 to 

200 μmol m-2 s-1. In this study, each of the six species was divided into two groups. One group 

was exposed to ML without netting inside the greenhouse and the other group was exposed to 

low light (LL) achieved by shading with two layers of black netting. The PPFD was then 

measured every Wednesday at 1200 h, regardless of the weather or cloud cover, over the 21-

week experimental period. The greenhouse ambient PPFD ranged from 180 to 900 μmol m-2 s-

1 under ML, while it was below 100 μmol m-2 s-1 under LL. Under each light condition, each 

of the six species was further divided into two groups. One group was drought-treated for 7 

weeks, followed by 14 weeks of re-watering, and the other group was the control and the 

orchids in this group were well-watered for 21 weeks. Therefore, there were four growing 
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conditions: well-watered with moderate light (WWML), drought with moderate light (DRML), 

well-watered with low light (WWLL), drought with low light (DRLL). Well-watered condition 

was achieved through watering twice daily (at 0900 h and 1700 h), each lasting a duration of 

10 min. Drought treatment involved the suspension of watering for the 7 weeks, after which 

the plants were re-watered over an additional 14 weeks, similar to the frequency under well-

watered condition. The ambient day temperature was about 30 to 35 °C during the photoperiod. 

The orchids were not fertilized during the treatments under the four conditions. 

 

4.3.2 PPFD measurements 

As per section 3.3.2, the PPFD was measured using the same instrument, where the 

stabilized PPFD was measured from three different positions above the leaves for each of the 

four growing conditions (WWML, WWLL, DRML, DRLL, respectively), and an average was 

calculated from the three values measured for each condition. 

 

4.3.3 Measurement of midday Chl fluorescence Fv/Fm ratio 

 The Fv/Fm ratios were taken using the Plant Efficiency Analyzer, PEA (Hansatech 

Instruments Ltd, England) at 1200 h every Wednesday, corresponding to the measurement of 

the PPFD. This was a non-destructive method of sampling. Three samples were taken from 

each species under each of the four treatment conditions of WWML, DRML, WWLL, and 

DRLL. The principles behind the measurement of the Fv/Fm ratio are detailed in Section 3.3.4. 

 

4.3.4 Measurements of qP, NPQ and ETR 

 Leaves from each species, per treatment condition, were harvested at 1300 h on the 

2nd, 7th and 21st weeks of the experimental period. Square cuts (1 cm by 1 cm) were made out 

of the leaves and placed on moist filter papers in Petri dishes. These leaf cuts were then pre-
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darkened for 15 min prior to measurements. A comparison test among 10, 15, 20 and 30 min 

of dark adaptation was carried out on well-watered leaves before selecting a period of 15 min 

for dark adaptation. There were no significant differences in Fm and Fv/Fm ratio (data not 

shown) among 15, 20 and 30 min of dark-adapted leaves for all species. Thus, a darkness of 

15 min was used for this study. The principles behind the analysis of Chl fluorescence are 

discussed in detail in separate reviews (Schreiber et al., 1986; Björkman & Demmig, 1987; 

Genty et al., 1989; van Kooten & Snel, 1990; Maxwell & Johnson, 2000; Rascher et al., 2000; 

Juneau et al., 2005). In the context of this study, the optimal PS II quantum yield (Fv/Fm ratio), 

the effective photochemical quantum yield (∆F/Fm’), ETR and NPQ of Chl fluorescence can be 

determined using an Imaging-PAM Chl fluorometer (Walz, Effeltrich, Germany) at 25°C in 

the laboratory. Through the Imaging-PAM Chl fluorometer, images of fluorescence emission 

can be digitized within the camera and transmitted to a computer for storage and analysis. The 

principles of operation and measurement are as follows. Firstly, measuring light pulses were 

applied at low frequency (about 1 Hz) for measurement of initial Chl fluorescence, Fo, images 

in quasi-dark state. During actinic illumination and saturation pulses, the frequency of 

measuring light pulses and image capture was automatically increased to about 10 Hz. The 

Imaging-PAM continuously measured the current fluorescence yield (F). In the absence of 

actinic illumination and upon application of a 0.8-second maximal saturation pulse (2400 μmol 

m-2 s-1), the dark-level fluorescence yield (Fo) and the maximum fluorescence yield (Fm) were 

determined respectively, from which Chl fluorescence Fv/Fm ratio was calculated. After 

measurements of Fv/Fm ratio, rapid light curve measurements in the presence of actinic 

illuminations were obtained through the application of a series of 10-second light exposures 

with increasing irradiance from 1 to 1,200 µmol photons m-2 s-1. A 0.8-second maximal 

saturation pulse (2,400 μmol m-2 s-1) was applied after each actinic illumination to obtain 

maximal fluorescence yield (Fm'). Hence, in the presence of actinic illumination, the current 
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fluorescence yield (F), and the maximum fluorescence (Fm’) at the steady state, were 

determined, from which the effective PS II quantum yield and ETR could be calculated. The 

effective PS II quantum yield is calculated using the following formula: 

∆Fv/Fm' =
(Fm' − F)

Fm'
 

The ETR is calculated using the following formula: 

ETR = PPFD × ∆Fv/Fm'×0.5×0.84 

where the number of 0.5 represents a supposition that the excitations are equally distributed 

between PS II and PS I and the correction factor of 0.84 takes into account that only a fraction 

of incident light is really absorbed by photosynthesis, as elaborated by (Rascher et al., 2000). 

The NPQ was then defined in the following equation: 

NPQ =
(Fm − Fm')

Fm'
 

ETR, qP, and NPQ measured at saturating light (PPFD 605 µmol m-2 s-1) were compared 

between different treatment conditions for any differences, since Chl fluorescence parameters 

are representative of the changes in photosynthetic light utilisation at PS II level, which occur 

during stress (Björkman & Demmig, 1987; van Kooten & Snel, 1990; Öquist et al., 1992). 

 

4.3.5 Measurements of photosynthetic pigment concentrations  

Three square cuts of leaf samples, each approximately 0.01 g, were obtained from the 

young mature leaves of each species, per treatment condition, on the 1st, 7th and 21st weeks of 

the experimental period. The leaf cuts were placed in 1.5 ml N,N-dimethylformamide and 

placed in the dark for 48 h, at 4 ºC. The absorption of 4 replicates was read, using a 

spectrophotometer (UV-2550, Shimadzu, Japan), at wavelengths of 480 nm, 647 nm and 664 

nm. The leaf cuts were then dried and weighed for accurate recording of their DW, which 
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would be used for calculation later. Chl a/b ratio, total Chl and Car contents were then 

calculated using the formulas, modified from (Wellburn, 1994). 

Chl a (mg/g DW) = (11.65 × A664 −  2.69 × A647) × 
1.5

1000×DW
 

Chl b (mg/g DW) = (20.81 × A647 −  4.53 × A664) × 
1.5

1000×DW
 

Total Chl = Chl a + Chl b 

Car (mg/g DW) = 
(1000 ×  A480  −  0.89 × Ca' − 52.02 × Cb' )

245
 × 

1.5
1000×DW

 

where Ca' = 11.65 ×  A664  −  2.69 ×  A647 and Cb' = 20.81 × A647 −  4.53 × A664 

 

4.3.6 Measurements of light response curves of photosynthetic O2 evolution  

Three square cuts of leaf, each approximately 1 cm by 1 cm, were obtained from young 

mature leaves of each species, per light treatment, on the 1st, 7th and 21st weeks of the 

experimental period. Only these weeks were chosen to preserve growing material for the rest 

of the experimental methods. The photosynthetic O2 evolution of leaf samples (square cuts) 

were determined using an O2 electrode system (Model LD2, Hansatech Ltd, King Lynn, 

England) at 25ºC (Ball et al., 1987). Each square cut was placed in saturating CO2 condition 

(1% CO2 from 1 M carbonate/bicarbonate buffer, pH 9). To obtain the light response curve, 

each square cut was first dark-adapted for 15 minutes and subsequently illuminated at 5 

different light intensities, starting from the lowest PPFD of 0 µmol m-2 s-1, followed by 40, 260, 

400, 660 µmol m-2 s-1. This process was then repeated three times for three different leaf 

samples. The leaf disc was illuminated at each PPFD till a steady state of photosynthetic O2 

evolution rate was obtained. The light response curve was then plotted based on an average of 

the O2 evolution rates at the respective light intensities of 0, 40, 260, 400 and 660 µmol m-2 s-

1. The light- and CO2-saturated O2 evolution rate (Pmax) was determined at a PPFD of 660 µmol 

m-2 s-1, 25 ºC. This PPFD value of 660 µmol m-2 s-1 was selected as maximum light intensity 
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based on data from the photosynthetic light response curves plotted with O2 evolution rates 

against increasing light intensities for the six species respectively (data not shown). 

 

4.3.7 Measurements of midday RWC 

Leaf samples were harvested on the same day corresponding to the measurement of the 

PPFD, on the 1st, 7th and 21st weeks of the experimental period after measuring Fv/Fm ratios. 

Square cuts (1 cm by 1 cm) were made out of the leaves and 5mm thick slices were made out 

of the pseudobulbs, and RWC was measured according to the method as detailed earlier in 

Section 3.3.6, and calculated using the same formula: 

RWC =
(FW − DW)
(SW − DW)

× 100% 

where FW is the fresh weight, DW is the dry weight, and SW is the saturated weight. Ten 

samples each for leaves and for pseudobulbs were obtained from each species. 

 

4.3.8 Measurements of total soluble protein and Rubisco protein concentrations 

Leaf samples were harvested at 0800 h after 7 weeks of cultivation under all four 

growth conditions (WWML, WWLL, DRML, DRLL). Approximately 1 – 2 g of fresh leaves 

was weighed, and the exact FW recorded for each leaf, per species per condition. Each leaf 

was then frozen using liquid nitrogen and ground to fine powder with a mortar and pestle, and 

the addition of some sand to allow for finer grinding. This is then followed by addition of 20 

ml of cell-lysis buffer (25 mM Tris-HCl, Glycerol 10% v/v, 0.05% Triton X100 v/v, 5 mM 

DTT, pH 7.8) maintained at 4 ºC to extract soluble proteins from the ground-up leaf tissue. 

This mixture was centrifuged at 4000 RPM, 4ºC, for 1 h, to remove the sand and cell debris, 

followed by centrifuging the supernatant at 9500 RPM, 4ºC, for 1 h, to obtain a purified extract 

containing soluble leaf proteins. 
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Total soluble leaf protein content was then determined based on a Bradford protein 

assay, using 500 µl of the purified extract, containing soluble proteins, that was well-mixed 

with 500 µl of 1x Bradford Reagent (Bio-Rad Laboratories Inc., USA), before its absorbance 

was read at 595 nm using a spectrophotometer (UV-2550, Shimadzu, Japan), with three 

replicates. The amount of soluble protein present was determined from a standard assay, using 

a standard curve prepared from 0.5 ml of known concentrations of BSA protein (dissolved in 

cell-lysis buffer) processed using the same colorimetric assay and the absorbances read in a 

similar way. The leaf DW was calculated from the FW equivalent as measured in section 4.3.7. 

The total soluble protein per gram of leaf DW was determined from this standard assay using 

the standard curve as a reference and calculated using the following formula: 

Total soluble protein per gram DW =
OD595

𝑘𝑘
×

𝑉𝑉extract

𝑉𝑉reaction × DW
 

where OD595 is the measured absorbance of the coloured reaction mixture, k is the slope of the 

standard curve, Vextract and Vreaction are the extract and reaction volumes respectively, and DW 

is the leaf DW. 

 After which 15 ml of the rest of the extract containing soluble leaf proteins were further 

filtered through centrifugal filter units (Amicon® Ultra-15 Centrifugal Filter Unit, Merck, 

Germany) and concentrated into a 5 ml solution containing only soluble proteins of sizes 10 – 

100 kDa, which includes the small and large subunits of the Rubisco protein. 500 µl of this 

purified solution was then mixed thoroughly, by pipetting, with 500 µl of solubilising solution 

(20% glycerol, 0.02% bromophenol blue, 5% SDS, 0.125M Tris and 10% β-mercaptoethanol). 

Rubisco protein present in this mixture (30 µl) was quantified using SDS-PAGE, where the 

mixture was first heated to 65 ºC for 10 min and then loaded into the wells of casted 

polyacrylamide gels. The electrophoresis was then carried out with standard Tris-glycine 

running buffer (192 mM glycine, 3.47 mM SDS, 25 mM Tris-HCl, pH 8.6), followed by 

staining (in 0.2% Coomassie brilliant blue in 10% acetic acid, 50% methanol) for 3 hours and 
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de-staining (in 7% acetic acid and 25% ethanol ) for at least 48 hours. The separated proteins 

were analysed under visible light. 

 

4.3.9 Statistical analysis 

A mixed-model nested analysis of variance (ANOVA) was performed using SPSS 

(Version 22.0, 2013) to test for significant differences in Fv/Fm ratio between weeks (Figures 

4-2), ETR, qP, NPQ between weeks (Figures 4-3, 4-4, 4-5 respectively), Pmax between weeks 

(Figure 4-9), or leaf and pseudobulb RWC between weeks (Figures 4-10 and 4-11 

respectively), using post-hoc Tukey’s pairwise test, with significance at α = 0.05. One-way 

ANOVA was performed using SPSS (Version 22.0, 2013) to test for significant differences in 

Chl pigments between WWML and DRML, or between WWLL and DRLL (Figure 4-6), or 

total soluble protein between WWML and DRML, or between WWLL and DRLL (Figure 4-

13), with significance at either α = 0.05 or α = 0.01. The correlation plot of Fv/Fm ratio and 

PPFD parameters were also subjected to Pearson correlation analyses between them. 

 

4.4 Results 

4.4.1 Photosynthetic responses of C3 and CAM orchids to water deficits and re-watering 
under two growth irradiances 

4.4.1.1 Chl fluorescence parameters 

 The PPFD over the 21-week period ranged from 180 to 900 μmol m-2 s-1 under DRML 

(Figure 4-1A), and WWML (Figure 4-1B), and below 100 μmol m-2 s-1 under DRLL (Figure  
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Figure 4-1 Weekly changes in PPFD over a 21-week period under drought (A) and well-

watered (B) conditions. Vertical bars represent standard error. n=3 
 

4-1A), and WWLL (Figure 4-1B). There were greater fluctuations in PPFD under ML than 

under LL. After 7 weeks of drought treatment (DRML and DRLL), Fv/Fm ratio decreased in 

both C3 and CAM orchids as compared to before drought, where it was close to 0.8 (Figure 4-

2). After 7 weeks of DRML (Figure 4-2A), Fv/Fm ratio of C3 orchids B. membranaceum, C. 

 
Figure 4-2 The Fv/Fm ratio in leaves of C. rochussenii (Cr), C. mayeriana (Cm), B. 

membranaceum (Bm), B. vaginatum (Bv), D. leonis (Dl), P. cornu-cervi (Pc) 
before drought treatment, after 7 weeks of drought, and after 14 weeks of re-
watering under moderate light (A) and low light (B). Vertical bars represent the 
standard errors. Red-dotted line shows the optimal ratio of 0.8. Different letters 
above bars indicate statistical difference between weeks in comparison, within 
each species, per light condition (Tukey’s multiple comparison, p < 0.05, n=3). 
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mayeriana and C. rochussenii, respectively decreased to 0.678, 0.503, 0.469 while that of 

CAM orchid P. cornu-cervi, D. leonis and B. vaginatum, respectively declined to 0.560, 0.421 

and 0.274 (Figure 4-2A). After 7 weeks of DRLL, the six orchid species showed a decrease in 

Fv/Fm ratio compared to after 1 week of DRLL. Subsequently, after 14 weeks of re-watering, 

Fv/Fm ratios increased back to levels of ≥ 0.8 comparable to that after 1 week of drought, except 

for C. rochussenii and P. cornu-cervi (Figure 4-2B). For WWML and WWLL, Fv/Fm ratio 

remained close to 0.8 with no significance changes in 21 weeks (data not shown). 

To further understand the photosynthetic light response under DRML, the difference in 

Chl fluorescence parameters for the six species at saturating light (PPFD 605 µmol m-2 s-1) 

were compared between weeks 2, 7 and 21 under well-watered conditions, and between weeks 

2 and 7 of drought and after 14 weeks of re-watering (Figures 4-3, 4-4 and 4-5). Under WWML 

and WWLL (Figure 4-3A and B), there were generally no differences in ETR values between 

weeks 2, 7 and 21 in all species except for a significant increase in B. vaginatum under WWML 

(85.8 to 94.3) and WWLL (53.8 to 79.8) and a significant decrease in P. cornu-cervi under 

WWML (52.9 to 30.0), after 7 weeks. After 21 weeks, ETR in B. vaginatum under WWML 

and WWLL decreased to 66.1 and 40.6, respectively, while the ETR in D. leonis and P. cornu-

cervi under WWLL also decreased to 47.5 and 30.9, respectively. After 7 weeks of DRML, 

ETR (Figure 4-3C) decreased significantly in all species, especially in C. rochussenii, B. 

vaginatum and D. leonis. This was reversed in B. vaginatum and D. leonis after 14 weeks of 

re-watering, where ETR increased significantly. Whereas after 7 weeks of DRLL, ETR (Figure 

4-3D) decreased significantly in C. rochussenii, B. vaginatum (by almost half the value), D. 

leonis and P. cornu-cervi. The ETR then increased in only B. vaginatum after 14 weeks of re-

watering, while the rest did not. Interestingly, the ETR in C. mayeriana decreased significantly 

after 14 weeks of re-watering under LL. 
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Figure 4-3 Changes in ETR at an actinic light of 605 µmol m-2 s-1 from C. rochussenii (Cr), 

C. mayeriana (Cm), B. membranaceum (Bm) and B. vaginatum (Bv), D. leonis 
(Dl), P. cornu-cervi (Pc) under WWML (A), WWLL (B), after 2 and 7 weeks 
of drought, and after 14 weeks of re-watering under ML (C) and LL (D). 
Vertical bars represent standard error. The different letters above bars indicate 
statistical difference between the weeks in comparison, within each species, per 
growing condition (Tukey’s multiple comparison, p < 0.05, n=3). 

 

As for qP after 7 weeks of WWML (Figure 4-4A), the values increased significantly in 

C. rochussenii, C. mayeriana and B. vaginatum, but decreased significantly in D. leonis and P. 

cornu-cervi, while there was no significant difference in B. membranaceum. However, after 

21 weeks of WWML, qP decreased in only B. vaginatum (to 0.514). Whereas under WWLL 

(Figure 4-4B), qP values decreased in C. rochussenii and B. membranaceum and increased in 

B. vaginatum (to 0.466), similar to the trend in WWML, and no significant difference was 

found in C. mayeriana, D. leonis and P. cornu-cervi. After 21 weeks of WWLL, qP values 

then increased in C. rochussenii but not in B. membranaceum, while the qP values decreased  
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Figure 4-4 Changes in qP at an actinic light of 605 µmol m-2 s-1 from C. rochussenii (Cr), 
C. mayeriana (Cm), B. membranaceum (Bm), B. vaginatum (Bv), D. leonis 
(Dl), P. cornu-cervi (Pc) under WWML (A), WWLL (B), after 2 and 7 weeks 
of drought, and after 14 weeks of re-watering under ML (C) and LL (D). 
Vertical bars represent standard error. The different letters above bars indicate 
statistical difference between the weeks in comparison, within each species, per 
growing condition (Tukey’s multiple comparison, p < 0.05, n=3). 

 

in B. vaginatum, D. leonis and P. cornu-cervi. Under DRML, qP decreased significantly in the 

CAM orchids B. vaginatum, D. leonis and P. cornu-cervi after 7 weeks (Figure 4-4C). But 

after 14 weeks of re-watering, qP in B. vaginatum and D. leonis increased; especially 

interesting is D. leonis where it was very much higher compared to after 2 weeks of DRML. 

Whereas in P. cornu-cervi, no significant difference was observed after re-watering. 

Interestingly, the qP for C. mayeriana increased significantly after 14 weeks of re-watering, to 

0.415, almost doubling. After 7 weeks of DRLL (Figure 4-4D), qP decreased significantly in 
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C. rochussenii, B. vaginatum, D. leonis and P. cornu-cervi, especially in B. vaginatum where 

the qP almost reduced by half to 0.211. No significant difference was observed in B. 

membranaceum. After 14 weeks of re-watering, the qP increased in B. vaginatum and P. cornu-

cervi, but no significant difference was observed in C. rochussenii, B. membranaceum and D. 

leonis. Interestingly, the qP in C. mayeriana decreased after 14 weeks of re-watering under 

LL, similar to the trend in the ETR described earlier. 

 Under WWML (Figure 4-5A), NPQ decreased in B. membranaceum and B. 

vaginatum, but increased in D. leonis and P. cornu-cervi, after 7 weeks. The NPQ then  

 

Figure 4-5 Changes in NPQ at an actinic light of 605 µmol m-2 s-1 from C. rochussenii (Cr), 
C. mayeriana (Cm), B. membranaceum (Bm), B. vaginatum (Bv), D. leonis 
(Dl), P. cornu-cervi (Pc) under WWML (A), WWLL (B), after 2 and 7 weeks 
of drought, and after 14 weeks of re-watering under ML (C) and LL (D). 
Vertical bars represent standard error. The different letters above bars indicate 
statistical difference between the weeks in comparison, within each species, per 
growing condition (Tukey’s multiple comparison, p < 0.05, n=3). 
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increased in B. vaginatum and decreased in P. cornu-cervi after 21 weeks of WWML, but no 

significant difference was observed in the other four species. Whereas after 7 weeks of WWLL 

(Figure 4-5B), NPQ decreased in all species except D. leonis. The NPQ then increased in C. 

rochussenii, C. mayeriana and P. cornu-cervi after 21 weeks of WWLL. After 7 weeks of 

DRML, NPQ increased significantly in C. rochussenii and D. leonis. Interestingly, the values 

of NPQ were lower in P. cornu-cervi after 7 weeks of DRML compared to 2 weeks of DRML. 

Whereas after 7 weeks of DRLL, NPQ decreased in only C. rochussenii, which then increased 

after 14 weeks of re-watering. Re-watering also resulted in an increase in NPQ in B. vaginatum 

but a decrease in P. cornu-cervi. 

 

4.4.1.2 Photosynthetic pigments 

 In general, the Chl a, Chl b and total Chl content were higher in all six species under 

LL (Figure 4-6B, D, F) compared to ML (Figure 4-6A, C, E). In addition, Chl a, Chl b and 

total Chl content were generally higher in C3 species compared to CAM species under DRML, 

whereas under DRLL, levels between C3 and CAM were comparable. After 7 weeks of DRML, 

the Chl a, Chl b and total Chl generally decreased in all species, compared to WWML, except 

for C. rochussenii which had no significant difference in Chl a (Figure 4-6A) and total Chl 

(Figure 4-6E), and no significant difference for the Chl b in B. membranaceum (Figure 4-6C). 

Whereas after 7 weeks of DRLL, the Chl a, Chl b and total Chl generally had no significant 

differences compared to WWLL, except for B. vaginatum, which had significantly lower Chl 

a, Chl b and total Chl, and for B. membranaceum, which had significantly lower Chl a and total 

Chl. Total Car was only significantly lower in D. leonis and P. cornu-cervi after 7 weeks of 

DRML compared to WWML, while the rest had no significant differences (Figure 4-6G and 

H). 
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Figure 4-6 Chl a (A, B), Chl b (C, D), Total Chl (E, F), Chl a/b ratio (G, H) and total Chl to Car ratio (I, J) 
between WWML and DRML, or between WWLL and DRLL. Cr: C. rochussenii, Cm: C. 
mayeriana, Bm: B. membranaceum, Bv: B. vaginatum, Dl: D. leonis, Pc: P. cornu-cervi. Vertical 
bars represent the standard errors. Asterisks represent significant difference between WWML and 
DRML, or between WWLL and DRLL (* = p less than 0.05, ** = p less than 0.01, n.d. = no 
significant difference) as determined by ANOVA (n=3). 
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4.4.1.3 Photosynthetic light response curves of O2 evolution and Pmax 

 After 7 weeks of DRML, the photosynthetic O2 evolution was generally lower in C. 

rochussenii, B. membranaceum, B. vaginatum, and P. cornu-cervi, compared to WWML 

(Figure 4-7), and the dark respiration rates (at PPFD 0 µmol m-2 s-1) were higher in all species, 

except C. rochussenii, under DRML, compared to WWML. Whereas after 7 weeks of DRLL, 

the photosynthetic O2 evolution was generally lower in C. rochussenii and B. vaginatum,  

 
Figure 4-7 Photosynthetic light response curves of O2 evolution of C. rochussenii (Cr), C. 

mayeriana (Cm), B. membranaceum (Bm), B. vaginatum (Bv), D. leonis (Dl), 
P. cornu-cervi (Pc) after subjected to DRML for 7 weeks, and after 14 weeks of 
re-watering. The results of WWML were included for comparisons. Vertical 
bars represent the standard errors. 
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compared to WWLL. The dark respiration rate (at PPFD 0 µmol m-2 s-1) was higher in all 

drought stressed species than in well-watered ones except B. membranaceum, B. vaginatum 

(Figure 4-8). The dark respiration rate was particularly highest in D. leonis under DRML. Dark 

respiration then decreased in all species under ML and LL after 14 weeks of re-watering,  

 
Figure 4-8 Photosynthetic light response curves of O2 evolution of C. rochussenii (Cr), C. 

mayeriana (Cm), B. membranaceum (Bm) and B. vaginatum (Bv), D. leonis 
(Dl), P. cornu-cervi (Pc) after subjected to DRLL for 7 weeks, and after 14 
weeks of re-watering. The results of WWLL were included for comparisons. 
Vertical bars represent the standard errors. 
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except for P. cornu-cervi under ML and C. rochussenii under LL. For P. cornu-cervi under 

ML, dark respiration rate was -1.04 µmol O2 m-2 s-1 after 14 weeks of re-watering, which was 

close to the value of -1.14 µmol O2 m-2 s-1 under DRML. And for C. rochussenii under LL, 

dark respiration rate increased further from -0.58 µmol O2 m-2 s-1 under DRLL to -0.65 µmol 

O2 m-2 s-1 after 14 weeks of re-watering. 

 The Pmax was significantly lower in C. rochussenii, B. membranaceum, and B. 

vaginatum after 7 weeks of DRML, than before drought treatment (Figure 4-9A). After 14 

weeks of re-watering and ML, Pmax recovered to levels similar to before drought in B. 

membranaceum while Pmax increased significantly in P. cornu-cervi, higher than before 

drought. The Pmax for the rest of the four species did not increase after re-watering. After 7 

weeks of DRLL, Pmax was significantly lower in C. rochussenii and B. vaginatum compared to 

those before drought treatment (Figure 4-9B). After re-watering, Pmax increased back to levels 

similar to before drought in C. rochussenii, while the Pmax for rest of the five species remained 

at similar levels after re-watering compared to after 7 weeks of drought, under LL. 

 
Figure 4-9 Pmax of C. rochussenii (Cr), C. mayeriana (Cm), B. membranaceum (Bm), B. 

vaginatum (Bv), D. leonis (Dl), P. cornu-cervi (Pc) before drought treatment 
and after 7 weeks of drought; and after 14 weeks of re-watering under ML (A) 
and LL (B). Vertical bars represent the standard errors. Different letters above 
bars indicate statistical difference between weeks in comparison, within each 
species, per light condition (Tukey’s multiple comparison, p < 0.05, n=3). 
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4.4.2 Effects of water deficit on water relations in C3 and CAM orchids under two growth 
irradiances 

Under WWML and WWLL, there was generally no significant change in leaf and 

pseudobulb RWC in all species, which remained at 85 – 94% (Figures 4-10A and B, and  

4-11A and B). Leaf RWC of six species (Figure 4-10C and D) and pseudobulb RWC of four 

species: C. rochussenii, C. mayeriana, B. membranaceum and B. vaginatum (Figure 4-11C and 

D), decreased significantly after 7 weeks of drought, compared to 1 week of drought. After 7 

weeks of drought, leaf RWC under DRML decreased to a range of 55 – 63% in C3 orchids C. 

rochussenii, C. mayeriana, and B. membranaceum, and also decreased in CAM orchids, but to 

27% in B. vaginatum, 30% in D. leonis, and 50% in P. cornu-cervi (Figure 4-10C). 

 
Figure 4-10 Leaf RWC of C. rochussenii (Cr), C. mayeriana (Cm), B. membranaceum (Bm) 

(three C3 species), B. vaginatum (Bv), D. leonis (Dl), P. cornu-cervi (Pc) (three 
CAM species) under WWML (A), WWLL (B), after 2 and 7 weeks of drought, 
and after 14 weeks of re-watering under ML (C) and LL (D). Vertical bars 
represent the standard errors. Different letters above bars indicate statistical 
difference between the weeks in comparison, within each species, per light 
condition (Tukey’s multiple comparison, p < 0.05, n=3). 
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Figure 4-11 Pseudobulb RWC of C. rochussenii (Cr), C. mayeriana (Cm), B. 

membranaceum (Bm), B. vaginatum (Bv) under WWML (A), WWLL (B), after 
2 and 7 weeks of drought, and after 14 weeks of re-watering under moderate 
light (C) and low light (D). Vertical bars represent the standard errors. Different 
letters above bars indicate statistical difference between the weeks in 
comparison, within each species, per light condition (Tukey’s multiple 
comparison, p < 0.05, n=3). 

 

Under DRLL for 7 weeks, leaf RWC (Figure 4-10D) decreased to a range of 58 – 77%. 

Pseudobulb RWC in C. rochussenii, C. mayeriana, B. membranaceum and B. vaginatum 

reduced to 50% or less under DRML (Figure 4-11C) and to 37 – 56% under DRLL (Figure 4-

11D). Therefore, between DRML and DRLL, leaf RWC generally decreased to a greater extent 

in ML than LL, after 7 weeks of drought. After 14 weeks of re-watering, leaf RWC (Figure 4-

10C) and pseudobulb RWC (Figure 4-11C) under ML increased significantly, as compared to 

after 7 weeks drought. In the case of DRLL, following 14 weeks of re-watering, leaf RWC 

(Figure 4-10D) increased significantly in only C. mayeriana and D. leonis, while pseudobulb 
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RWC (Figure 4-11D) increased significantly in the four species, C. rochussenii, C. mayeriana, 

B. membranaceum, and B. vaginatum. However, a point of note is that the leaf RWC in all six 

species under LL before and after re-watering were already > 58%, which is higher than that 

under DRML. 

 

4.4.3 Correlations among growth irradiances, plant water status and photosynthetic light 
use efficiency 

 A correlation plot of the Fv/Fm ratios against the corresponding PPFD was done for 

drought (Figure 4-12A to F) and well-watered conditions respectively (Figure 4-12G to L) for 

the six species. The Pearson correlation coefficient (r value) was also calculated for each 

species. Under well-watered conditions (Figure 4-12G to L), there was moderately strong 

negative correlation (-0.813 < r < -0.560), but under drought treatment (Figure 4-12A to F), 

the negative correlation is weak (-0.454 < r < -0.101), suggesting a greater influence of drought 

treatment over the Fv/Fm ratio rather than the fluctuations in PPFD. 
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4.4.4 Total soluble protein and Rubisco protein concentrations 

 The total soluble protein was significantly lower in the C3 orchids C. rochussenii and 

C. mayeriana under DRML compared to those under WWML, but no significant difference 

was found in the other four species (Figure 4-13A), while total soluble protein under DRLL 

was significantly lower in all species except P. cornu-cervi, when compared to WWLL (Figure 

4-13B). 

 

Figure 4-13 Total soluble protein after 7 weeks of WWML, DRML, WWLL and DRLL, for 
C. rochussenii (Cr), C. mayeriana (Cm), B. membranaceum (Bm), B. vaginatum 
(Bv), D. leonis (Dl), P. cornu-cervi (Pc). Vertical bars represent the standard 
errors. Asterisks represent significant difference between WWML and DRML, 
or between WWLL and DRLL (* = p less than 0.05, ** = p less than 0.01, n.d. 
= no significant difference, n ≥ 3) as determined by ANOVA. 

 

 Rubisco content diminished in C. rochussenii, C. mayeriana, and B. vaginatum, after 7 

weeks of drought and moderate light (comparing WWML to DRML), while in B. 

membranaceum, D. leonis and P. cornu-cervi, the difference in Rubisco content appeared less 

apparent (Plate 4-1). The Rubisco content diminished in C. rochussenii, B. membranaceum, 

and D. leonis, after 7 weeks of drought and low light (comparing WWLL to DRLL), while in 

C. mayeriana, B. vaginatum, and P. cornu-cervi, the intensity of the bands appeared to look 

similar (Plate 4-2). 
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Plate 4-1 SDS-PAGE comparing Rubisco protein large subunit, ~50 kDa, content (bands 
indicated by black arrows) in extracts from C. rochussenii (Cr), C. mayeriana 
(Cm), B. membranaceum (Bm) (three C3 species) and B. vaginatum (Bv), D. 
leonis (Dl), P. cornu-cervi (Pc) (three CAM species) under well-watered, 
moderate light (WM) and drought, moderate light (DM) conditions after 7 
weeks. Std denotes 2µg/ml Rubisco protein standard (Spinach Rubisco, Sigma-
Aldrich, Germany) against a protein ladder (Ldr, Precision Plus Protein™ All 
Blue Prestained Protein Standards, Bio-Rad, USA). 
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Plate 4-2 SDS-PAGE comparing Rubisco protein large subunit, ~50 kDa, content (bands 
indicated by black arrows) in extracts from C. rochussenii (Cr), C. mayeriana 
(Cm), B. membranaceum (Bm) (three C3 species) and B. vaginatum (Bv), D. 
leonis (Dl), P. cornu-cervi (Pc) (three CAM species) under well-watered, low 
light (WL) and drought, low light (DL) conditions after 7 weeks. Std denotes 
2µg/ml Rubisco protein standard (Spinach Rubisco, Sigma-Aldrich, Germany) 
against a protein ladder (Ldr, Precision Plus Protein™ All Blue Prestained 
Protein Standards, Bio-Rad, USA). 

 

4.5 Discussion 

4.5.1 Responses of C3 and CAM tropical orchids to water deficit and growth irradiances 

4.5.1.1 Photoinhibition and photoprotection 

The present results show that even though PS II efficiency (Fv/Fm) was comparable 

between ML and LL for the six species before drought treatment (Figure 4-2), the values of 

ETR and qP under well-watered conditions were generally higher after 21 weeks of WWML 
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as compared to WWLL (Figures 4-3 and 4-4). This supports the idea that with increased supply 

of radiant energy under well-watered conditions, more of this energy could be efficiently 

utilised for photosynthesis, since the growth of orchids is source-limited (Wadasinghe & Hew, 

1995; Yong & Hew, 1995; He et al., 1998; He & Teo, 2007; He & Woon, 2008; Moreira et al., 

2009; He et al., 2011b; He et al., 2014; Shao et al., 2014; He et al., 2017a; Ventre-Lespiaucq 

et al., 2017). Further examples that support this view include increased photosynthesis with 

intermediate light exposure, as reported in Dendrobium Sonia (He et al., 1998), Vanilla 

planifolia Andrews (Díez et al., 2017), Anoectochilus roxburghii (Shao et al., 2014) and 

Phalaenopsis hybrids (Lootens & Heursel, 1998; Konow & Wang, 2001). 

But as Demmig-Adams and Adams (1992) highlight, light stress arises from absorbed 

light in excess of photosynthetic capacity that may result from other abiotic stresses such as 

water deficit. As demonstrated in other studies with orchids, it was reported that the 

combination of high light and drought stress resulted in decreased photosynthesis, 

photosynthetic light utilization, accompanied by photoinhibition and leaf chlorosis (Stancato 

et al., 2001; Cui et al., 2004; Herrera, 2009; He et al., 2013; He et al., 2014). Indeed, the results 

of this study showed that after 7 weeks under DRML, Fv/Fm decreased in both C3 and CAM 

orchids (Figure 4-2) with no clear distinction between either group, while under DRLL, all six 

orchid species showed a lesser extent of decrease in Fv/Fm compared to DRML. Therefore, this 

suggests that the water deficit had significantly reduced the photosynthetic capacity in these 

six species, such that it renders radiant energy from ML in excess of what can be effectively 

utilised. The r-values under well-watered conditions (Figure 4-12, G to L, -0.813 < r < -0.560, 

p < 0.001) is more negative compared to r-values under drought treatment (Figure 4-12, A to 

F, -0.454 < r < -0.101, p < 0.01 for C. rochussenii and P. cornu-cervi only) between Fv/Fm and 

PPFD further suggests that, in general, under well-watered conditions, the intensity of the light 

energy determines the extent of reduction in PS II efficiency (Fv/Fm), but under drought, water 
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deficit had a greater impact in limiting the PS II efficiency (Fv/Fm) compared to high light 

stress. Furthermore, the significance of water to photosynthetic light utilisation could not be 

more understated through the effects of re-watering in reversing the reduction in maximal PS 

II efficiency (dark-adapted Fv/Fm) demonstrated in all species under ML and LL. Results from 

another study on the orchid Dimerandra emarginata (Zotz & Tyree, 1996) also lend further 

support by reporting that re-watering allows recovery from chronic photoinhibition despite 

high PPFD. Therefore, water status takes physiological precedence over maximizing 

photosynthesis with increased PPFD, likely attributed to the significant impact of water status 

on gs, limiting CO2 uptake into leaves, and further limiting photosynthesis (Ort, 2001). 

The six different species may have different strategies to cope under drought with this 

excess energy that may be potentially damaging. In Chapter 2, the downregulation of PS II 

function by the photoinhibition was discussed and viewed as a photoprotective strategy rather 

than negatively as a damage to photosynthetic apparatus (Murata et al., 2007; Oguchi et al., 

2011; Yamori, 2016; Mathur et al., 2018), as was also shown in Chapter 3, the midday 

depression of PS II efficiency recovered towards the evening in the six species under HL in 

natural conditions, though the reversal was not completely back to original levels (see Section 

3.4.1). The results of this chapter showed chronic photoinhibition after 7 weeks of drought 

even when the light intensity was moderate, where maximal PS II efficiency (Fv/Fm) reduced 

significantly, but the six species then recovered from chronic photoinhibition after 14 weeks 

of re-watering compared to after 7 weeks of drought (Figure 4-2). Difference in extent of 

decrease in Fv/Fm for B. membranaceum under natural conditions (Figure 3-4A) versus in the 

greenhouse (Figure 4-2A) could be due light intensity differences (high light versus moderate 

light). Yet in the six species exposed to DRLL, the reduction in Fv/Fm was to a lesser extent 

compared to ML, which seems to contradict the suggestion that plants exposed to LL will have 

more photoinhibition than plants exposed to high light (Anderson et al., 1997). However, the 
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ETR decreased significantly in all species under DRML and DRLL, except for C. mayeriana 

and B. membranaceum under DRLL (Figure 4-3C and D). After 7 weeks of DRML, qP 

decreased significantly in the three CAM species but not in the three C3 species. While after 7 

weeks of DRLL, the qP decreased in all species except C. mayeriana and B. membranaceum 

(Figure 4-4C and D). These results suggest that a reduction in ETR in all species and a further 

decrease in qP in B. vaginatum, D. leonis and P. cornu-cervi were likely to be significant 

photoprotective strategies against DRML (Murata et al., 2007; Oguchi et al., 2011; Yamori, 

2016; Mathur et al., 2018). In addition to the decreased ETR and qP, NPQ also increased 

significantly in C. rochussenii and D. leonis after 7 weeks of DRML (Figure 4-5C), indicating 

its significance as a photoprotective mechanism under DRML in these two species, through 

thermal dissipation of excess energy involving the xanthophyll cycle (Latowski et al., 2011; 

He et al., 2017a). Similar increases in NPQ were also reported in the orchids Cymbidium 

lowianum (Zhang et al., 2018a) and Grammatophyllum speciosum (He et al., 2014; He et al., 

2017a) under high light, and the orchid Cattleya laeliocattleya Aloha Case under drought stress 

(He et al., 2013). However, with the removal of the light stress from ML, the ETR and qP did 

not decrease in C. mayeriana and B. membranaceum after 7 weeks, but decreased significantly 

in the other four species. (Figure 4-3D and 4-4D). The decrease in ETR and qP in B. vaginatum 

was to a great extent, reducing to almost half the value compared to 2 weeks of drought, which 

could suggest that this species was more susceptible to drought. 

After 14 weeks of re-watering, ETR recovered in C. mayeriana, B. vaginatum and D. 

leonis under ML, and B. vaginatum under LL (Figure 4-3C and D), while qP recovered in B. 

vaginatum and D. leonis under ML, and in B. vaginatum and P. cornu-cervi under LL (Figure 

4-4C and D), while the rest did not show any significant recovery. This results showed that (1) 

reinstating the water supply in C. mayeriana, B. vaginatum and D. leonis was able to restore 

the photosynthetic light utilisation in these three species, suggesting recovery from 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Library and Information Services Centre, National Institute of Education.



 140 

photoinactivation; (2) recovery from photoinactivation for C. rochussenii, B. membranaceum 

and P. cornu-cervi under ML, and for C. rochussenii, D. leonis and P. cornu-cervi under LL 

were slower compared to the others, since PS II efficiency (Fv/Fm) recovered, but ETR did not 

recover after 14 weeks of re-watering; (3) two out of three species that show recovery under 

ML, namely B. vaginatum and D. leonis, are CAM orchids, which suggests that CAM activity 

might have a positive effect in speeding the recovery during re-watering. Interestingly, ETR 

and qP decreased in C. mayeriana after 14 weeks of re-watering under LL, suggesting that re-

watering coupled with LL could have resulted in further acclimation in C. mayeriana to the LL 

which involved reduction in photosynthetic light utilisation (Gu et al., 2017; He et al., 2017a; 

Mathur et al., 2018). 

The opinion that CAM activity might have a positive effect on recovery is further 

supported by reports that CAM minimises photorespiration, maintains photosynthetic integrity 

during drought (Cushman, 2001) and provides strong protection from photoinhibition under 

high light (Adams & Osmond, 1988). Furthermore, in a recent study (Pikart et al., 2018), a 

bromeliad Guzmania monostachia did not show changes to PS II integrity and carbohydrate 

production while CAM activity increased under water deficit stress, and spots with high PS II 

efficiency in the leaf portion correlated with greater CAM activity in plants exposed to drought. 

In another study, a CAM orchid Doritaenopsis showed significant tolerance to drought stress 

with stomatal closure and corresponding increased CAM activity, and thereafter, increased 

photosynthesis after re-watering (Cui et al., 2004). However, Kornas et al. (2009) reported that 

increasing NPQ and citrate decarboxylation delivers protection for CAM plant Clusia minor, 

but this was not shown in the results in this chapter. Nevertheless, the results do suggest that 

CAM confers increased photoprotection. The expression of CAM during DRML and DRLL in 

these six orchid species and its significance will be further discussed in Chapter 5. 
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4.5.1.2 Changes in pigment concentration 

 Another way of downregulating photosynthetic light utilisation is through decreasing 

adsorption of radiant energy. Even though the loss of leaf Chl due to high light exposure is 

traditionally viewed as photodamage (Anderson, 1986), it can also be viewed as an adaptation 

of the light harvesting system to excess radiant energy from high light (Boardman, 1977; 

Lichtenthaler et al., 1981; Anderson et al., 1995; Horton et al., 1996; Havaux & Tardy, 1999). 

Plants exposed to high light have reportedly lower total Chl content and lower Chl a/b ratio, 

(Anderson, 1986; Anderson et al., 1997) which is associated with a lower amount of light 

harvesting complexes (Krol et al., 1995; Griffin et al., 2004), leading to reduced adsorption of 

radiant energy. For example, Chl content in the orchid Cypripedium guttatum was reported to 

be modifiable so as to optimise use of photosynthetic light (Zhang et al., 2007), while 

reductions in Chl content with high light exposure have been reported in the following orchids, 

Grammatophyllum speciosum (He et al., 2014; He et al., 2017a), Anoectochilus roxburghii 

(Shao et al., 2014), and Vanilla planifolia Andrews (Díez et al., 2017). The results in this 

chapter showed that after 7 weeks, the Chl a, Chl b and total Chl content were higher in all six 

species under LL (Figure 4-6B, D, F) compared to ML (Figure 4-6A, C, E). These results 

suggest that the reduction in Chl content in all species under ML reduces the adsorption of 

radiant energy, possibly for photoprotection. Furthermore, the reduction in Chl might also 

prevent the build-up of oxidised Chl that would otherwise extend damage to the thylakoid 

(Horton et al., 1996). Interestingly, the Chl content was also higher in C3 compared to CAM 

orchids, under WWML and WWLL. A comparison between C3 orchid Oncidium Goldiana 

(Hew & Yong, 1994) and CAM orchid Dendrobium Sonia (He et al., 1998) under similar 

intensity of high/intermediate light (max PPFD 600 – 900 µmol m-2 s-1), also showed a higher 

total Chl in the C3 Oncidium Goldiana (1590 ± 40 µg g-1 FW) compared to the CAM 

Dendrobium Sonia (611± 24.9 µg g-1 FW). It remains unclear whether this difference in Chl 
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content between C3 and CAM is attributed to any difference between the two modes of 

photosynthesis, in the levels of thylakoid energisation in response to light stress (Horton et al., 

1996) which is regulated through adjustments in Chl content (Anderson, 1986). Further work 

is needed to ascertain if there are differences in the Chl a, b, total Chl content, Chl a/b ratio and 

Car between other C3 and CAM plants and the significance of these differences on the 

photoprotective strategies between C3 and CAM. 

 Further drought stress on the six species (DRML and DRLL) reduced the total Chl, 

through reduced Chl a and b content (Figure 4-6A to F). Similar decreased Chl content have 

been reported in plants under drought stress, such as the CAM orchid Cattleya laeliocattleya 

Aloha Case (He et al., 2013), Sedum succulents (Koźmińska et al., 2019), and Syrian barley 

landraces (Havaux & Tardy, 1999). Therefore, drought stress results in reduced light 

harvesting, so as to reduce the adsorption of radiant energy that would have been in excess of 

what can be utilised, thereby preventing further damage to the photosynthetic apparatus. In 

addition, the Chl a, Chl b and total Chl content in the CAM species were lower than the C3 

species only under DRML, but were comparable under DRLL, which suggest that an increased 

severity of the stress further differentiated responses between CAM and C3 to the stress. It also 

suggests that reduction in light harvesting was to a greater extent in CAM than in C3, but this 

difference is yet to be further tested and its significance investigated, as mentioned before. 

 The Chl a/b ratio has been traditionally viewed as an indicator of acclimation to shade 

versus sun conditions, extent of granal stacking, and extent of photoinhibition under high 

irradiances (Anderson, 1986; Anderson et al., 1995; Anderson et al., 1997). The results of this 

study showed no significant difference in Chl a/b ratio between drought versus well-watered 

condition in both ML and LL, between species, and between ML versus LL (Figure 4-6G and 

H), except D. leonis under DRML, compared to WWML. Similarly, drought stress did not 

significantly affect the Chl a/b ratio in sunflower hybrids under stress (Gimenez et al., 1992), 
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while the orchid Grammatophyllum speciosum had higher Chl a/b ratio under high light 

compared to plants under lower light (He et al., 2014) but no significance difference in Chl a/b 

ratio was found in Vanilla planifolia Andrews under high light intensity (Díez et al., 2017). 

Therefore, the lack of significance difference in Chl a/b ratio in the six species between ML 

and LL, and between species, except for D. leonis, suggests that there was no significant re-

modelling of thylakoid membranes in response to stress from DRML. 

 The Chl/Car ratio also decreased in all six species after 7 weeks of DRML compared 

to WWML (Figure 4-6K), and in the C3 species C. rochussenii and B. membranaceum under 

DRLL compared to WWLL (Figure 4-6L). The decrease in Chl/Car ratio was attributed to the 

decreased total Chl content, while retaining the Car content in general (Figure 4-6G and H). 

Therefore, under drought stress (DRML and DRLL), modifications to the pigment 

concentrations in favour of retaining more Car over Chl presents a significant strategy in 

photoprotection, where the increased proportion of Car is associated with photoprotection 

through NPQ, involving the xanthophyll cycle (Latowski et al., 2011; de la Rosa-Manzano et 

al., 2015; Mishanin et al., 2017) Similar lower Chl/Car ratio under high light have been 

reported elsewhere, such as in the orchid Grammatophyllum speciosum (He et al., 2014; He et 

al., 2017a), tropical epiphytic orchids of the Yucatan (de la Rosa-Manzano et al., 2015), Syrian 

barley landraces (Havaux & Tardy, 1999), CAM Mesembryanthemum crystallinum (Barker et 

al., 2004), and Schefflera arboricola (Schiefthaler et al., 1999). All these highlight the 

significance of Car in protection against high irradiances, the mechanisms of which are 

discussed to great detail in other reviews (Krinsky, 1979; Anderson, 1986; Siefermann-Harms, 

1987; Demmig-Adams & Adams, 1992; Horton & Ruban, 1992; Krol et al., 1995; Horton et 

al., 1996; Latowski et al., 2011). The Chl/Car ratio was also lower in C3 species compared to 

CAM species, under DRLL, which suggests that under drought stress alone, protection through 

Car is more significant in C3 species than CAM. 
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4.5.1.3 Dark respiration and Pmax of photosynthetic O2 evolution 

 The photosynthetic O2 evolution was generally lower in C. rochussenii, B. 

membranaceum, B. vaginatum, and P. cornu-cervi after 7 weeks of DRML compared to 

WWML (Figure 4-7) and in C. rochussenii and B. vaginatum after 7 weeks of DRLL compared 

to WWLL (Figure 4-8), with no conclusive differences between C3 and CAM. However, dark 

respiration rates were generally higher in the CAM orchids compared to the C3 orchids after 7 

weeks of drought (DRML and DRLL). Interestingly, this suggests a higher mitochondrial 

respiration, contrary to the higher oxygenase activity of Rubisco as part of respiration for 

photoprotection (Demmig-Adams & Adams, 1992; Cornic & Fresneau, 2002) and regeneration 

of RuBP (Lawlor & Cornic, 2002) to overcome the metabolic limitations that reduce CO2 

assimilation (Tezara et al., 1999; Flexas & Medrano, 2002; Lawlor, 2002). For example, 

Cornic and Fresneau (2002) observed that while A decreased, the quantum yield of PS II 

photochemistry decreased to a lesser extent under HL and LL. However, Cornic and Fresneau 

(2002) also noted that under DRLL, there was absolute increase in photorespiration rate under 

the limiting light, while the increase in photorespiration rate under HL and drought was relative 

to the net CO2 uptake. Lawlor and Cornic (2002) showed that the RuBP consumed during 

photorespiration is regenerated in the chloroplast with the help of mitochondrial respiration 

providing the Serine substrate and ATP. The photorespiration is also possibly more evident in 

CAM orchids compared to C3, since in CAM, the stomatal closure in the day limits CO2 

availability to the chloroplasts. This is contrary to the opinion that CAM minimises 

photorespiration (Cushman, 2001), but Cushman (2001) argues that CAM does, nevertheless, 

provide benefits in alleviating the reduction in CO2 assimilation which is necessary in 

maintaining carbon economy. The effects of drought stress on Rubisco are discussed further in 

Section 4.5.3 below. 
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 In addition, the dark respiration rates after 7 weeks of DRML and DRLL were also 

close to the values of Pmax and in some cases, such as D. leonis under DRML, higher than the 

Pmax. This suggested that these drought stressed orchids would not be able to accumulate much 

biomass for growth since most would have been used for respiration. However, the change in 

biomass of the leaf, pseudobulbs, or roots were not quantified and the source-sink relationship 

of the pseudobulb and leaves were not analysed in this study. Visibly, the leaves were thinner, 

looking more wilted, with newer fully expanded leaves smaller than the older fully expanded 

leaves, which are shed. Other studies have suggested that the pseudobulbs might play a 

significant role in drought tolerance in orchids, which will be further explored in Chapter 5 

next. Moreover, since the respiration rate is higher, there is also a likelihood that ROS and ROS 

scavenging activities are also upregulated. As observed in sweet sorghum, ROS and 

antioxidant enzymes are upregulated during drought stress to protect the photosystems from 

oxidative damage (Guo et al., 2018). Therefore, future work should include the study of the 

significance of ROS and ROS scavenging activities in drought tolerance in these six native 

orchids. 

 Dark respiration then decreased in all species under ML and LL after 14 weeks of re-

watering, except for P. cornu-cervi under ML and C. rochussenii under LL. For P. cornu-cervi 

under ML and C. rochussenii under LL, the recovery of the photosynthetic capacity could have 

been slower, and in addition, the dark respiration could have been maintained so as to prevent 

the build-up of oxygen which might result in increased oxidative stress that is damaging to the 

photosynthetic apparatus (Schmitt et al., 2015). This is also observed in Glycyrrhiza glabra 

(licorice) where drought resulted in increased oxidative stress in the leaves through build-up 

of peroxide which also led to an increased peroxidase and antioxidant enzyme activity to 

regulate oxidative stress which is otherwise damaging to photosynthesis (Hosseini et al., 2018). 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Library and Information Services Centre, National Institute of Education.



 146 

 The Pmax was significantly lower in C. rochussenii, B. membranaceum, and B. 

vaginatum after 7 weeks of DRML, and C. rochussenii and B. vaginatum after 7 weeks of 

DRLL (Figure 4-9), suggesting that the photosynthetic capacity was reduced in these species 

after drought, with no clear difference between C3 and CAM. The Pmax increased significantly 

in B. membranaceum and P. cornu-cervi under ML, and in C. rochussenii under LL, after 14 

weeks of re-watering, which showed that the photosynthetic capacity could be increased with 

reversal of drought stress in these three species, but it was not likely attributed to the difference 

between C3 and CAM modes of photosynthesis. 

 

4.5.2 Effects of water deficit and growth irradiances on water relations of C3 and CAM 
orchids 

After 7 weeks of DRML, RWC in leaves decreased to 50 – 60% in C3 orchids and 30 

– 50% in CAM orchids (Figures 4-10C), while under DRLL, RWC in leaves remained at > 58% 

(Figure 4-10D). In addition, the RWC of pseudobulbs decreased significantly to 50% or less 

in both DRML and DRLL (Figure 4-11C and D), which suggests that the pseudobulbs were 

supplying water to the leaves during drought (Ng & Hew, 2000; He, 2018). The higher RWC 

in leaves of C3 species compared to CAM species under DRML could be attributed to the 

differences in morphological traits associated with water conservation, such as pseudobulbs 

and fleshy leaves (Zhang et al., 2018a). Despite CAM orchids having lower RWC, the Fv/Fm 

ratio decreased in both C3 and CAM orchids (Figure 4-2) with no clear distinction between 

either group, and all recovered after re-watering. Since water status has a significant impact on 

limiting photosynthesis (Ort, 2001), CAM plays a significant role in maintaining 

photosynthetic integrity during drought (Cushman, 2001) while improving water use efficiency 

under drought (Liu et al., 2018). In addition, drought stress resulting in lower RWC would also 

necessitate maintenance of leaf turgor pressure, which can be achieved through osmotic 

adjustment (Blum, 2017). The significance of the different morphological traits, CAM activity 
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and osmotic adjustment will be discussed in greater detail in Chapter 5, under the water 

conservation strategies of these six orchid species. 

Reduction in leaf and pseudobulb RWC is largely attributed to transpirational loss. This 

is further supported by evidence of transpiration loss affecting water status reported elsewhere, 

such as in Dimerandra emarginata (Zotz & Tyree, 1996), Bauhinia forficata Link (Sanches & 

Silva, 2013), and Amaranthus sp. (Liu & Stützel, 2002). The significant loss of water through 

transpiration, therefore, leads to stomatal regulation in both C3 and CAM plants (Flexas & 

Medrano, 2002; Kerbauy et al., 2012), which are further discussed in Chapter 5 as well. The 

leaf RWC after 7 weeks of DRLL was also generally higher than in DRML, which suggest that 

the moderate light also resulted in higher leaf temperature that required the evaporative cooling 

from transpiration (He et al., 1998) and hence, accounted for the greater loss of water from the 

leaves via transpiration. 

 Nevertheless, the decrease in RWC in leaves results in decreased photosynthesis. At 

initial stages of mild drought, stomatal closure in response to drought is the main limitation to 

CO2 assimilation (Flexas & Medrano, 2002; Lawlor, 2002; Flexas et al., 2004), but as drought 

progresses in severity, with accompanied lower RWC, the main limitation to CO2 assimilation 

is more of a metabolic inhibition (Tezara et al., 1999; Lawlor & Cornic, 2002; Lawlor & 

Tezara, 2009). In the latter case, the lower RWC reflects a much deficient water status of the 

cell, which leads to limitation of RuBP and ATP synthesis (Keck & Boyer, 1974; Gimenez et 

al., 1992; Tezara et al., 1999; Lawlor & Tezara, 2009). 

 

4.5.3 Effects of water deficit on total soluble protein and Rubisco protein in C3 and CAM 

 Despite the controversy over whether restricted stomatal diffusion or reduced 

photosynthetic metabolism is more significant in limiting CO2 assimilation and overall 

photosynthesis during drought (Lawlor, 2002), the effects of drought stress on the CO2 
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assimilating enzyme ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco) cannot be 

understated (Parry et al., 2002). For instance, Rubisco activity decreased under drought stress 

in Helianthus annuus L., (Tezara et al., 1999), rice (Vu et al., 1999) tomato (Bartholomew et 

al., 1991), tobacco (Parry et al., 2002) and Mediterranean plants (Galmés et al., 2011). In 

addition, protein synthesis is also inhibited under drought stress (Deleu et al., 1999), which 

might have an effect in reducing the total soluble protein available in the plant, as well as 

decreased synthesis of Rubisco and photosynthetic pigments (Castrillo & Calcagno, 1989; 

Lawlor & Cornic, 2002). 

 The extraction of soluble proteins and Rubisco from fresh cell lysates was challenging 

because of the nature of the orchid leaves. For example, in C. rochussenii, the leaves were thin 

with a lot of fibrous tissue and in B. vaginatum, cell lysis released a viscous exudate that tended 

to trap the other cells or lysed cells and made further grinding difficult. These two examples 

highlight the problems that hindered complete lysis of mesophyll cells and thylakoid 

membranes by current methods of freezing samples in liquid nitrogen and mechanical grinding 

using mortar and pestle, with some sand added for added finer grinding. The extraction process 

often yielded very little Rubisco that was difficult to isolate to significant amounts visible as 

bands using gel electrophoresis. Thus, it took many tries (and many samples) to obtain one set 

of clear bands for each species for comparison between conditions and more time was focussed 

on addressing the other aspects in this study. The modified method mentioned in section 4.3.8 

using centrifugal filter units was to concentrate the sample because at this point, lysis 

(extraction) buffer added was already around 5 times the prescribed volume in previous 

protocols that had successfully extracted proteins from other vegetables such as lettuce and 

spinach. This increase in volume was to maximise extraction of Rubisco from lysate. Possibly 

in future work, a fairly larger amount of fresh leaf sample (> 5g) should be ground up in small 

amounts separately and re-constituted to one extract, followed by using the centrifugal filter 
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units to concentrate the sample proteins into a smaller volume for analysis. In addition, it might 

be worth trying other lysis buffers compositions, which will better lyse the cells and thylakoid 

membranes without affecting much of the Rubisco conformation and activity. 

 The results show that the total soluble protein was lower in the C3 orchids C. 

rochussenii and C. mayeriana under DRML compared to WWML, and no significant 

difference was found in the other four species (Figure 4-13A), while the total soluble protein 

was significantly lower in all species under DRLL except P. cornu-cervi, compared to WWLL 

(Figure 4-13B). Rubisco content diminished in C. rochussenii, C. mayeriana, and B. 

vaginatum, after 7 weeks of DRML compared to WWML, while in B. membranaceum, D. 

leonis and P. cornu-cervi, the difference in Rubisco content appeared less apparent (Plate 4-

1). Rubisco content diminished in C. rochussenii, B. membranaceum, and D. leonis, after 7 

weeks of DRLL, while in C. mayeriana, B. vaginatum, and P. cornu-cervi, the difference was 

less apparent (Plate 4-2). Therefore, this suggests that the changes in total soluble protein and 

Rubisco content were clearly not based on differences in photosynthetic mode (C3 versus 

CAM), but were more species-dependent (Bota et al., 2004) and also likely to vary with 

environmental condition, regulated by complex metabolic processes (Von Caemmerer, 2000). 

However, the results do suggest that the decrease in total soluble protein and Rubisco content 

are concomitant in C. rochussenii and C. mayeriana under DRML, and in C. rochussenii, B. 

membranaceum and D. leonis under DRLL, which supports the opinion that drought stress 

results in decreased protein synthesis that does lead to decreased total soluble protein and 

Rubisco content, as also reported in tomato (Castrillo & Calcagno, 1989) and wheat 

(Demirevska et al., 2009). The reduction in total soluble protein also correlated with a 

decreased total Chl content in C. mayeriana under DRML and B. membranaceum and B. 

vaginatum under DRLL as discussed earlier in Section 4.5.1.2. This suggests that the decreased 

protein synthesis could have also contributed to the lower Chl content, but this effect could 
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vary from species to species. Nevertheless, more work needs to be done to ascertain if drought 

stress also leads to decreased Rubisco activity and whether it is associated with any decrease 

in CO2 assimilation in this six species, since drought has been reported to decrease Rubisco 

activase and lower activation state, through reduced ATP synthesis (Parry et al., 2002), or 

through the action of inhibitors (Whitney & Andrews, 2001; Parry, 2003; Stotz et al., 2011; 

Mueller-Cajar et al., 2014). 

 

4.6 Conclusion 

 This chapter demonstrated the effects of drought in reducing photosynthetic light 

utilisation in all six native orchid species, through photoinhibition of PS II. This was reflected 

by the reduced maximal PS II efficiency measured by Fv/Fm ratio from dark-adapted leaves, 

ETR and qP measured under a saturated actinic light for both DRML and DRLL orchid plants. 

In addition, thermal dissipation of excess excitation energy through NPQ was also a significant 

protective mechanism in C. rochussenii and D. leonis against the stress from DRML. Re-

watering was able to reverse these effects of reduced photosynthetic light utilisation and 

decrease NPQ, but the recovery from photoinactivation for C. rochussenii, B. membranaceum 

and P. cornu-cervi under ML, and for C. rochussenii, D. leonis and P. cornu-cervi under LL 

were slower compared to the others. In addition to the reduced photosynthetic light utilisation, 

the six species are also able to reduce the light harvesting as an adaptation to drought stress, 

preventing the build-up of oxidised Chl that would otherwise extend damage to the thylakoid. 

Under DRML, Chl a, Chl b and total Chl content decreased in all six species, with no 

significant differences in Chl a/b ratio. The Car content was generally maintained, resulting in 

a lower Chl/Car ratio in all six species, which demonstrated the significance of Car pigments 

in screening the Chl pigments from over-energisation and damage, and this retention of Car 

pigments are associated with the increased NPQ. 
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 From the results of the photosynthetic O2 evolution, it is demonstrated that the 

photodamage in CAM orchids is limited under drought and recovery after re-watering was 

possible. There were no conclusive differences between C3 and CAM that supports either mode 

of photosynthesis being more advantageous in reducing photoinactivation. However, dark 

respiration rates were generally higher in the CAM orchids compared to the C3 orchids after 

drought, possibly as a way to alleviate the reduction in CO2 assimilation. In addition, 

photosynthetic capacity was reduced in C. rochussenii, B. membranaceum, and B. vaginatum 

under DRML, and C. rochussenii and B. vaginatum under DRLL, suggesting a species-

dependent response rather than dependent on C3 versus CAM. 

Under drought, the decrease in RWC reflected lower leaf water status and resulted in 

decreased photosynthesis. The presence of pseudobulbs and fleshy leaves could serve to 

alleviate the effects of drought on decreasing RWC in leaves and these will be further discussed 

in Chapter 5, along with the significance of CAM activity on water conservation and the 

significance of osmotic adjustment in adaptation to drought. Nevertheless, the reduction in leaf 

and pseudobulb RWC is largely attributed to transpirational loss, greater loss of water and 

consequently lower RWC in ML compared to LL.  

 Drought stress also affected the CO2 assimilating enzyme Rubisco content, and total 

soluble protein content, in some of the six species under DRML and DRLL, but these changes 

in total soluble protein and Rubisco content were not clearly based on differences in 

photosynthetic mode (C3 versus CAM), but is more species-dependent and also likely to vary 

with environmental condition, regulated by complex metabolic processes. However, the results 

do demonstrate that the decrease in total soluble protein and Rubisco content are concomitant 

in some species, which implied that drought stress could have resulted in decreased protein 

synthesis that led to decreased total soluble protein and Rubisco content. The reduction in total 

soluble protein also correlated with a decreased total Chl content, suggesting that the decreased 
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protein synthesis could have also contributed to the lower Chl content, but this effect could 

vary from species to species. 

In addition, the results showed that even though PS II efficiency was comparable 

between ML and LL for the six species before drought treatment, the values of ETR and qP 

under well-watered conditions were generally higher after 21 weeks of WWML as compared 

to WWLL. Moreover, under well-watered conditions, photosynthetic capacity was also higher, 

with associated higher water status in leaf and pseudobulb. This supports the idea that with 

increased supply of radiant energy under well-watered conditions, more of this energy could 

be efficiently utilised for photosynthesis, since the growth of orchids is source-limited. 
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Chapter 5 
WATER CONSERVATION STRATEGIES IN  

C3 AND CAM TROPICAL ORCHIDS DURING 
WATER DEFICIT STRESS AND RE-WATERING 
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5.1 Abstract 

The ability of tropical epiphytic orchids to conserve water is key to survival in an arid 

environment. Orchids rely on strategies such as CAM photosynthesis, stomatal regulation, 

other morphological and physiological changes to adapt to drought. This chapter aimed to 

understand whether CAM expression provides an advantage over the predominantly C3 

orchids, or whether there is a continuum that responds dynamically to environmental stress, in 

the six species studied. This chapter aimed to also address the significance of osmoregulation 

and differences in morphology to drought adaptation in the six orchid species studied, and 

whether there are differences between the C3 and CAM orchids studied. The significance of 

CAM activity in drought tolerance in the six orchid species were measured by the changes in 

titratable acidity (TA) between dawn and dusk, and the corresponding changes to the gaseous 

exchange parameters in 24-h periods before and after 2 days, 1 week and 7 weeks of drought 

were also measured. In addition, the proline accumulation in the leaves, as well as the changes 

in soluble and insoluble sugars concentrations in the pseudobulbs and leaves were also 

measured to analyse the significance of proline and sugars in osmoregulation in these six 

species. The morphological traits between species were also compared and their contributions 

to drought tolerance were also discussed. It was found that plasticity in CAM expression exists 

in all six native orchids studied after exposure to drought stress, regardless of their 

predominance of either C3 or CAM. After 7 weeks of drought, the TA in leaves increased 

significantly under DRML in all species, except B. membranaceum and P. cornu-cervi, and 

also increased significantly under DRLL in all species except D. leonis and P. cornu-cervi. 

CAM expression in P. cornu-cervi is constitutive, where the TA in leaves under WWML were 

at around 0.3 mmol H+ g-1 DW. CAM expression is also constitutive in B. vaginatum, D. leonis 

and P. cornu-cervi as shown in the nocturnal opening of the stomata and closure in the day. 

Interestingly, the 24-h trends of A, Ci, gs and E for a C3 B. membranaceum before drought and 
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after 2 days and 1 week of drought suggest that it is more ‘facultative’ CAM than C3, and after 

7 weeks of drought, ‘CAM-idling’ occurs in B. membranaceum, with stomatal closure 

throughout the day and night, indicating the severity of the drought. In the case of constitutive 

CAM species such as D. leonis and P. cornu-cervi, CAM can be further upregulated in drought 

to sustain carbon fixation. Therefore, the benefits of CAM on water and carbon economy over 

C3 alone is significant in these six orchid species. Under DRML and DRLL, proline 

concentration increased in the leaves of B. membranaceum, B. vaginatum, D. leonis, and P. 

cornu-cervi after 7 weeks of drought. After re-watering, proline concentrations in B. 

vaginatum, D. leonis and P. cornu-cervi under ML and LL were higher than after 1 week of 

drought. In addition, leaf soluble sugar was significantly higher in all species, except B. 

vaginatum, after 7 weeks of DRLL compared to WWLL. Therefore, osmoregulation through 

proline and sugar is a significant drought adaptation. However, the results show that there are 

no significant differences in the extent of using sugar as an osmolyte between C3 and CAM. 

Rather, the use of sugar for osmoregulation is more species dependent, and the presence of 

multiple organs that act as sources or sinks for carbohydrates further complicates the 

osmoregulation mechanism. The general consensus still holds that under moderate drought 

stress, soluble sugars show an increase and it is only under very severe dehydration that soluble 

sugars may decrease. Orchids are also equipped with storage organs that store water as an 

adaptation to the water deficit. The results in this study also demonstrated how the pseudobulbs 

in C. rochussenii, C. mayeriana, B. membranaceum and B. vaginatum play an important role 

in slowing the reduction in the leaf water content and delaying excessive water loss in times of 

drought, be it with or without osmotic adjustment through sugar as osmolyte. These six orchid 

species also rely on water-storing roots or velamen to reduce water loss or have greater water 

conservation capacity. Without pseudobulbs and thick aerial roots with a thick velamen, D. 

leonis can depend on the leaf succulence in order to retain water within the leaf and a lower 
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stomatal density of the newly expanded leaf after 7 weeks of drought, to reduce water loss 

through transpiration. The species-dependent diversity in strategies for water conservation or 

reduction of water loss allows options for adaptation to drought in epiphytes, especially in the 

context of the native orchid species of Singapore. 

 

5.2 Introduction 

An abundance of the world’s orchids are epiphytes that inhabit tropical forests (Givnish 

et al., 2015) and are frequently exposed to arid environmental conditions with high irradiance, 

high temperatures, and intermittent or seasonal water availability (Benzing, 1987; Silvera et 

al., 2010b; Borland et al., 2011), which are conditions that may significantly impact their 

physiology and lead to reduced growth and productivity (He & Teo, 2007; He et al., 2013b; 

He et al., 2014). The previous two chapters have discussed the effects of such conditions on 

the photosynthetic light use efficiency and water status in the three C3 and three CAM orchids 

of interest in this study, under both natural conditions and in the greenhouse under induced 

drought or well-watered conditions, in Singapore. It was reported that water deficit had a 

greater impact on the photosynthetic light use efficiency than the stress from high light, and 

the water deficit stress further exacerbated the stress from high light (Lawlor & Tezara, 2009; 

Pinheiro & Chaves, 2011; Bota et al., 2016; Flexas et al., 2016; Yamori, 2016). Furthermore, 

from other studies, it is well understood that water deficit directly affects photosynthesis and 

cell growth (Chaves, 1991) by limiting diffusion through the stomata and mesophyll that results 

in decreased CO2 availability for photosynthesis (Flexas et al., 2004), or through altering 

photosynthetic metabolism (Lawlor & Cornic, 2002). Otherwise, water deficit may affect 

photosynthesis indirectly through oxidative stress (Couée et al., 2006) in various pathways 

(Chaves et al., 2009) that affect the leaf photosynthetic machinery (Ort, 2001). 
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Therefore, vital to the survival and adaptation of these epiphytic orchids to drought 

under tropical conditions, is having strategies for water conservation or the reduction of water 

loss. In addition, the need for water conservation must be balanced with the carbon demands 

of the plant and this is a challenge since these are of competing interest – stomatal closure 

inadvertently leads to limited CO2 uptake. This tight balance is first established at the stomatal 

level, which is sensitive to leaf water potential or RWC, regardless of C3 or CAM plants 

(Flexas, 2002). Carbon-water economy can then be further optimised with the aid of CAM as 

a unique mode of photosynthesis that allows for longer periods of stomatal closure to reduce 

transpiration, yet provide an alternative carbon sequestration through nocturnal acidification 

with the opening of the stomata at night, or the complete recycling of internal metabolically 

produced CO2. This alternative sequestration in the mesophyll cells in the form of malate, 

which can then be subsequently de-carboxylated and recycled for photosynthetic carbon 

fixation (Osmond, 1982; Lüttge, 1987; Adams & Osmond, 1988; Griffiths, 1988; Goh & 

Kluge, 1989; Borland, 1996; Nobel, 1996; Cushman, 2001; Silvera et al., 2010a; Liu et al., 

2018; Pikart et al., 2018). This enables CAM to provide additional improvements in water use 

efficiency, generally 6-fold higher than for C3 plants and 3-fold higher than for C4 plants under 

comparable conditions (Nobel, 1996). Silvera et al (Silvera et al., 2009) also proposed strong 

links between CAM as a water-conservation strategy for efficient photosynthesis in orchids 

and the advantage it affords in the colonisation of epiphytic habitats. It is noted that there is 

substantial evidence of the occurrence of CAM within tropical epiphytic orchids (Goh et al., 

1977; Hew & Khoo, 1980; Winter et al., 1983; Cockburn et al., 1985; Earnshaw et al., 1987; 

Goh & Kluge, 1989; Zotz & Tyree, 1996; Zotz & Ziegler, 1997; Silvera et al., 2005; Motomura 

et al., 2008a, 2008b; He et al., 2013a; He et al., 2014). Recent research also shows that CAM 

expression exists as a continuum, dependent on evolutionary history, ontogeny and 

environmental cues (Griffiths, 1988; Cushman & Borland, 2002; Winter et al., 2008; Rodrigues 
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et al., 2013; Zhang et al., 2014; Yang et al., 2016; Nosek et al., 2018), and CAM not only 

allows orchids to reduce water loss while maintaining carbon assimilation for survival, but also 

provides alleviation to photoinhibition under high irradiances and drought conditions, as 

reported in D. emarginata (Zotz & Tyree, 1996), as well as the benefits in photoprotection 

discussed extensively by Herrera (2009). Therefore, this chapter aimed to (1) understand the 

extent of CAM expression in Singapore’s native tropical epiphytic orchids and whether CAM 

expression provides an advantage over the predominantly C3 orchids, or whether there is a case 

of ‘facultative’ expression of CAM in the context of a continuum and therefore (2) provide 

evidence for the dynamic nature of CAM expression and its significance to drought adaptation. 

Other significant adaptations to drought include osmoregulation to maintain leaf turgor 

pressure (Morgan, 1984; Delauney & Verma, 1993; Yang et al., 2015; Blum, 2017; Turner, 

2017) and morphological and physiological changes (Lüttge, 1987; Benzing, 1989; Zotz & 

Tyree, 1996; Winter et al., 2015). As discussed in detail in several reviews, proline (Delauney 

& Verma, 1993; Hayat et al., 2012; Kaur & Asthir, 2015; Yang et al., 2015) and sugar (Morgan, 

1984; Chaves, 1991; Quick et al., 1992; Pereira & Chaves, 1993; Hare et al., 1998; Chaves et 

al., 2002; Lawlor & Cornic, 2002; Ings et al., 2013) are significant contributors to 

osmoregulation as a drought tolerance strategy. Therefore, the second objective of this study 

was to understand the significance of osmoregulation through proline and sugar in drought 

tolerance in the six orchid species. In addition, this study aimed to compare the osmoregulation 

through proline and sugar between the C3 and CAM orchids. 

In orchids, storage organs such as pesudobulbs, fleshy leaves, fleshy roots and 

pseudocorms that store water, provide morphological adaptations to water deficit (Stern & 

Morris, 1992; Pan et al., 1997; Ng & Hew, 2000; Kumar, 2009; Zhang et al., 2018a). These 

storage organs, such as the pseudobulb, are capable of storing large quantities of sugar and 

starch as reserves that are useful for physiological adaptations to stress conditions such as water 
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deficit or high light intensity (Kubota et al., 2005). These storage organs may also allow the 

regulation of water loss and uptake allowing maintenance of the leaf RWC so as to maintain 

photosynthetic capacity and quantum yield, or at least to resist the reduction of it (Yordanov 

et al., 2000). There is also a lack of literature discussing the morphological and physiological 

adaptations in the context of tropical native orchid species. Therefore, this study also aimed to 

understand the significance of the different morphology in contributing to drought tolerance in 

these six orchids. 

 

5.3 Materials and Methods 

5.3.1 Plant cultivation  

Mature plants of C. rochussenii, C. mayeriana, B. membranaceum, B. vaginatum, D. 

leonis and P. cornu-cervi were grown in a tropical greenhouse in the National Institute of 

Education, Singapore, under two growth irradiations, ML and LL, as described in detail earlier 

in Section 4.3.1. The greenhouse ambient PPFD ranged from 180 to 900 μmol m-2 s- under 

ML, and below 100 μmol m-2 s-1 under LL. Under each light condition, each of the six species 

was further divided into two groups, well-watered and drought treatments. Therefore, there 

were the same plants from the four conditions as described in Section 4.3.1: WWML, WWLL, 

DRML, and DRLL, achieved through the regime also described in the same section. 

 

5.3.2 Measurement of diurnal change in CAM acidity 

The titratable acidity (TA) of leaves and pseudobulbs were determined immediately 

before and after a 10-hour photoperiod (at 0800 h and 1800 h), modified from the method by 

He and Teo (2007). Samples were harvested on Thursdays for the 1st, 7th and 21st weeks. Five 

square cuts (1 cm by 1 cm) were made out of the leaves and 5 mm thick slices were made out 

of the pseudobulbs, which were then transferred into test tubes containing 1 ml of distilled 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Library and Information Services Centre, National Institute of Education.



 160 

water (neutral pH). The tubes were then immersed into a boiling water-bath for 15 min and 

then allowed to cool to room temperature. The extract was subsequently titrated against 0.01 

M sodium hydroxide solution, NaOH(aq), using phenolphthalein as an indicator. The volume 

of NaOH(aq) required to reach the end-point of titration was recorded. The plant material was 

then wrapped in an aluminium foil and dried in an oven at 80ºC for 1 week before the DW was 

measured. The TA was calculated by first using the following formula: 

TA (mmol H+ /g DW) = 
0.01 ×  Volume of NaOH

DW
 

followed by obtaining the difference in this calculated value before and after the 10-hour 

photoperiod. 

 

5.3.3 Measurements of CO2 assimilation rate (A), gs,, transpiration (E) and internal CO2 

concentration (Ci) 

The leaf gas exchange parameters (photosynthetic CO2 assimilation rate: A, gs, 

transpiration: E, and internal CO2 concentration: Ci,) were measured using an open infrared gas 

analysis system (LI-6400, LI-COR Biosciences, USA), where a mature, fully expanded, non-

detached leaf from each species was clasped in a sealed chamber of the gas analyser, and the 

stomatal parameters were analysed continuously for a 24-h period after 0 days, 2 days, 1 week, 

and 7 weeks of drought treatment, for the same leaf. The light source was natural sunlight and 

the PPFD for the same 24-h period was also recorded by the system through a built-in light 

meter. The relative humidity in the greenhouse fluctuated between 46 – 96 % and the 

temperature fluctuated between 21.9 – 36.7ºC. 

 

5.3.4 Measurement of proline concentration 

This assay was modified from the protocol by Bates et al. (Bates et al., 1973). Leaf 

samples were harvested together with those used for midday RWC measurements in section 
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4.3.7, and corresponding to the measurement of the PPFD in section 2.3, on the 1st, 7th and 21st 

weeks from all four growth conditions (WWML, WWLL, DRML, DRLL), after measuring 

Fv/Fm ratios. The samples were then frozen using liquid nitrogen and stored at -80ºC. Frozen 

plant material (0.5 g) was ground with 3% sulfosalicylic acid (6 ml) and the homogenate was 

centrifuged at 9,000 rpm for 10 min at 4 ºC. A mixture of 1 ml of supernatant, 1 ml of acid-

ninhydrin and 1 ml of acetic acid was heated at 95 ºC for 1 h in a water bath. The reaction was 

then stopped using an ice bath. Any proline-ninhydrin complex in the reaction mixture was 

extracted using 2 ml of toluene, vortexing for 30 seconds and then leaving the reaction mixture 

with the toluene to stand at room temperature until the aqueous and toluene phases have 

separated. The absorbance (optical density, or OD) of the toluene phase containing the proline-

ninhydrin complex was then read at 520 nm, using a UV-Vis spectrophotometer (UV-1800, 

Shimadzu, Japan), with toluene as a blank. At the same time, a standard curve was also 

prepared using 0.5 ml of known amounts of L-proline (Sigma-Aldrich, USA) processed using 

the same assay and the absorbances read in a similar way. The equivalent DW of the fresh 

samples used in the following calculation were derived from the measurement of RWC in 

Section 4.3.7. The amount of proline present per gram of leaf DW was determined from this 

standard assay and calculated using the following formula: 

 

Concentration of proline per gram DW =
OD520

𝑘𝑘
×

𝑉𝑉extract

𝑉𝑉reaction × DW × MWproline
 

 

where OD520 was the measured absorbance of the coloured toluene phase containing the 

proline-ninhydrin complex, k is the slope of the standard curve, Vextract and Vreaction are the 

extract and reaction volumes respectively, and DW is the leaf dry weight. 
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5.3.5 Measurements of soluble and insoluble sugars  

The procedure for the quantification of free sugar is modified from the method used by 

Buysse and Merckx (Buysse & Merckx, 1993). Leaf and pseudobulb samples were harvested 

at 0800h after 7 weeks of cultivation under all four growth conditions (WWML, WWLL, 

DRML, DRLL), and dried in the 60ºC oven for at least 2 weeks. Soluble sugar was extracted 

from 10 mg of ground-up dried plant tissue (leaf or pseudobulb) by soaking in 10 ml of 80% 

ethanol at 65oC for 1 hour. The remaining residue after soluble sugar extraction was dried 

further for at least 48 hours of incubation at 65oC to ensure the complete dehydration for the 

next steps in insoluble sugar extraction. For the latter extraction, the insoluble sugar in the 

dehydrated residue is first hydrolysed by incubating with 2 ml of 3% HCl at 100oC for 3 hours, 

followed by removal of the residue and addition of 8 ml of 80% ethanol at 65oC to the 

supernatant and further incubation for 1 hour, as per the steps for soluble sugar extraction. The 

sugars extracted in both cases were then processed using a colorimetric assay, where 0.5 ml of 

extraction solution was first well-mixed with 0.5 ml of 5% phenol, followed by the addition of 

2.5 ml of concentrated H2SO4 with good mixing of the final reaction mixture. The reaction was 

left to stand at room temperature for 20 minutes with gentle agitation at the 10-minute mark, 

until a yellow to dark brown colour developed and stabilized. Once stable, the absorbance 

(optical density, or OD) was measured at 490 nm using a spectrophotometer (UV-2550, 

Shimadzu, Japan), with three replicates. At the same time, a standard curve was also prepared 

using 0.5 ml of known concentrations of glucose solution processed using the same 

colorimetric assay and the absorbances read in a similar way. The amount of free sugar present 

per gram of leaf or pseudobulb DW is determined from this standard assay and calculated using 

the following formula: 

Concentration of free sugar per gram DW =
OD490

𝑘𝑘
×

𝑉𝑉extract

𝑉𝑉reaction × DW × MWglucose
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where OD490 is the measured absorbance of the coloured reaction mixture, k is the slope of the 

standard curve, Vextract and Vreaction are the extract and reaction volumes respectively, and DW 

is the leaf or pseudobulb DW. 

 

5.3.6 Comparing morphological traits 

To compare the differences in morphological traits between species, fresh samples of 

each species were selected from those under WWML condition. For each of these four 

sympodial species: C. rochussenii, C. mayeriana, B. vaginatum, and B. membranaceum, a 

complete set of leaf/leaves attached to the pseudobulb and intact roots were excised from the 

rhizome, while for the two monopodial species: D. leonis and P. cornu-cervi, an entire set of 

leaves connected together at the main stem with intact roots at the base of the stem were excised 

from the other stems connected at the base. The samples were then placed alongside a known 

metric scale and each sample with the scale was then captured using a digital camera. For C. 

rochussenii, complete sets of leaves attached to pseudobulb with intact roots were harvested 

after 7 weeks of DRML, and again after complete dehydration (a pot of orchids were sacrificed 

in the process) at week 13. Images of the leaves, pseudobulbs and roots were then captured 

using a digital camera, to show the changes to the appearance of the leaves, pseudobulbs and 

roots at the three different stages: before drought, after 7 weeks of drought, and after complete 

dehydration. In addition, the thickness and anatomy of the P. cornu-cervi roots were also 

analysed by making thin slices of the root cross-section using a thin razor blade. The sections 

were immersed in water and mounted on a slide under the microscope for analysing. 

 

5.3.7 Measurement of stomatal density 

The epidermal layer was peeled directly from a young, fully expanded leaf, mounted in 

water on a slide and placed under the microscope. The number of stomata was then counted in 
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a defined field of view under 400x magnification. The stomatal density is then derived from 

the following formula: 

Stomatal density =
Number of stomata

Area (mm2)
 

 

5.3.8 Statistical analysis 

A mixed-model nested analysis of variance (ANOVA) was performed using SPSS 

(Version 22.0, 2013) to test for significant differences in TA between weeks (Figures 5-1 and  

5-2), or for significant differences in proline concentration between weeks (Figure 5-9), using 

post-hoc Tukey’s pairwise test, with significance at α = 0.05. One-way ANOVA was 

performed using SPSS (Version 22.0, 2013) to test for significant differences in sugar 

concentrations between well-watered and drought treatment (Figures 5-10 and 5-11), or for the 

differences in stomatal density between WWML and DRML or between WWLL and DRLL 

(Figure 5-12), with significance at either α = 0.05 or α = 0.01. 

 

5.4  Results 

5.4.1  Changes in CAM acidity after experiencing drought stress and re-watering  

 Under well-watered conditions after 1 week, 7 weeks and 21 weeks, there were no 

significant differences between weeks under WWML (Figure 5-1A) or under WWLL (Figure 

5-1B). The TA in leaves of P. cornu-cervi under WWML were at around 0.3 mmol H+ g-1 DW 

which were higher than the other 5 species. While the TA in leaves of B. vaginatum under 

WWLL was around 0.2 mmol H+ g-1 DW, higher than the other 5 species. After 7 weeks of 

drought, the TA in leaves increased significantly under DRML in all species, except B. 

membranaceum and P. cornu-cervi (Figure 5-1C), and also increased significantly under 

DRLL in all species except D. leonis and P. cornu-cervi (Figure 5-1D).  
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After 14 weeks of re-watering, the TA in leaves then decreased under DRML (Figure 

5-1C) in C. rochussenii, C. membranaceum and B. vaginatum compared to after 7 weeks of 

drought. Whereas under DRLL, the TA in leaves of all species after 14 weeks of re-watering 

had no significant difference compared to 7 weeks of drought, except for B. membranaceum, 

which showed a significant increase (Figure 5-1D). 

 
Figure 5-1 TA in leaves of C. rochussenii (Cr), C. mayeriana (Cm), B. membranaceum 

(Bm) and B. vaginatum (Bv), D. leonis (Dl), P. cornu-cervi (Pc) after 1, 7 and 
21 week(s) of well-watered condition under WWML (A), WWLL (B), and after 
1 and 7 weeks of drought and after 14 weeks of re-watering under ML (C) and 
LL (D). Vertical bars represent the standard errors. Different letters above bars 
indicate statistical difference (Tukey’s multiple comparison, p < 0.05, n=3). No 
significant difference between weeks compared in WWML and WWLL. 
Negative TA values indicate that TA was higher at 1800 h compared to 0800 h. 
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Under WWML and WWLL, the TA in pseudobulbs had no significant difference 

between weeks 1, 7 and 21 (Figure 5-2A and 5-2B). After 7 weeks of drought, the TA in 

pseudobulbs also increased under DRML (Figure 5-2C) and DRLL (Figure 5-2D) in the four 

species with pseudobulbs, even in the C3 orchids C. rochussenii, C. mayeriana and B. 

membranaceum. The TA in pseudobulbs decreased after 14 weeks of re-watering, except for 

C. rochussenii and B. vaginatum under DRLL (Figure 5-2D), which had no significant 

difference compared to after 7 weeks of drought. 

 
Figure 5-2 TA in pseudobulbs of C. rochussenii (Cr), C. mayeriana (Cm), B. 

membranaceum (Bm) and B. vaginatum (Bv) after 1, 7 and 21 week(s) of well-
watered condition under WWML (A), WWLL (B), and after 1 and 7 weeks of 
drought and after 14 weeks of re-watering under ML (C) and LL (D). Vertical 
bars represent the standard errors. Different letters above bars indicate statistical 
difference (Tukey’s multiple comparison, p < 0.05, n=3). No significant 
difference between weeks compared in WWML and WWLL. Negative TA 
values indicate that TA was higher at 1800 h compared to 0800 h. 
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5.4.2 Water deficit on A, gs, E and Ci in C3 and CAM orchids during a 24-h period 

 To understand the changes in leaf stomatal gaseous exchange during the period of the 

drought treatment, the gas exchange parameters were tracked continuously over a 24-h period 

before, during and after the 7-week drought treatment, using a gas analyser. 

For C3 orchid C. rochussenii (Figure 5-3) under well-watered condition before drought 

(Day 0), A rose and peaked closely with the increased PPFD to the midday maximum, then 

decreased with the PPFD towards dusk, but remained in the positive range around 1.2 – 1.7 

µmol CO2 m2 s-1 until dawn, which indicated CO2 assimilation in the dark (Figure 5-3A). 

Corresponding Ci was in the positive range around 0.3 mmol CO2 mol-1 air from dawn 

onwards, but declined in the afternoon till dusk, reaching negative values, but after daylight 

ceased, the Ci rose back to within the same positive range reached earlier (Figure 5-3B). gs 

increased gradually from pre-dawn until close to midday where it started to decline sharply 

with the corresponding decreasing Ci but spiked upwards suddenly at around 2pm and 

continued to decline again towards dusk, thereafter increasing throughout the night till dawn 

(Figure 5-3C). The trend of the transpiration (E) was also similar to the gs (Figure 5-3D).  

 However, shortly after 2 days of drought (Day 2), the 24-h trend of A started to deviate 

from that before drought and became less responsive to changes in PPFD, with little drastic 

change in A, except for a little dip in value after dusk, but quickly returned to original levels of 

around 1 µmol CO2 m2 s-1 (Figure 5-3E). Nevertheless, values for A were generally in the 

positive range in the 24-h period and indicated a gain in CO2 assimilation. Corresponding Ci 

also responded in the same manner as Day 0, but the decline from midday to dusk was to a 

lower value (Figure 5-3F). This also corresponded with the decreasing gs from dawn to dusk, 

around 5pm, but gs increased again while there was still daylight from around 5pm till dark, 

back to levels close to original (~13 µmol H2O m-2 s-1), which indicate stomata closure with 

increasing PPFD in the afternoon (Figure 5-3G). Trend of E was similar to gs (Figure 5-3H). 
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 By the end of 1 week and 7 weeks of drought treatment, the 24-h trend of A (Figure 5-

3I and M, respectively) had fallen below 0 µmol CO2 m2 s-1, except for a slight peak towards 

midday with increasing PPFD, but quickly decreased again as the day progressed. The Ci was 

still in the positive range but closer to 0 mmol CO2 mol-1 air and followed the peak in A towards 

midday and then decreased close to 0 mmol CO2 mol-1 thereafter (Figure 5-3J and N). This 

also corresponded with the gs (Figure 5-3K and O) and the E (Figure 5-3L and P) remaining 

rather unchanged near 0, which suggested full stomatal closure for 24 hours. 

 The 24-h trends for A, Ci, gs and E for the C3 orchid C. mayeriana (Figure 5-4) at Day 

0 were similar to that of C. rochussenii, except for the sharp decline in Ci, gs and E (Figure 5-

4B, C, D, respectively) for C. mayeriana at around 3pm in the afternoon, which was more rapid 

than the decrease for the same parameters in C. rochussenii at around the same time. C. 

mayeriana showed CO2 assimilation in the dark at Day 0. The 24-h trends for A, gs and E after 

2 days of drought (Figure 5-4E, G, H, respectively) were similar to that of Day 0, except for 

the Ci which now decreased to negative values for most of the 24-h period (Figure 5-4F). After 

2 days of drought, A showed an increase with increasing PPFD during daylight in C. mayeriana 

(Figure 5-4E). By the end of 1 week of drought, A was less responsive to increasing PPFD 

towards midday, and remained mostly around 1.2 µmol CO2 m-2 s-1, but still indicated a gain 

in CO2 assimilation even after 1 week of drought (Figure 5-4I). But the corresponding Ci was 

also below 0 mmol m2 s-1 for most of the 24-h period, except between 12 – 6pm where it 

increased to positive values that corresponded with the higher PPFD during this time (Figure 

5-4J). The gs (Figure 5-4K) and E (Figure 5-4L) after 1 week of drought were now closer to 0 

and did not increase with increasing PPFD towards midday, as compared to Day 0, with 

stomatal closure towards 3pm corresponding to the maximal PPFD. After 7 weeks of drought 

treatment, A in C. mayeriana continued to remain in the positive range, around 1.7 µmol CO2 

m2 s-1 for most of the 24-h period (Figure 5-4M). The corresponding Ci (Figure 5-4N) started  
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to deviate from the trends previously shown, starting from a negative value and gradually 

increasing until midday, occurring at the same time with the increasing PPFD until maximum, 

with the corresponding gs (Figure 5-4O) and E (Figure 5-4P) decreasing at the same time, 

staying close to 0 until dark. 

 The 24-h trends for A, Ci, gs and E for the C3 orchid B. membranaceum (Figure 5-5A, 

B, C, D respectively) at Day 0 were different from that of C. rochussenii and C. mayeriana. 

The values of A were around 2.5 µmol CO2 m2 s-1 before dawn and decreased with increasing 

PPFD from 8 am to 12 pm, remaining close to 0 before increasing again after dusk (Figure 5-

5A). Corresponding Ci was near 0 mmol CO2 m2 s-1 for most of the 24-h except during daylight 

where it fluctuated drastically between -1.4 to 1.1 mmol CO2 m2 s-1 (Figure 5-5B). The 24-h 

trend in A coincided with the same trend in gs and E, increasing in the dark before reaching a 

maximum gs of around 10 µmol H2O m-2 s-1 (Figure 5-5C) and maximum E of around 0.35 

mmol H2O m-2 s-1 (Figure 5-5D) before dawn. Both gs and E then decreased to 0 by 1pm 

indicating stomatal closure and increased only from dusk onwards.  

 These trends for A, Ci, gs and E continued after 2 days (Figure 5-5E, F, G, H, 

respectively) and after 1 week (Figure 5-5I, J, K, L, respectively) of drought, but the A was 

closer to 0 µmol CO2 m2 s-1 after 1 week (Figure 5-5I), with corresponding Ci above 0 mmol 

CO2 mol-1 air (Figure 5-5J). The gs (Figure 5-5K) and E (Figure 5-5L) were lower after 1 week 

of drought compared to Day 0. After 7 weeks of drought, the A had decreased to value mostly 

below 0 µmol CO2 m2 s-1 (Figure 5-5M), with corresponding drastic fluctuations in Ci but 

mostly negative values (Figure 5-5N), while the gs (Figure 5-5O) and E (Figure 5-5P) were 

now close to 0, indicating stomatal closure for most of the 24-h period. These trends of A, Ci, 

gs and E for B. membranaceum resembled more like the CAM orchids described below. 
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 For CAM orchids B. vaginatum (Figure 5-6), D. leonis (Figure 5-7) and P. cornu-cervi 

(Figure 5-8), 24-h trends for A, Ci, gs and E were similar at Day 0 and after 2 days of drought. 

The A in a 24-h period would increase at night then decrease from dawn until midday and 

increase in the afternoon until dusk where it would decrease close to 0 µmol CO2 m-2 s-1 

(Figures 5-6, 5-7, 5-8; referring to box A and E, respectively for each of these 3 figures cited). 

Corresponding Ci would be close to 0 mmol CO2 mol-1 air for the night and increase with 

daylight to 6 mmol CO2 mol-1 air (Figures 5-6, 5-7, 5-8; referring to box B and F, respectively 

for each of these 3 figures cited), with the corresponding 24-h trends of gs (Figures 5-6, 5-7, 5-

8; referring to box C and G, respectively for each of these 3 figures cited) and E (Figures 5-6, 

5-7, 5-8; referring to box D and H, respectively for each of these 3 figures cited) similar to that 

in B. membranaceum, closing the stomata during daylight and opening in the night.  

 The trends for gs (Figures 5-6, 5-7, 5-8; referring to box K and O), respectively for each 

of these 3 figures cited) and E (Figures 5-6, 5-7, 5-8; referring to box L and P, respectively for 

each of these 3 figures cited) continue to be similar after 1 week and 7 weeks of drought, in 

the 3 CAM species. The A in B. vaginatum (Figure 5-6I) was in the positive range after 1 week 

of drought, but was less responsive to increase in PPFD. After 7 weeks of drought, the A had 

decreased to values close to 0 µmol CO2 m-2 s-1 throughout the 24-h (Figure 5-6M). The A in 

D. leonis after 1 week of drought (Figure 5-7I) continued to show a trend similar to after 2 days 

of drought, but decreased to values close to 0 µmol CO2 m-2 s-1 after 7 weeks of drought (Figure 

5-7M). As for P. cornu-cervi, A decreased to close to 0 µmol CO2 m-2 s-1 after 1 week of 

drought (Figure 5-8I) and remained around that value after 7 weeks of drought (Figure 5-8M). 

 The Ci in B. vaginatum after 1 week of drought was close to 0 mmol CO2 mol-1 air 

during the night, decreased with early dawn till midday and increased only in the afternoon 

towards dusk, when light was diminishing (Figure 5-6J). After 7 weeks of drought, the Ci was 

near 0 for the night and decreased to more negative values in daylight (Figure 5-6N). Whereas  
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for D. leonis, the Ci after 1 week of drought remained close to 0 mmol CO2 mol-1 air during 

daylight, but decreased in the night (Figure 5-7J), which could have resulted from the opening 

of the stomata and increasing CO2 assimilation at the same time in the dark. And for P. cornu-

cervi, the Ci after 1 week of drought remained close to 0 mmol CO2 mol-1 air, with only short 

periods of increase in early dawn and after dusk (Figure 5-8J). However, after 7 weeks of 

drought, the Ci in D. leonis remained close to 0 and increased only with daylight (Figure 5-

7N), which was also the same case in P. cornu-cervi (Figure 5-8N). The LICOR system used 

to measure 24 h diurnal changes were usually matched before the start of 24 h measurements. 

However, sources of error (i.e. negative values of gs and E) are due matching problems between 

the sample and reference water IRGAs. Moreover, the reference is also unstable at certain times 

of the day, since it was measured under an open system. However, the fluctuations were small 

(within 0.1 mmol H20 m-2 s-1) with values close to 0. 

 

5.4.3 Proline concentration 

Under well-watered conditions for moderate light (Figure 5-9A, ML) and low light 

(Figure 5-9B, LL), no significant differences were found between weeks 1, 7 and 21 in the leaf 

proline concentration in each species. Under DRML and DRLL, proline concentration 

increased in the leaves of B. membranaceum, B. vaginatum, D. leonis, and P. cornu-cervi after 

7 weeks of drought (Figure 5-9C and D). However, there were no significant differences in 

leaf proline concentrations of C. rochussenii and C. mayeriana after 7 weeks of drought, and 

even after 14 weeks of re-watering. The leaf proline concentrations decreased after 14 weeks 

of re-watering in B. membranaceum under ML and LL, and in B. vaginatum and P. cornu-cervi 

under LL. After re-watering, proline concentrations were higher than after 1 week of drought 

in B. vaginatum, D. leonis and P. cornu-cervi under ML (Figure 5-9C), and in B. 

membranaceum, B. vaginatum, D. leonis and P. cornu-cervi under LL (Figure 5-9D). 
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Figure 5-9 Proline concentration in leaves after 1, 7, and 21 weeks of WWML (A) and 

WWLL (B), and after 1 and 7 weeks of drought, and after 14 weeks of re-
watering, under ML (C) and LL (D). Cr: C. rochussenii, Cm: C. mayeriana, 
Bm: B. membranaceum, Bv: B. vaginatum, Dl: D. leonis, Pc: P. cornu-cervi. 
Vertical bars represent the standard errors. Means with different letters are 
statistically different within each species (p < 0.05; n ≥ 3) as determined by 
Tukey’s multiple comparison test. 

 

5.4.4 Soluble and insoluble sugar concentrations 

After 7 weeks, leaf soluble sugar in C. rochussenii, C. mayeriana, B. membranaceum 

and P. cornu-cervi under DRML were significantly lower than those under WWML, while no 

significant differences were found between DRML and WWML in B. vaginatum and D. leonis 

(Figure 5-10A). Leaf soluble sugar were significantly higher in all species, except B. 

vaginatum, under DRLL than WWLL (Figure 5-10B). Leaf insoluble sugar in all species under 

DRML were significantly lower than those under WWML (Figure 5-10C), while C. mayeriana 

and B. membranaceum were significantly higher in DRLL than WWLL, and for P. cornu-

cervi, significantly lower in DRLL than WWLL, whereas no significant difference was found 

in C. rochussenii, B. vaginatum, and D. leonis between WWLL and DRLL (Figure 5-10D). 
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Figure 5-10 Leaf soluble (A, B) and insoluble (C, D) sugar concentration after 7 weeks of 

WWML, DRML, WWLL and DRLL. Cr: C. rochussenii, Cm: C. mayeriana, 
Bm: B. membranaceum, Bv: B. vaginatum, Dl: D. leonis, Pc: P. cornu-cervi. 
Vertical bars represent the standard errors. Asterisks represent significant 
difference between WWML and DRML, or between WWLL and DRLL (* = p 
less than 0.05, ** = p less than 0.01, n.d. = no significant difference, n ≥ 3) as 
determined by ANOVA. 

 
Pseudobulb soluble sugar in C. rochussenii and C. mayeriana were significantly lower 

after 7 weeks of DRML compared to WWML, while no significant difference was observed in 

B. membranaceum and B. vaginatum (Figure 5-11A). But pseudobulb soluble sugar was 

significantly higher in C. rochussenii under DRLL compared to that under WWLL, while the 

other three species had no significant difference (Figure 5-11B). Pseudobulb insoluble sugar 

in all species were significantly lower in DRML than in WWML (Figure 5-11C), while 

pseudobulb insoluble sugar was significantly lower in C. rochussenii, C. mayeriana and B. 

vaginatum under DRLL compared to WWLL, but significantly higher in B. membranaceum 

under DRLL compared to WWLL (Figure 5-11D). 
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Figure 5-11 Pseudobulb soluble (A, B) and insoluble (C, D) sugar concentration after 7 

weeks of WWML, DRML, WWLL and DRLL. Cr: C. rochussenii, Cm: C. 
mayeriana, Bm: B. membranaceum, Bv: B. vaginatum. Vertical bars represent 
the standard errors. Asterisks represent significant difference between WWML 
and DRML, or between WWLL and DRLL (* = p less than 0.05, ** = p less 
than 0.01, n.d. = no significant difference, n ≥ 3) as determined by ANOVA. 

 
5.4.5 Morphological traits 

 Four species – C. rochussenii, C. mayeriana, B. membranaceum and B. vaginatum 

(Plate 5-1A, B, C, D), have pseudobulbs while the remaining two do not, but have fleshier 

leaves instead (Plate 5-1E and F). Within these four species with pseudobulbs, size of 

pseudobulb also differs, with C. rochussenii having the largest (Plate 5-1A), followed by C. 

mayeriana (Plate 5-1B), B. vaginatum (Plate 5-1C) and lastly, the smallest being that of B. 

membranaceum (Plate 5-1D). Shape of the pseudobulb differs between these four species. The 

C3 orchid C. rochussenii has large, tetragonal pseudobulbs, thin, cuneate leaves and thin roots 

(Plate 5-1A), while C3 orchid C. mayeriana has smaller pseudobulbs than C. rochussenii, 

which are ovoid in shape, with thin, linear leaves, and thin roots (Plate 5-1B). The C3 orchid 

B. membranaceum has smallest pseudobulbs, spherical in shape, with thin, obtuse leaves and 

very fine roots (Plate 5-1C), while CAM orchid B. vaginatum has ovoid pseudobulbs, thick, 
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linear leaves with heart-shaped tip, thin roots (Plate 5-1D). The CAM orchid D. leonis has no 

pseudobulbs and is monopodial, with small but very thick leaves and very fine roots (Plate 5-

1E), while CAM orchid Phalaenopsis cornu-cervi has no pseudobulbs, but thick, fleshy leaves, 

with linear, long and thick cylindrical roots (Plate 5-1F). Roots of C. rochussenii (Plate 5-2E) 

and P. cornu-cervi (Plate 5-3B to Plate 5-3C) had reduced thickness after 7 weeks of DRML. 

Cross-section of P. cornu-cervi root (Plate 5-3A) showed presence of a thick velamen radicum, 

and cortical cells that are able to hold water. 

 

Plate 5-1 Specimens of the six species studied with organs labelled: (A) C. rochussenii 
(B) C. mayeriana (C) B. membranaceum (D) B. vaginatum (E) D. leonis (F) P. 
cornu-cervi. White bar at the bottom-left corner of each specimen image 
represents 5cm. 
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Plate 5-3 (A) Cross-section of P. cornu-cervi root showing VR: velamen radicum,  

E: exodermis, C: cortex, and V: vascular bundle. Roots of P. cornu-cervi (one 
of the roots indicated by a white arrow) before drought (B) and after 7 weeks of 
drought (C). 

 

5.4.6 Stomatal density in newly expanded leaf among different species 

Stomatal density was higher in younger fully expanded leaves of B. membranaceum, 

B. vaginatum and D. leonis after 7 weeks of DRML, compared to WWML. No significant 

differences were found in C. rochussenii, C. mayeriana and P. cornu-cervi. Whereas after 7 

weeks of DRLL, stomatal density was higher in younger fully expanded leaves of B. 

vaginatum, D. leonis and P. cornu-cervi, compared to WWLL. 
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Figure 5-12 Stomatal density in newly expanded leaf after 7 weeks of WWML and DRML 

(A), WWLL and DRLL (B). Cr: C. rochussenii, Cm: C. mayeriana, Bm: B. 
membranaceum, Bv: B. vaginatum, Dl: D. leonis, Pc: P. cornu-cervi. Vertical 
bars represent the standard errors. Asterisks represent significant difference 
between WWML and DRML, or between WWLL and DRLL (* = p less than 
0.05, ** = p less than 0.01, n.d. = no significant difference, n ≥ 3) as determined 
by ANOVA. 

 

5.5 Discussion 

5.5.1 Epiphytism, CAM plasticity and CAM expression in C3 and CAM orchids 

After 7 weeks of DRML, RWC in leaves decreased to 55 – 63% in C3 orchids and 27 

– 50% in CAM orchids, while under DRLL, RWC in leaves decreased to 58 – 77% (see Section 

4.4.2). At the same time, a significant increase in CAM occurred after 7 weeks of DRML 

(Figure 5-1C) and DRLL (Figure 5-1D) in most of the six epiphytic species. Therefore, the 

increased CAM appears to be a significant response to drought in both the C3 and CAM 

orchids, and could possibly be involved in maintaining efficient photosynthesis despite drought 

treatment, as discussed in Section 4.5.1. With the expression of CAM in predominantly C3 

species under drought, it is likely that the plasticity in CAM expression exists in all six native 

orchids studied, regardless of their predominance of either C3 or CAM (Borland et al., 2011). 

This view of plasticity in CAM expression is also supported in other studies. For example, 

induced CAM expression in response to environmental stress has been shown in seedlings and 
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mature plants of leaf succulent Clusia pratensis, where the shift from C3-type to CAM-type 

CO2 exchange occurred under drought stress (Winter et al., 2008). In the model C3-CAM 

species Mesembryanthemum crystallinum (ice plant), the transition from vegetative to 

reproductive growth form is in tandem with a largely irreversible transition from C3 to CAM 

(Adams et al., 1998; Bohnert & Cushman, 2000) that coincides with the decreasing seasonal 

moisture availability in Mediterranean-type climates (Winter et al., 1982). Many other CAM 

families, such as Clusiaceae and Piperaceae, show more rapid and reversible shifts between 

C3 and CAM in response to changes in water deficit, regardless of ontogeny (Lüttge, 1996; 

Ting et al., 1996). For P. cornu-cervi in this study, CAM is more constitutive, independent of 

drought treatment and remaining at around 0.3 mmol H+ g-1 DW after 7 weeks of WWML 

(Figure 5-1A), DRML (Figure 5-1C) and DRLL (Figure 5-1D), yet still able to have lower 

values (around 0.1 mmol H+ g-1 DW) under WWLL compared to WWML (Figure 5-1B). 

Interestingly, for the C3 orchid B. membranaceum, TA values were lower compared to 

the other species after 7 weeks of DRML, which suggest a lower CAM activity (Figure 5-1C), 

but TA mean value was higher after 7 weeks of DRLL compared to DRML, even after re-

watering (Figure 5-1D). This could have been a case of ‘CAM-idling’ in B. membranaceum, 

as a result of the high water deficit caused by DRML conditions, and is further supported by 

stomatal closure throughout the 24-h and reduced A, Ci and E, as shown in Figure 5-5M, N, F, 

respectively. In ‘CAM-idling’, diurnal fluctuations in organic acids are small and sustained, 

with all of respiratory CO2 internally recycled and fixed into malate (Liu et al., 2018). ‘CAM-

idling’ plays an important role in the prevention of photoinhibition by maintaining photosystem 

stability (Osmond, 1982; Adams & Osmond, 1988; Lüttge, 2004; Kerbauy et al., 2012; Pikart 

et al., 2018), and it is also likely in this case when under stress from DRML conditions. 

Whereas under DRLL, TA increased in B. membranaceum, which suggests that B. 

membranaceum could be more of ‘facultative’ CAM or C3-CAM intermediate species, and 
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drought stress alone could upregulate the CAM activity. In addition, under DRML or DRLL, 

the pseudobulbs of B. membranaceum could also express CAM and sequester CO2 as malate 

(Figure 5-2C and D), possibly to further support carbon demands of the leaves during ‘CAM-

idling’ when stomata is closed throughout day and night. This is also the suggested case for 

drought treated C3 orchid Oncidium ‘Aloha’, where CAM is exhibited in pseudobulbs under 

drought stress, which possibly act as storage of malate in the night, to be used for carbon 

fixation during the day (Rodrigues et al., 2013). Furthermore, it has also been suggested that 

respiratory CO2 generated by the underlying parenchyma in pseudobulbs could be recycled 

through CAM (Ng & Hew, 2000), and regenerative photosynthesis occurs in pseudobulbs of 

Oncidium Goldiana with the presence of enzymes for carbon fixation and CAM activity (Hew 

et al., 1998). 

 

5.5.2 Water deficit, CAM and regulation at stomatal level 

One key aspect in CAM expressing plants is their stomatal regulation to reduce water 

deficit (Lüttge, 1987; Adams & Osmond, 1988), which enable the tight balancing of two 

competing requirements of water economy and carbon fixation (Lüttge, 1987; Cushman, 2001; 

Cushman & Borland, 2002). With CAM, plants are able to overcome limited CO2 intake in the 

day as gs decreases to reduce water loss. Therefore, CAM plays a pivotal role in the modulation 

of gas exchange and nocturnal acidification in response to prevailing environmental conditions 

or stress (Brulfert & Queiroz, 1982; Griffiths, 1988; Winter et al., 2008). This increased 

intensity of nocturnal carboxylation was found in the epiphytic CAM fern under drought stress 

(Goh & Kluge, 1989; Minardi et al., 2014) and underlines the importance of CO2 recycling by 

CAM under drought (Winter, 1985; Lüttge, 1987; Griffiths, 1988). A 15-day drought was also 

able to induce decreased photosynthesis, gs and transpiration in CAM orchid Doritaenopsis, 

which could be reversed by re-watering (Cui et al., 2004). Water deficit was also able to cause 
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a shift from C3-type photosynthesis to CAM in Clusia pratensis and stimulate up-regulation in 

nocturnal carboxylation in Kalanchoe and Opuntia, which could then be reversed with re-

watering (Winter et al., 2008). Inducible weak CAM had also been reported in leaves of 

Talinum triangulare (Herrera et al., 1991), where plants grown under the sun and in a shade 

with daily irrigation showed characteristic C3-type fluctuations in CO2 exchange, which then 

shifted gradually towards characteristics of CAM with increasing period of drought of up to 

30 days, reaching the stage of ‘CAM-idling’ with almost all internally-derived CO2 recycled 

for carbon fixation. Re-watering then reverted the pattern of CO2 exchange to that of a C3 plant. 

It is observed in this study that C. rochusenii (Figure 5-3) and C. mayeriana (Figure 5-4) also 

show a shift from C3-type gaseous exchange and gs to that of CAM cycling by day 2 (for C. 

rochusenii) and week 1 (for C. mayeriana) of drought. And in the case of C. rochusenii, the 

gaseous exchange and gs by the end of week 1 had further transitioned to that resembling 

‘CAM-idling’, a phase described in several reviews (Winter & Smith, 1996; Cushman, 2001; 

Silvera et al., 2010a; Borland et al., 2011; Kerbauy et al., 2012). Interestingly, for B. 

membranaceum (Figure 5-5), previously thought to be predominantly C3 due to its thin leaves 

(Arditti, 1980; Hew & Yong, 2004), now showed that the A increased up to a maximum at 

dawn, at day 0, with corresponding maximum gs at the same time. This suggests that the 

gaseous exchange and gs resembled more of ‘facultative’ CAM, even with sufficient watering 

at day 0 and after 2 days of drought. However, transition to characteristics of CAM cycling 

and thereafter CAM-idling occurred after 7 weeks of drought, with gs reaching near 0 µmol 

H2O m-2 s-1 by the end of week 7 and corresponding Ci fluctuating drastically near 0 mmol CO2 

mol-1 air, suggesting that whatever CO2 produced internally was recycled for carboxylation. 

The combined stress from water deficit after 7 weeks and the moderate light could have 

induced this closure of stomata throughout the day and night, resulting in CAM-idling. 
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As for B. vaginatum (Figure 5-6), D. leonis (Figure 5-7) and P. cornu-cervi (Figure 5-

8), gaseous exchange and gs at the start of drought treatment (Day 0) was that of constitutive 

CAM plants. However, by end of week 1 of drought, 24-h trend of gs in B. vaginatum remained 

similar to that before drought treatment, but Ci had an unusual, sustained peak from midday to 

nearing dusk as light diminished, correlating to stomatal closure in the same period, suggesting 

a build-up of internally-produced CO2 in the intracellular space. Despite being under drought 

treatment, A remained at same level throughout day and night, also at levels close to maximum 

before drought treatment. This suggested that 1 week of drought treatment did not impair 

photosynthetic CO2 uptake in this species. But after 7 weeks of drought treatment, Ci decreased 

sharply to -17.5 mmol CO2 m2 s-1 at around 4pm towards dusk, and at the same time, gs was 

not as low as compared to after the first week of drought, which suggested that between 4pm 

to dusk, the decrease in gs starting from dawn had slowed down at around 4pm and reversed 

after dusk to allow influx of CO2 into the intercellular air space, possibly for more nocturnal 

carboxylation. This could have been a response to the severity of the drought (leaf RWC 29% 

for B. vaginatum, Figure 4-10), where the extent of stomatal closure to reduce water deficit, 

starting from dawn, also limited carbon fixation and there was therefore a need to compensate 

for this inadequacy, in order to survive. This is also supported by the argument that CAM is 

adaptive because it allows CO2 fixation during the part of the day with lower evaporative 

demand (Herrera, 2009). Whereas for D. leonis, even as the trend of the gs fluctuation remained 

similar before and after one week of drought, the overall values of gs were generally decreasing 

throughout the week, suggesting that the increasing period of drought resulted in an increasing 

period of stomatal closure. Interestingly, after 7 weeks of drought (leaf RWC 39% for D. leonis, 

Figure 4-10), the gs fluctuated more drastically, with the maximum higher than before drought 

treatment. Correlating this with the Ci and A, there was also build-up of internal CO2 

corresponding to the period of high PPFD, due to the closure of the stomata, while net 
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photosynthetic CO2 uptake remained close to 0 µmol m2 s-1. This suggested that after 7 weeks 

of drought treatment, CAM could have been further up-regulated in order to sustain carbon 

fixation at a minimal level for survival. For P. cornu-cervi, the gs fluctuation throughout the 

24 hours was similar before and after 1 week of drought treatment, and like D. leonis, CAM 

was up-regulated after 7 weeks of drought, possibly as a response for survival. In contrast to 

D. leonis, net photosynthetic CO2 uptake in P. cornu-cervi had already decreased to close to 0 

µmol m2 s-1 by the end of week 1 and remained that way up to 7 weeks of drought (leaf RWC 

50% for P. cornu-cervi, Figure 4-10). The up-regulation of CAM in D. leonis and P. cornu-

cervi are similar to the case in Kalanchoe and Opuntia, as reported by Winter et al. (2008). 

The water deficit that triggers CAM often occurs in association with other 

environmental changes, such as stress from high light and extreme temperature fluctuations, 

which tend to increase CAM induction due to increased severity of the drought. CAM is 

regulated by the severity of water limitation and also these associated environmental factors 

(Cushman & Borland, 2002; Winter et al., 2008; Rodrigues et al., 2013; Zhang et al., 2014; 

Yang et al., 2016). As an extension of this understanding, all the six species in this study 

possess varying degrees of CAM expression along a continuum (Zotz, 2002; Silvera et al., 

2010a) with species-specific responses fine-tuned to environmental changes for survival 

(Cushman & Borland, 2002), and, as Dodd et al. (2002) argue, provides flexibility to 

photosynthetic adaptation to stress. It is strongly plausible that the water deficit combined with 

moderate light resulted in increased CAM in these six species, which is a significant 

mechanism of tolerance and adaptation to drought stress. Therefore, since CAM enables 

stomatal closure in the day to reduce water deficit, it could be argued that the stomatal 

regulation could very well be the central pivot of this adaptive mechanism. This is further 

supported by the consensus that stomatal aperture is regulated by guard cell movements that is 

sensitive to light, internal CO2 concentrations and humidity (Assmann & Zeiger, 1985; 
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Assmann, 1993; Shimazaki et al., 2007; Lawson, 2009). In addition, stomatal opening is also 

regulated by osmotic potentials through osmolytes in guard cells, and is therefore also 

indirectly affected by water deficit and the consequent inadequate turgor pressure in the guard 

cell to keep it open (Outlaw, 1996; Shimazaki et al., 2007; Lawson, 2009; Osakabe et al., 2014). 

Furthermore, gs and photosynthetic efficiency of the guard cell are also closely linked to 

mesophyll photosynthesis (Wong et al., 1979; Lawson et al., 2002), which suggests further 

diversity in the pathways through which CAM regulates the opening and closing of the 

stomata, that is worth further investigation in future. 

Nocturnal CO2 fixation is also important for biomass production, as discussed in detail 

by Herrera (2009). A small respiration rate or no nocturnal CO2 loss is found in facultative and 

CAM-cycling species, and this is particularly essential under stressful conditions, where it can 

ameliorate damage to plant metabolism and contribute to growth. For example, in Sedum 

telephium subjected to water deficit and high irradiance, the enhancement of CAM-cycling 

reduced water deficit and contributed to continued growth (Borland, 1996). Herrera (2009) 

argues that CAM affords greater water use efficiency (WUE) and leaf succulence, thereby 

delaying dehydration and increasing survivability in drought. However, in these six species, 

except for C. rochussenii, after 7 weeks of DRML, the A had decreased to close to 0 µmol CO2 

m-2 s-1, which suggests that there was little or no gain in CO2 assimilation. This further implies 

that growth in these 5 species would have been greatly affected by the severe drought after 7 

weeks, with little gain in biomass. The orchids at this stage would just be fighting to survive 

the drought, and tolerate the dehydration that can only be reversed by re-watering, by natural 

means or otherwise. 

 In several studies as discussed by Cushman and Borland (2002), there is no clear 

correlation between the magnitude of CAM induction and the resulting daily WUE, and it is 

also not conclusive for all facultative CAM species. In addition, as compared to the entire 
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carbon fixation in the plant, CAM makes only a relatively small contribution (Zotz, 2002), and 

there is marginal impact of CAM on the growth of facultative plants as compared to obligate 

CAM plants. Nevertheless, considering CAM to be a continuum rather than discrete types, the 

significance of CAM on water and carbon economy and the advantage over C3 photosynthesis 

alone in this aspect arguably becomes more apparent (Zotz, 2002). 

 

5.5.3 Osmoregulation with proline and sugar 

Osmotic adjustment has been and is now well established as a major regulator of turgor 

and gs (Blum, 2017) and through the use of osmolytes to carry out osmoregulation within the 

plant, osmotic adjustment becomes a significant adaptive mechanism to cope with drought and 

maintain osmotic potentials and retain high water content within the cells, especially the 

mesophyll layer.  

One of the osmolytes accumulated in plants is proline, which is also commonly 

accumulated as a physiological response to abiotic stresses (Kaur & Asthir, 2015) and an 

adaptation to adverse environmental conditions, which includes osmoregulation in drought 

tolerance (Delauney & Verma, 1993; Yang et al., 2015), so as to maintain high cellular water 

potential (Hayat et al., 2012). It has also been shown that severe water stress induces up to 100-

fold accumulation in free-proline (Barnett & Naylor, 1966). In this study, after 7 weeks of 

DRML, the higher levels of proline concentration in the three CAM orchids (Figure 5-11C) 

suggested that drought results in increased free-proline accumulation in the CAM orchids more 

than in the C3 orchids, with the exception of B. membranaceum. In B. membranaceum, proline 

concentration is the highest out of the six species, possibly due to its smallest pseudobulb size 

being unable to store much water and supplying it to the leaves (pseudobulb RWC 27%, leaf 

RWC 56%; Figure 4-10). Therefore, B. membranaceum could rely on osmoregulation by 

proline as an adaptive mechanism to drought (Kaur & Asthir, 2015; Blum, 2017). The free-
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proline concentration did not decrease significantly in B. membranaceum, B. vaginatum, D. 

leonis and P. cornu-cervi under ML, and D. leonis under LL, even after 14 weeks of re-

watering (Figure 5-9C and D) and the proline concentration after 14 weeks of re-watering was 

still higher than after 1 week drought in B. vaginatum, D. leonis and P. cornu-cervi under 

DRML and DRLL, and in B. membranaceum under DRLL,, suggesting that free-proline 

accumulation in leaves could either exist as a mechanism of drought hardening – a long-term 

strategy against future drought occurrences (Yang et al., 2015). Otherwise, proline 

concentration remained at this level because this would continue as long as the orchid is 

recovering from abiotic stress, as supported by a study showing proline as a drought stress 

indicator (Ings et al., 2013). 

In the case of C3 C. rochussenii and C. mayeriana, the leaf proline concentration did not 

show significant changes after 7 weeks of DRML or DRLL (Figure 5-9A and B) despite leaf 

RWC decreasing to 55 – 78% under DRML and DRLL (see section 4.4.2), which suggests the 

significance of pseudobulbs supplying water to the leaves to main turgor pressure in these two 

species that is further discussed below in section 5.5.4. The pseudobulbs of these two species 

may play a greater role compared to the use of proline as an osmolyte to maintain leaf turgor 

pressure (Kaur and Asthir, 2015; Blum, 2017). This study showed that proline concentration 

did increase in the CAM orchids, corresponding with the decrease in leaf RWC (see section 

4.4.2), Fv/Fm and ETR (see section 4.4.1) after 7 weeks of DRML. Leaf proline concentration 

increases with decreasing leaf water potentials because proline functions as an osmolyte to 

maintain leaf water potential (Hayat et al., 2012). This prevents associated water deficit stress 

such as decreased photosynthesis (Zotz & Tyree, 1996; Chaves et al., 2009), limited 

photosynthetic rate due to stomatal closure, and consequentially a smaller pool of reductants 

for electrons, thereby damaging photosystem due to the excess energy transduced (Lawlor & 

Tezara, 2009). 
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 The other osmolyte that plays a significant role in osmoregulation is sugar. Under 

drought, the maintenance of leaf turgor can be achieved by osmotic adjustment in response to 

the accumulation of sucrose and soluble carbohydrates, and the process of accumulation is 

highly dependent on the rate of plant water stress (Anjum et al., 2011; Turner, 2017). Water 

deficit is often accompanied by changes in carbon metabolism in the different organs, and 

sugars are likely to be key integrators of cellular responses at the whole plant level to internal 

and environmental alterations (Pinheiro et al., 2001), where they act as substrates and 

modulators of enzyme activity in carbon-related pathways and via the control of expression of 

different genes related to carbon metabolism (Koch, 1996; Taybi et al., 2017). 

 It has been reported that in Lupinus albus, Helianthus annuus, Vitis vinifera 

and Eucalyptus globules, the gradual water‐stressed leaves in all four species maintained high 

levels of leaf soluble sugars, despite having lower rates of field photosynthesis and low 

amounts of leaf starch (Quick et al., 1992). And in a study done on the epiphytic CAM orchid 

(Cattleya forbesii x Laelia tenebrosa) by Stancato et al. (2001), it was observed that reserve 

sugars were mobilised in the pseudobulbs and transported to leaves, as a result of the metabolic 

demands brought on by drought, so as to maintain adequate sugar levels for leaf growth. He et 

al. (2011) also reported that the constant level of leaf soluble sugar could be maintained through 

the mobilisation of soluble and insoluble sugars from pseudobulbs in CAM orchid Cattleya 

laeliocattleya Aloha Case, possibly for osmoregulation in the leaf during drought. Therefore, 

sugar as an osmolyte contributes significantly to osmoregulation and drought tolerance 

(Morgan, 1984), through the maintenance of turgor (Hare et al., 1998), especially in the leaves. 

However, it has been reported that sucrose synthesis diminishes in drought stressed plants with 

decreasing net photosynthetic CO2 uptake and RWC (Lawlor & Cornic, 2002). Therefore, 

compared to other osmolytes, the use of metabolites such as sugar for osmoregulation may 

come at an energetic cost, but Blum (2017) argues that such ‘cost’ should take into 
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consideration the dynamics of osmotic adjustment and growth and the final balanced 

contribution of osmotic adjustment to growth and yield under drought stress as compared to 

without the adjustment. 

 In this study, after 7 weeks of DRML, leaf and pseudobulb soluble sugar (Figures 5-

10A, and 5-11A) and insoluble sugar (Figures 5-10C and 5-11C) were significantly lower than 

WWML in all species, except for the leaf soluble sugar in B. vaginatum and D. leonis, and the 

pseudobulb soluble sugar in B. membranaceum and B. vaginatum. This indicated that the 

DRML condition resulted in overall significant decrease in carbohydrate synthesis in all 

species and also stimulated the conversion of insoluble sugar to soluble sugar generally in the 

leaf and pseudobulb, and in the case of B. membranaceum and B. vaginatum, the build-up of 

soluble sugar from the breakdown of insoluble sugar in the pseudobulb could have been 

transported to the leaf. This is supported by evidence from other studies that pseudobulbs act 

as organs for storage of carbohydrates (Khee Yew Ng, 1996; Ng & Hew, 2000; Aschan & 

Pfanz, 2003; He et al., 2011b; He et al., 2013a) that could be mobilised to the leaf. However, 

the combined stress from water deficit and moderate light resulted in the decreased sugar levels 

in all species to very low levels after 7 weeks, and it is unlikely that they could have helped 

much with osmoregulation to maintain turgor pressure in the tissues of the leaf and pseudobulb 

to provide tolerance to the water deficit. Instead, a substantial proportion of the photosynthate, 

either stored or freshly-made, could have been diverted to the repair of photodamaged PS II to 

maintain Fv/Fm at some steady-state level below the optimal 0.8 (Figure 4-2), since there is an 

energy cost to photoinhibition (Raven 2011; Miyata et al., 2012) 

 On the contrary, the leaf soluble and insoluble sugar after 7 weeks of DRLL (Figures 

5-10B and 5-10D) had either increase significantly or had no difference compared to before 

the drought treatment, which would suggest that the drought alone without stress from 

moderate light did not result in a significant reduction in carbohydrates synthesised in the leaf, 
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but more soluble sugar was accumulated, likely for osmotic adjustment, as a tolerance 

mechanism to water deficit through maintaining leaf turgor pressure. However, for B. 

vaginatum, the level of leaf soluble sugar were lowest among the six species, which could 

suggest that sugar did not perform a significant role in osmotic adjustment in leaves of this 

species in response to drought. Pseudobulb soluble sugar after 7 weeks of DRLL (Figure 5-

11B) increased or had no significant difference compared to WWLL, while insoluble sugar 

(Figure 5-11D) decreased significantly in C. rochusenii, C. mayeriana and B. vaginatum. This 

suggested that drought alone, without moderate light stress, could have stimulated more 

conversion of insoluble sugar to soluble sugar in the pseudobulb which is supplied to leaves. 

Interestingly, pseudobulb insoluble sugar increased significantly in B. membranaceum after 7 

weeks of DRLL, which could suggest that under drought without moderate light stress, build-

up of insoluble sugar would have less of an effect on osmotic potential in cells of the 

pseudobulb and perhaps have a higher water potential that would ensure that water would be 

directed to the leaves instead, to maintain turgor pressure. Therefore, sugar as an osmolyte, 

plays a very important role in the osmotic adjustment in B. membranaceum. Nevertheless, the 

results show that there are no significant differences in the extent of using sugar as an osmolyte 

between C3 and CAM. Rather, use of sugar for osmoregulation is species dependent, and the 

presence of multiple organs that act as sources or sinks for carbohydrates further complicate 

the osmoregulation mechanism, which suggests that further investigations be more directed 

towards studying source-sink relationships in understanding osmoregulation by sugars in 

orchids. Furthermore, such investigations should focus more on effects of drought alone, less 

other stressors. Therefore, general consensus still holds that under moderate drought stress, 

soluble sugars show an increase (Chaves, 1991; Quick et al., 1992; Pereira & Chaves, 1993; 

Chaves et al., 2002; Lawlor & Cornic, 2002; Ings et al., 2013) and only under very severe 

dehydration, soluble sugars may decrease (Pinheiro et al., 2001). Yet, metabolic disruptions as 
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a result of abiotic stress will limit growth regardless of turgor status. Any osmolyte 

accumulation must be considered in context of a cost-benefit relationship between osmotic and 

metabolic requirements for growth under adverse conditions (Hare et al., 1998; Blum, 2017). 

 

5.5.4 Morphological traits and water conservation 

 From the results and discussion in Chapter 4 and in the sections above, it is now well 

understood that water availability plays an important role in the growth of tropical orchids. 

Being epiphytic, growth of these orchids is limited by the water availability and survival hinges 

upon morphological and physiological adaptations to frequent water shortage in an arid natural 

environment (Lüttge, 1987; Benzing, 1989; Zotz & Tyree, 1996; Winter et al., 2015). 

Therefore, orchids are equipped with storage organs, such as pesudobulbs, fleshy leaves, fleshy 

roots and pseudocorms that store water as an adaptation to the water deficit (Stern & Morris, 

1992; Pan et al., 1997; Ng & Hew, 2000; Kumar, 2009; Zhang et al., 2018a). 

In this study, four of the species such as C. rochussenii, C. mayeriana, B. 

membranaceum and B. vaginatum have pseudobulbs (Plate 5-1A, B, C, D), while the remaining 

two have the lack of it, and have fleshier leaves instead (Plate 5-1E and F). Within these four 

species with pseudobulbs, the size of the pseudobulb also varies, with C. rochussenii having 

the largest, followed by C. mayeriana, B. vaginatum and lastly, the smallest being that of B. 

membranaceum. Drought stress has been shown to reduce leaf and pseudobulb water content 

and RWC in CAM orchid Cattleya laeliocattleya Aloha Case (He et al., 2013a) and epiphytic 

CAM orchid Cattleya forbesii × Laelia tenebrosa (Stancato et al., 2001). It was also found that 

the decrease in water content of drought-stressed plants was greater in pseudobulbs than in 

leaves. Furthermore, CAM C. laeliocattleya Aloha Case were able to maintain leaf RWC above 

70% despite the drought stress, possibly with the help of pseudobulbs. Pseudobulb with water-

storage cells were also reported in the orchid Stanhopea (Stern & Morris, 1992). The results in 
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this study also demonstrated how the pseudobulb RWC in C. rochussenii, C. mayeriana, B. 

membranaceum and B. vaginatum were of lower values than their respective leaf RWC, which 

were, in general, maintained above 50%, except for B. vaginatum after 7 weeks of DRML (see 

the results of the RWC in Section 4.3.8). However, there were no distinct patterns in the change 

of sugar in C. laeliocattleya Aloha Case, during drought stress (He et al., 2013a), but this is 

different from the results in this study, which showed significant changes in sugar in most of 

the six species after 7 weeks of drought (see Section 5.4.4). Nevertheless, pseudobulbs play an 

important role in slowing the reduction in the leaf water content and delaying excessive water 

loss in times of drought, be it with or without osmotic adjustment through sugar as osmolyte. 

This is also supported by the lower leaf RWC in the two species without pseudobulbs as 

compared to the four species with pseudobulbs. 

 In a supplementary study carried out in collaboration with Mr Lee Joon Kiat (Lee, 

2018), it was found that pseudobulb FW of C. rochussenii was approximately 2 folds higher 

than C. mayeriana while pseudobulb FW to leaf area ratio was 1.8 times higher in C. 

rochussenii than C. mayeriana (Table 5-1), which were two species of the same genus. This 

indicated a greater amount of water stored in the pseudobulb, despite the absence of significant 

differences in pseudobulb diameter, leaf area and SLA between the two species. Therefore, it  

Table 5-1 A comparison between morphologies of C. rochussenii and C. mayeriana, in 
terms of average pseudobulb diameter and FW, leaf area, specific leaf area, 
stomatal density, and the ratio of pseudobulb FW to leaf area. All results were 
obtained from full size pseudobulbs and fully expanded leaves of well-watered 
plants grown in the greenhouse conditions. Each reading was a mean of 3 
different leaves or pseudobulbs of similar age. Asterisk denotes statistical 
difference between species (p < 0.05) as determined by one-way ANOVA. 
Modified from Lee (2018). 

Species Pseudobulb 
diameter (cm) Pseudobulb FW (g) Leaf Area 

(cm2) 
SLA  
(cm2 g-1 DW) 

C. rochussenii 22.4 ± 1.4 33.2 ± 5.7* 75.3 ± 9.1 148 ± 23 

C. mayeriana 19.7 ± 1.3 16.5 ± 1.4 65.1 ± 9.2 164 ± 18 
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was not so much as the size of the pseudobulb, but the water content within the pseudobulb 

that could have made significant contributions to a higher drought tolerance. 

Besides pseudobulbs, orchids may also rely on a specialised root epidermal layer on 

their aerial roots known as the velamen to reduce water loss through the roots and, in reverse, 

rapidly absorb moisture and nutrients from the surrounding humid atmosphere (Zhang et al., 

2018a). As shown in Plates 5-2E, 5-3B and 5-3C, we see that roots of the C. rochussenii and 

P. cornu-cervi reduce thickness with increasing period of drought. The cross section of the P. 

cornu-cervi root (Plate 5-3A) shows the presence of a thick velamen radicum, which may play 

an important role in reducing water loss through effective water retention, as proposed by (Zotz 

& Winkler, 2013). The velamen radicum has been reported to be effective in reducing water 

loss by retaining water for more than 1 h within (Zotz & Winkler, 2013) and orchids growing 

in drier habitats are associated with thicker velamina (Sanford & Adanlawo, 1973), which may 

increase water retention volume with size of velamen radicum (Lüttge, 1989). Lesser water 

loss through roots in epiphytic orchid Cymbidium tracyanum, compared to terrestrial species 

of the same genus, Cymbidium sinense, has been attributed to higher ratio of velamen thickness 

to root thickness and larger-diameter xylem conduits in C. tracyanum. Therefore, presence of 

water-storing roots or velamen to reduce water loss, enables epiphytic orchids to have a greater 

capacity to conserve water and avoid negative effects of drought (Zhang et al., 2018a). 

 Without pseudobulbs and thick aerial roots with a thick velamen, D. leonis can depend 

on leaf succulence in order to retain water within the leaf. Leaf traits such as leaf succulence, 

thickness of the epidermis or cuticles, or stomata density and anatomy help to reduce water 

loss or retain water within the leaf. For instance, water-storing mesophyll cells in succulent 

leaves and stems are reported as the most common feature of epiphytic orchids (Goh & Kluge, 

1989), while leaves C. tracyanum, have a thicker epidermis compared to C. sinense, which 

helps to delay the water loss through the surface of the leaves (Zhang et al., 2015). The orchid 
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Dendrobium chrysotoxum was also found to have thicker cuticles in the upper epidermis to 

reduce water loss (Yang et al., 2016). 

Interestingly, the stomatal density of the young fully expanded leaf increased in B. 

membranaceum, B. vaginatum and D. leonis after 7 weeks of DRML compared to WWML 

(Figure 5-12A) and increased in B. vaginatum, D. leonis and P. cornu-cervi after 7 weeks of 

DRLL compared to WWLL (Figure 5-12B). This suggests that in these instances, the increase 

in stomatal density could have been a response to drought by enabling more rapid response to 

future drought and re-watering. This is supported by evidence from another study on the effects 

of stomata density on reducing water loss. For instance, the smaller and denser stomata in 

Coelogyne corymbosa, as compared to Pleione albiflora, enable more rapid response to 

environmental changes or to the decrease in leaf water potential, while promoting greater 

diffusion of CO2 into mesophyll space under better hydrated conditions, which are attributes 

essential for survival under conditions of fluctuating water availability (Zhang et al., 2016). 

 

5.6 Conclusions 

The expression of CAM is a significant drought response in both the C3 and CAM 

native orchid species, maintaining efficient photosynthesis despite drought. Plasticity in CAM 

expression exists in all six native orchids studied, regardless of their predominance of either 

C3 or CAM. For the more constitutive CAM orchid P. cornu-cervi, CAM activity might have 

been down-regulated under WWLL compared to WWML. And in B. membranaceum, ‘CAM-

idling’ exists as a result of the severe stress caused by DRML condition, where photosynthetic 

carbon fixation is limited to CO2 internally recycled, but plays an important role in the 

prevention of photoinhibition by maintaining photosystem stability. B. membranaceum could 

be more of ‘facultative’ CAM or C3-CAM intermediate species rather than C3 as previously 

thought, and drought stress alone could upregulate the CAM activity. In addition, under DRML 
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or DRLL, the pseudobulbs of B. membranaceum would also express CAM, possibly to further 

support the production of malate to supply the leaves. Thus, the expression of CAM in these 

six orchid species should not be seen as two distinct methods of photosynthesis with differing 

effects under drought, but rather a link in modulating gas exchange and effective carbon 

sequestration as an adaptive mechanism to drought, allowing transitions between C3 to CAM-

cycling to CAM-idling so as to respond dynamically to prevailing environmental conditions or 

degree of stress. In the case of constitutive CAM species such as D. leonis and P. cornu-cervi, 

CAM can be further upregulated with drought so as to increase nocturnal carbon fixation. The 

central pivot of this adaptation with CAM is the opening and closing of the stomata that 

modulates gas exchange, regulated by guard cell movements that are sensitive to light, internal 

CO2 concentrations, humidity, osmotic potentials, and mesophyll photosynthesis. Other studies 

have demonstrated greater water use efficiency (WUE) and leaf succulence with CAM, thereby 

delaying dehydration and increasing survivability in drought, while not compromising carbon 

demands. Therefore, benefits of CAM on water and carbon economy over C3 alone is 

significant, not just for these six species, but also likely for other native epiphytic orchids. 

 Besides CAM and stomatal regulation, the use of osmolytes for osmoregulation is a 

possible drought adaptation by maintaining osmotic potentials and retain high water content 

within the cells. In B. membranaceum after 7 weeks of DRML, leaf proline concentration is 

the highest out of the six species, possibly due to its smallest pseudobulb size being unable to 

store much water and supplying it to the leaves. Therefore, B. membranaceum could rely on 

osmoregulation by proline as an adaptive mechanism to drought. In B. membranaceum, B. 

vaginatum, D. leonis and P. cornu-cervi, after 14 weeks of re-watering, the proline 

concentration did not decrease and could either exist as a mechanism of drought hardening, or 

may just be indicating recovery from drought stress. The other osmolyte that plays a significant 

role in osmoregulation is sugar. The DRML condition resulted in overall significant decrease 
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in carbohydrate synthesis in all species and also stimulated the conversion of insoluble sugar 

to soluble sugar generally in the leaf and pseudobulb, and in the case of B. membranaceum and 

B. vaginatum, the build-up of soluble sugar from the breakdown of insoluble sugar in the 

pseudobulb could have been transported to the leaf. This is supported by evidence from other 

studies that pseudobulbs act as organs for storage of carbohydrates that could be mobilised to 

the leaf. However, the combined stress from water deficit and moderate light resulted in the 

decreased sugar levels in all species to very low levels after 7 weeks, and it is unlikely that 

they could have helped much with osmoregulation to maintain turgor pressure in the tissues of 

the leaf and pseudobulb to provide tolerance to the water deficit. Drought alone without stress 

from moderate light did not result in a significant reduction in carbohydrates synthesised in the 

leaf in the six species, but more soluble sugar was accumulated, likely for osmotic adjustment, 

as a tolerance mechanism to water deficit through maintaining leaf turgor pressure. In addition, 

there is more conversion of insoluble sugar to soluble sugar in the pseudobulb which could be 

supplied to the leaves. Nevertheless, the results show that there are no significant differences 

in the extent of using sugar as an osmolyte between C3 and CAM. Rather, the use of sugar for 

osmoregulation is more species dependent, and the presence of multiple organs that act as 

sources or sinks for carbohydrates further complicate the osmoregulation mechanism. The 

general consensus still holds that under moderate drought stress, soluble sugars show an 

increase and it is only under very severe dehydration that soluble sugars may decrease. Yet, 

the metabolic disruptions as a result of abiotic stress will still limit growth regardless of turgor 

status. 

Orchids are equipped with storage organs, such as pesudobulbs, fleshy leaves, fleshy 

roots and pseudocorms that store water as an adaptation to the water deficit. The results in this 

study also demonstrated how the pseudobulbs in C. rochussenii, C. mayeriana, B. 

membranaceum and B. vaginatum play an important role in slowing the reduction in the leaf 
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water content and delaying excessive water loss in times of drought, be it with or without 

osmotic adjustment through sugar as osmolyte. However, it is not so much as the size of the 

pseudobulb, but the water content within the pseudobulb that makes the contribution to a higher 

drought tolerance. These six orchid species may also rely on water-storing roots or velamen to 

reduce water loss or have greater water conservation capacity. A thicker velamen is also 

associated with a greater extent of water retention within the root. Without pseudobulbs and 

thick aerial roots with a thick velamen, D. leonis can depend on the leaf succulence in order to 

retain water within the leaf and a lower stomatal density of the newly expanded leaf after 7 

weeks of drought, to reduce water loss through transpiration. Therefore, morphological and 

physiological changes to drought in these six orchid species are not distinguished exclusively 

between C3 or CAM, but rather a set of overlapping strategies that are tailored to the prevailing 

condition and respond dynamically to changes in the environment. However, the results seem 

to suggest that CAM does provide an advantage over C3 in better water-carbon economy, and 

having multiple organs for storage provides greater flexibility in osmotic adjustments and a 

reserve to depend upon in times of drought. The species-dependent diversity in strategies for 

water conservation or reduction of water loss allows options for adaptation to drought in 

epiphytes, especially in the context of the native orchid species of Singapore. 
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Chapter 6 
COMPARATIVE STUDIES OF C3 AND CAM ORCHID 

SEEDLINGS GROWN IN THE GREENHOUSE AND 
INDOOR UNDER LED LIGHTING 
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6.1 Abstract 

The use of LED lighting on indoor agricultural production improves plant growth and 

yield through optimisation of light quality. Enhanced plant growth reduces time taken for 

orchid cultivation and contributes greatly towards ex situ conservation of Singapore’s native 

orchids. However, research on the optimisation of light quality on orchids remains yet 

developmental compared to crop plants. While blue light has been reported to ameliorate “red 

light syndrome” and enhance photosynthetic capacity and plant growth, effects of combined 

red and blue LEDs on cultivating orchid plantlets are not well-understood. In this study, growth 

of B. membranaceum and B. vaginatum plantlets under different combinations of LED lighting, 

which were red:blue ratios of 100:0 (0B), 90:10 (10B), 80:20 (20B), 50:50 (50B), 0:100 

(100B), or red-green LED light ratio of 50:50 (50G), were compared with plants grown under 

full sunlight (FSL) and partial sunlight (PSL) in the greenhouse. The following parameters 

were compared: morphological changes, growth and productivity parameters, photosynthetic 

light utilisation, pigment concentration, photosynthetic O2 evolution, leaf and pseudobulb 

soluble and insoluble sugar content, and total soluble protein. Growth and productivity 

parameters studied included single leaf expansion of the new emerging shoot, leaf and 

pseudobulb FW and DW, specific leaf area (SLA), and leaf thickness. Photosynthetic light 

utilisation was compared by the parameters of Chl fluorescence Fv/Fm ratio, ETR, qP and NPQ. 

Pigment concentrations analysed included Chl a, Chl b, total Chl, and Car. Photosynthetic O2 

evolution parameters studied included quantum yield (QY), light compensation point, dark 

respiration rate, and maximal photosynthetic rate (Pmax) This study showed that under LED 

lighting using an indoor aeroponics system, the photomorphogenesis and rhizogenesis 

observed in the plantlets were similar to that under natural sunlight. However, effects of red-

blue light on leaf expansion, thickness and other growth parameters varies between the two 

orchids studied, suggesting morphological and physiological responses to be species-specific. 
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Overall, addition of blue to red light ameliorates “red light syndrome” in both species, where 

photosynthetic light utilisation decreases to different extents in either species. Mono-chromatic 

blue light is also detrimental to photosynthetic apparatus, especially more so in B. 

membranaceum than B. vaginatum, but both species are able to acclimate their photosystems 

to different growth light spectrum. In addition, red-blue light combinations led to higher leaf 

and pseudobulb soluble sugar concentrations in B. membranaceum and B. vaginatum, with 

greater conversion to insoluble sugar in pseudobulbs for storage. Both mono-chromatic red or 

blue light also did not require a significant down-regulation of photosynthesis by insoluble 

sugar accumulation in B. membranaceum, but for B. vaginatum, lesser accumulation of 

carbohydrate was associated with lowered photosynthetic activity. Total soluble protein in both 

species decreased with increasing blue light added to red, with a maximum at 10B, which also 

corresponds with higher Fv/Fm ratio, ETR and qP compared to those grown under natural 

sunlight in the greenhouse. It was not conclusive that green light was suboptimal for growth of 

B. membranaceum. More investigation is required for the role of green light and effects of red-

blue-green light, since benefits of adding green light to red are still being reported elsewhere. 

In summary, red-blue LED light percentage between 20 – 50% blue for B. membranaceum and 

50 – 100% blue for B. vaginatum is optimal for photosynthesis and growth of orchid plantlets 

of B. vaginatum and B. membranaceum, while 10B triggers an optimally high total soluble 

protein content in both B. membranaceum and B. vaginatum, with relatively high total Chl 

content in B. membranaceum and adequate total Chl content in B. vaginatum. More work needs 

to be done to elaborate a whole-plant system of response to light quality.  

 

6.2 Introduction 

Research on different light quality on orchid growth is a developing area of interest, 

with the aim of speeding up growth of orchids and reducing cultivation time. This is because 
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orchids are slow growing (Yam & Arditti, 2009; Norikane et al., 2013; Yam, 2013b; also 

personal communication with Dr Yam Tim Wing, Singapore Botanic Gardens). A current 

literature search on application of LED lighting in orchid growth yields limited results (Islam 

et al., 1999; Cybularz-Urban et al., 2007; Liu et al., 2010; Godo et al., 2011; Billore et al., 

2017; Nhut et al., 2018). There are recent developments in the use of LEDs instead of 

fluorescent lamps or high pressure sodium lamps as sole-lighting in an indoor controlled 

environment (Billore et al., 2017; Nhut et al., 2018; Tewolde et al., 2018). 

Optimal plant productivity depends on light quality and quantity, temperature, water, 

and nutrients (Fischer & Turner, 1978; Boyer, 1982), but optimal irradiation control in 

greenhouses are technically difficult (Hanan, 1998; Griffin et al., 2004; Ibrahim & Jaafar, 

2011) with light environment being variable (Yamori, 2016). Even with orchids, there is 

variability in their adaptations to high irradiances through morpho-physiological adjustments 

to light availability (Pires et al., 2012). Therefore, control of irradiance, photosynthesis and 

productivity, could best be achieved through use of precise wavelengths of growth irradiance, 

made only possible with modern use of LEDs (Yorio et al., 2001; Yano & Fujiwara, 2012; 

Mitchell et al., 2015; Tewolde et al., 2018). 

Plant development and physiology are strongly influenced by light spectrum of the 

growth environment, where red LED light (600–700 nm) is widely recognised as the primary 

driver of photosynthesis, because of their low energy photons and efficient absorption by 

photosynthetic pigments (Paradiso et al., 2011; Hogewoning et al., 2012). However, growth 

and development of plants grown strictly under mono-chromatic red light is detrimental to 

photosynthesis, triggering what is known as “blue light deficiency” or “red light syndrome”, 

with symptoms including leaf curling and decreased photosynthetic capacity, leaf thickness 

and leaf pigmentation, ameliorated by addition of blue LED light (Hogewoning et al., 2010; 

Hogewoning et al., 2012; Ouzounis et al., 2015). Through cryptochrome and phytochrome 
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regulation, blue light stimulates plant development (Pedmale et al., 2016), directs phototropism 

(Whippo & Hangarter, 2004; Sullivan et al., 2016), stimulates photo-morphogenesis (Goins et 

al., 1997; Cybularz-Urban et al., 2007), regulates stomatal development (Wang et al., 2016), 

and regulates leaf photosynthetic capacity (Lopez-Juez & Hughes, 1995; Yang et al., 2017). 

Adding blue to red light also reportedly stimulates photosynthetic characteristics of 

“sun-type” leaves (Boardman, 1977; Lichtenthaler et al., 1981; Matsuda & Murakami, 2016; 

Kaiser et al., 2019), as well as alter the balance of carbon and nitrogen through regulation of 

Rubisco and Chl biosynthesis (Foyer & Paul, 2001; Muneer et al., 2014; Zhang et al., 2018b). 

However, increasing blue-to-red LED light ratio has also been reported to result in decreased 

leaf area (Poorter et al., 2009; Hogewoning et al., 2010). Therefore, both red and blue 

wavelengths of LED light play important but different roles in regulation of photosynthesis 

within plants, and may be essential keys to tweaking productivity and yield, through 

optimisation of red-to-blue ratio. However, effect of blue light and different blue-to-red LED 

light ratio on leaf photosynthesis and dry matter productivity remain unclear, with varied 

results shown in different studies (Goins et al., 1997; Yorio et al., 2001; Hogewoning et al., 

2010; Bantis et al., 2016), very likely being species-specific (He et al., 2017b). 

Further, it is argued that green light (500–600 nm) may be able to drive and regulate 

physiological responses and development in plants, enabling optimisation of resource-use 

efficiency and acclimation of photosynthesis to available irradiance, thus promoting higher 

biomass and yield (Kim et al., 2006; Terashima et al., 2009; Smith et al., 2017). However, 

different plant responses to short- and long-wavelength green light were reported (Dougher & 

Bugbee, 2001), possibly due to the different wavelengths of green light used in different 

studies. Some of these effects were undesirable, such as suppression of chloroplast or Chl 

formation. Therefore, when the right wavelengths and intensities are applied, green LED light 

is potentially advantageous to yield in controlled environment horticulture when used in 
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combination with red and blue, while use of green LED light will also provide greater insight 

into the role of green light on photosynthesis in plants (Smith et al., 2017). 

This chapter aimed to compare the development of B. membranaceum (a C3 orchid) 

and B. vaginatum (a CAM orchid) plantlets cultivated under different combinations of red, 

blue and green LED lighting, in comparison with plants under full sunlight (FSL) and partial 

sunlight (PSL) in the greenhouse. Plantlets were selected from B. membranaceum and B. 

vaginatum species because of their differences in photosynthesis as compared in Chapters 4 

and 5. Both of these species are of the same genus, B. vaginatum being slightly bigger than B. 

membranaceum, and have similar morphology (sympodial with both pseudobulbs and leaves), 

which will make the comparison simple, yet meaningful and insightful. 

Comparisons were made through parameters of morphology, growth and productivity, 

photosynthetic pigments, photosynthetic light utilization, carbohydrate content and total 

soluble protein content in the C3 orchid B. membranaceum and CAM orchid B. vaginatum 

grown under different combinations of blue-, red- and green- LEDs using an indoor aeroponic 

farming system. The findings of this project would provide more insight into the morphological 

and physiological responses in orchid plantlets to different light quality under soilless culture, 

and to lay the foundations for building data on optimal parameters for cultivating native orchid 

species under controlled indoor environments so as to enhance productivity, lower production 

cost. This study would investigate how the use of LED light and indoor aeroponics system can 

speed up growth of orchids and reduce cultivation time at plantlet stage, leading to 

improvements in propagation and contributing towards ex situ conservation of endangered 

species. 
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6.3 Materials and Methods 

6.3.1 Plant cultivation in indoor vertical aeroponics system and LED spectral distribution 

The B. membranaceum and B. vaginatum plantlets were obtained from the Singapore 

Botanic Gardens nursery with the help of Dr Yam Tim Wing and Mr Peter Ang. Plantlets were 

excised from the mother-plant with only two pseudobulbs with roots and leaves intact. The two 

pseudobulbs were joined together at the base by a rhizome, with one newly emerging shoot at 

the tip of the cutting. Plantlets were then inserted into polyurethane cubes (24 x 24 x 24 mm) 

that were soaked in water, with rhizome and roots embedded within the cube. Each cube was 

then inserted into plastic foam boards for growth under LED lighting in an indoor vertical 

aeroponics system (Plate 6-1). In the aeroponics system, the plastic foam boards are placed 

covering the trough where the sprayers in the trough are able to aerosolize the nutrient solution 

that will moisten the polyurethane cubes and the roots within. 

 

Plate 6-1 Setup of vertical aeroponics system with LED lighting for cultivation of B. 
membranaceum and B. vaginatum plantlets in different troughs with timed sprayers 
to deliver nutrient solution to the roots (A). Close-up view of the B. vaginatum 
plantlets (B) and B. membranaceum plantlets (C) inserted into the polyurethane 
cubes in holes on the plastic foam board covering the trough. 
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As this is likely to be a novel idea, in Singapore, to use an aeroponics system to cultivate 

orchid plantlets under LED lighting, a simple starting reference for an adequate type and 

amount of nutrient solution would be a common pre-prepared mix available commercially. The 

nutrient solution selected was a proprietary water-soluble fertilizer powder named Poly Fert 

(N:P:K ratio 21:21:21), produced by New Eastern (1971) Private Limited, Singapore. Since 

provided instructions for its preparation were arbitrary, which was to mix 1 teaspoon of 

powdered fertiliser into 5 litres of water, an improved preparation protocol was developed and 

defined to dissolve 1 gram of powder per 5 litres of water. This nutrient solution was delivered 

to the roots by a continuous spray for 1 min, repeated at 5 min intervals. The solution sprayed 

on the roots also helped to keep rootzone temperatures at 25 ± 3 ºC for the entire period of 

plant growth, while the ambient air temperature in the indoor vertical aeroponics systems was 

also at 25 ± 3 ºC. 

The nutrient solution prepared based on this improved protocol had been tested on a 

small sample of plantlets of the same two species prior to the start of the formal experiments 

and the state of the plantlets were monitored by their Fv/Fm ratios every week using the Plant 

Efficiency Analyser (PEA; Hansatech Instruments Ltd, England) for 4 weeks. This 

concentration of nutrient solution was found to be adequate to maintain a continuous growth 

of the plantlets under LED lighting, FSL and PSL, with leaf Fv/Fm ratio around 0.8. 

In the aeroponics system, plantlets were grown under red-blue LED light percentages 

of 100% red + 0% blue (0B), 90% red + 10% blue (10B), 80% red + 20% blue (20B), 50% red 

+ 50% blue (50B), 0% red + 100% blue (100B), or red-green LED light percentages of 50% 

red + 50% green (50G). LED lighting was provided at a mean PPFD of 288 ± 12 μmol m-2 s-1, 

for a continuous 12 h period (i.e. 0600–1800 h), from the day of transplant. The spectral flux 

density of the LED lighting treatments was measured at 1000 h (Figure 6-1) using a 

spectroradiometer (PS300, Apogee Instruments, USA). 
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Figure 6-1 Light spectral distributions measured at 1000 h. Plants were grown under five 

different red-blue LED light ratios (0B, 10B, 20B, 50B, 100B) and one red-green 
LED light ratio (50G) with PPFD of 288 μmol m-2 s-1 in the indoor vertical 
aeroponic systems and full sunlight (FSL), and partial sunlight (PSL). Light 
spectrum was measured at 1000h and mean PPFD was 288 ± 22 μmol m–2 s–1. 

6.3.2 Plant cultivation outdoors in the greenhouse 

Plantlets were collected from the same two species, from Singapore Botanic Gardens 

nursery, as mentioned in section 6.3.1 earlier. Plantlets were excised from the mother-plant 

with only two pseudobulbs with roots and leaves intact. The two pseudobulbs were joined 

together at the base by a rhizome, with one newly emerging shoot at the tip of the cutting. 

Plantlets were then inserted into polyurethane cubes (24 x 24 x 24 mm) that were soaked in 

water, with rhizome and roots embedded within the cube. The plantlets were cultivated under 

FSL and PSL in the greenhouse for comparison with those grown in the indoor vertical 

aeroponics system. In the greenhouse, a foam board of the same material and thickness, but 

smaller width and length, are used to hold the B. membranaceum and B. vaginatum plantlets 

inserted into the polyurethane cubes. These boards are then placed flat on benches in the 
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greenhouse, with plantlets upward-facing and unobstructed by other plants. Plantlets were then 

watered twice daily (at 0900 h and 1700 h), each lasting a duration of 10 min, ensuring that the 

entire plantlet including the roots were wet, which is usually how young orchid plantlets are 

watered in the nursery. The nutrient solution, prepared through the protocol described in 

section 6.3.1 earlier, was then sprayed onto the roots of the plantlets manually using a spray 

bottle once per week, as prescribed by the solution’s manufacturer. 

Ambient temperatures within the greenhouse fluctuated between 21.9 – 36.7 ºC while 

relative humidity stood within the range of 46 – 96 %. Plantlets under FSL were exposed to 

100% of the prevailing irradiance from the sun in the greenhouse, which maximally measured 

800 μmol m-2 s-1 PPFD on sunny days, while PSL was achieved by almost 90% shading from 

direct sunlight in the greenhouse using black netting. 

 

6.3.3 Measurement of leaf expansion 

The emerging shoot from at least 6 plantlets of each species, per LED light treatment 

and from FSL and PSL, were selected and the leaf of the emerging shoot from each plantlet 

was tracked (non-destructive) for 14 weeks on the Tuesday of each fortnight, beginning with 

week 0. Each leaf tracked was not exceeding 1 cm in length and the individual leaf area was 

obtained by capturing the image of selected leaves against a measured scale using a digital 

camera. ImageJ software was then used to calculate the leaf area from the captured image of 

the leaf. The average of the individual leaf areas was then calculated from the 6 leaves. 

 

6.3.4 Measurements of leaf thickness and other productivity parameters 

Destructive harvest was carried out, on the same day of week 14, between 0900 – 1000 

h. Three or more plantlets of each species, per light treatment and from FSL and PSL, were 

harvested 14 weeks after transplanting. These plants were sealed in Ziploc bags to retain their 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Library and Information Services Centre, National Institute of Education.



 213 

moisture upon removing them from the growing troughs in the indoor vertical aeroponics 

system, or from the greenhouse, and brought back to the laboratory for measurements. The 

leaves and pseudobulbs were detached from the rhizome and subsequently separated. The 

thickness of each leaf was then measured using a Vernier caliper, based on the thickest cross-

section. The leaf and pseudobulb were weighed separately to determine their respective FW. 

The ratio of leaf: pseudobulb FW was then calculated. These samples were later used for 

measurement of their DW. 

 

6.3.5 Measurement of DW and SLA 

The same detached leaf and pseudobulb parts obtained as described in section 6.3.4, 

were used. The images of the leaves and pseudobulbs were captured using a digital camera 

against a measured scale and then using ImageJ software to calculate the leaf area. The leaves 

and pseudobulbs were then dried in the oven for at least 2 weeks before their DW is measured 

and recorded. SLA was then calculated by dividing the leaf area with their respective DW. 

 

6.3.6 Measurement of Chl fluorescence Fv/Fm ratio 

Emerging shoots from at least 6 plantlets of each species, per light treatment, that were 

selected in section 6.3.3 were used in this measurement. Fv/Fm ratios of young mature leaves 

were measured (non-destructive) while they were grown under different LED lightings, FSL, 

or PSL, at week 14. Measurements were taken using the Plant Efficiency Analyser (Hansatech 

Instruments Ltd, England). Further details on principles of this measurement have been 

described in section 3.3.4. 
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6.3.7 Measurements of qP, NPQ and ETR 

Destructive harvest of the young mature leaf which developed from the emerging shoot, 

from at least 3 plants per species per light treatment, was carried out at week 14, between 0900 

– 1000 h. The harvested leaves were sealed in a Ziploc bag containing a piece of moist tissue 

to maintain an adequate level of humidity within the bag. All samples were then brought back 

to the laboratory for processing. Leaves were prepared on a petri dish and processed similar to 

the steps described in section 4.3.4, where the principles of the measurement are also described. 

Chl fluorescence parameters (NPQ, qP and ETR) were measured at 25 ºC in the laboratory, 

using the Imaging-PAM Chl Fluorometer (Walz, Effeltrich, Germany) (He et al., 2011a). 

These harvested young mature leaves were then used for measurement of photosynthetic 

pigment concentrations and photosynthetic parameters by O2 evolution. 

 

6.3.8 Measurement of photosynthetic pigment concentrations 

Three square cuts of leaf samples, each approximately 0.01 g, were obtained from the 

young mature leaves from Section 6.3.6. The leaf cuts were weighed for accurate recording of 

their FW, which would be used for calculation later. The leaf cuts were placed in 1.5 ml N,N-

dimethylformamide and placed in the dark for 48 h, at 4 ºC. The absorption of 4 replicates was 

read, using a spectrophotometer (UV-2550, Shimadzu, Japan), at wavelengths of 480 nm, 647 

nm and 664 nm. Chl a/b ratio, total Chl and carotenoids (Car) contents were calculated using 

the Wellburn (1994) method, similar to what was described in 4.3.5. 

 

6.3.9 Measurements of light compensation point, dark respiration, Pmax and QY 

Three square cuts of leaf, each approximately 1 cm by 1 cm, were obtained from young 

mature leaves of each species, per light treatment, from Section 6.3.7. The photosynthetic O2 

evolution of leaf samples (square cuts) were determined using a leaf disc O2 electrode (Model 
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LD2, Hansatech Ltd, King Lynn, England). Each square cut was placed in saturating CO2 

condition (1% CO2 from 1 M carbonate/bicarbonate buffer, pH 9) at 25 ºC as described by Ball 

et al. (1987). Each square cut was first dark-adapted for 15 minutes and subsequently 

illuminated at 5 different light intensities, starting from the lowest PPF) of 0 µmol m-2 s-1, 

followed by 4, 15, 40, 657 µmol m-2 s-1. The leaf disc was illuminated with white LED light at 

each PPFD till a steady state of photosynthetic O2 evolution rate was obtained. A curve was 

then plotted with O2 evolution rates against the light intensities of 0, 4, 15, and 40 µmol m-2 s-

1. Initial slope of each curve, per light treatment, gave the corresponding QY, while the dark 

respiration rate was determined by the O2 consumption rates at PPFD 0 µmol m-2 s-1, and light 

compensation point was the PPFD at which O2 evolution rates was 0 µmol O2 m-2 s-1. Pmax was 

determined at a PPFD of 657 µmol m-2 s-1 at 25 ºC at saturating CO2 conditions as described 

above. This PPFD value of 657 µmol m-2 s-1 was selected based on data from the photosynthetic 

light response curves plotted with O2 evolution rates against increasing light intensities for B. 

vaginatum and B. membranaceum species respectively (data not shown). A PPFD of 657 µmol 

m-2 s-1 was a saturated light intensity to achieve the maximum O2 evolution for all species. 

 

6.3.10 Measurements of soluble and insoluble sugar concentrations 

Destructive harvest was carried out, on the same day of week 14, between 0900 – 1000 

h. Three or more plantlets of each species, per light treatment, were harvested 14 weeks after 

transplanting. The harvested leaves were sealed in a Ziploc bag containing a piece of moist 

tissue to maintain an adequate level of humidity within the bag. All samples were then brought 

back to the laboratory for processing. The leaves and pseudobulbs were detached from the 

rhizome and subsequently separated. The leaves and pseudobulbs were then dried in the oven 

at 65 ºC for at least 2 weeks and the DW of these leaf and pseudobulb parts were measured 

before the parts were ground-up. Soluble and insoluble sugar extraction was then carried out 
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on these ground-up dried plant tissue according to the method as described in Section 5.3.5, 

followed by the colorimetric assay as described in the same section, so as to obtain the 

concentration of soluble and insoluble sugar per gram DW in leaves and pseudobulbs of the 

plantlets under different light treatments. 

 

6.3.11 Measurements of total soluble protein  

Destructive harvest was carried out, on the same day of week 14, between 0900 – 1000 

h. Three or more plantlets of each species, per light treatment, were harvested, sealed in a 

Ziploc bag containing a piece of moist tissue to maintain an adequate level of humidity within 

the bag. All samples were brought back to the laboratory for processing. Leaves and 

pseudobulbs were detached from rhizome and subsequently separated. Only leaves were used 

in determination of total soluble protein in leaves. Total soluble protein content was determined 

based on the method modified from Bradford protein assay (Bradford, 1976), and as described 

in Section 5.4.5. Approximately 1 – 2 g of leaves from plantlets from each species, per light 

treatment, were measured for exact FW. Soluble proteins were extracted from ground-up 

leaves using extraction buffer. 0.5 ml of this extract was well-mixed with 0.5 ml of 1 x Bradford 

Reagent (Bio-Rad Laboratories Inc., USA), before its absorbance was read at 595 nm using a 

spectrophotometer (UV-2550, Shimadzu, Japan), with three replicates. The amount of soluble 

protein present was determined from a standard assay of known concentrations of BSA protein. 

Total soluble protein per gram of leaf FW is determined from standard assay using the standard 

curve as a reference and calculated using the following formula: 

 
where OD595 is measured absorbance of the coloured reaction mixture, k is slope of standard 

curve, Vextract and Vreaction are extract and reaction volumes respectively, FW is leaf fresh weight. 
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6.3.12 Statistical analysis 

A mixed-model analysis of variance (ANOVA) was performed using SPSS (Version 

22.0, 2013) to test for significant differences between LED lightings in B. membranaceum or 

B. vaginatum in all figures, using post-hoc Tukey’s pairwise test, with significance at α = 0.05. 

Except in Figure 6-8A and B, a mixed model analysis of covariance (ANCOVA) was used. 

 

6.4  Results 

6.4.1 Morphology and growth of leaf and pseudobulb  

A morphological comparison among plantlets grown under different LED light 

treatments, and those grown under FSL and PSL, after 14 weeks, showed no unusual 

aberrations to the shapes and forms of the leaf, pseudobulb or roots when grown under red-

blue or red-green LED lighting (see Plates 6-2, 6-3 and 6-4). However, a higher occurrence of  

 
Plate 6-2 Growth and morphological appearances of B. membranaceum (A, B) and B. 

vaginatum (C, D) plantlets before transplanting into the aeroponics system (A, C) 
and after 14 weeks of growing under 50B LED lighting (B, D). The plantlets were 
grown under 50B with PPFD of 288 μmol m-2 s-1. White arrows indicate the shoot 
that had developed to the leaf with pseudobulb, for the two species respectively. 
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Plate 6-3 B. membranaceum after 14 weeks of growing under five different red-blue LED 
light ratios (0B, 10B, 20B, 50B, 100B), one red-green LED light ratio (50G) with 
PPFD of 288 μmol m-2 s-1, full sunlight (FSL) and partial sunlight (PSL). White 
bar represents a scale of 1cm. 

 

 

 

Plate 6-4 B. vaginatum after growing under five different red-blue LED light ratios (0B, 10B, 
20B, 50B, 100B), one red-green LED light ratio (50G) with PPFD of 288 μmol  
m-2 s-1, full sunlight (FSL) and partial sunlight (PSL). White bar represents a scale 
of 1cm. 
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twisting in the newly expanded leaves were observed in B. membranaceum plantlets grown 

under 10B, 20B, 50B and 100B LED light treatments. For B. vaginatum, leaves of the plantlets 

grown under 100B and PSL were observed to be more elongated compared to the leaves of 

plantlets grown under FSL. The use of aeroponic system and LED lighting for cultivation of 

B. membranaceum and B. vaginatum also resulted in rooting as shown in plate 6-2B and 6-2D. 

The new roots were observed to have fine hair like extensions from the main root, and these 

roots were in contact with the nutrient solution aerosolized by the sprayers in the trough holding 

these plantlets, which is different from the aerial roots that also emerged and adhered onto the 

board holding the plantlets in the trough (not shown). The aerial roots had a green colouration 

when moistened, which is similar to those grown under FSL and PSL. 

For B. membranaceum (Figure 6-2A), leaf expansion under PSL, 10B and 50G were 

similar but significantly higher than 0B, 50B and 100B. Leaf expansion under 20B was highest 

of the LED light treatments, and higher than under FSL or PSL. Leaf expansion rates for all 

light treatments were similar for the first week of measurements but significantly larger leaf 

 
Figure 6-2 Leaf expansion of B. membranaceum (A) and B. vaginatum (B) from weeks 4 to 

10 grown under different light conditions. Seedlings were grown under five 
different red-blue LED light ratios (0B, 10B, 20B, 50B, 100B), one red-green LED 
light ratio (50G) with PPFD of 288 μmol m-2 s-1, full sunlight (FSL) and partial 
sunlight (PSL). Vertical bars represent standard errors. Significant differences 
between means in Week 10 represented with different alphabets (p < 0.05; n ≥ 3, 
Tukey’s multiple comparison test). 
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area was observed for 20B 8 weeks after transplant (Fig. 6-2A). For B. vaginatum (Figure 6-

2B), leaf expansion rates were higher in FSL and PSL from week 8 to 10, compared to the 

LED light treatments. Leaf expansion under 0B, 20B and 50G were similar and significantly 

lower than under 10B, 50B and 100B. Of the different LED light treatments, B. vaginatum 

under 100B had the highest leaf expansion. 

Productivity parameters of leaf and pseudobulb FW and DW, leaf-to-pseudobulb FW 

ratios, SLA and leaf thickness were measured 14 weeks after transplanting (Figure 6-3). For 

B. membranaceum, leaf FW was similar for most of the LED light treatments, with plants under 

20B significantly higher compared to those grown under FSL and PSL (Figure 6-3A) while 

pseudobulb FW for plants under 10B, 20B and 50B were significantly higher than those under 

FSL, but similar to those under PSL (Figure 6-3B). Whereas for B. vaginatum, leaf FW of 

plants under PSL was significantly highest, compared to plants under FSL or LED light 

treatments (Figure 6-3F). Leaf FW of plants under 10B, 20B, 50B and 100B were significantly 

higher than those under FSL. In contrast, pseudobulb FW under the same LED light treatments 

were similar or significantly lower to those under FSL, and all significantly lower to those 

under PSL, with plants under 20B having the lowest value (Figure 6-3G). Therefore, leaf-to-

pseudobulb FW ratios of B. membranaceum under all LED light treatments were lower than 

those under FSL, but higher than those under PSL (Figure 6-3C), whereas leaf-to-pseudobulb 

FW ratios of B. vaginatum under 10B, 50B and 100B were similar to those under FSL and 

PSL, but significantly higher in 20B and significantly lower in 0B and 50G (Figure 6-3H). Leaf 

DW in B. membranaceum plants under all LED light treatments, except 100B, was 

significantly higher than or similar to those under FSL or PSL (Figure 6-3D), whereas for B. 

vaginatum, plants under all LED light treatments except 50G had significantly higher, or 

similar, leaf DW than FSL or PSL (Figure 6-3I). Pseudobulb DW in B. membranaceum under 

all LED light treatments except 100B were significantly higher than those under FSL, but 
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similar to FSL (Figure 6-3E), while pseudobulb DW in B. vaginatum under 10B, 20B, 50B and 

100B were significantly higher than FSL and PSL (Figure 6-3J) 

 

Figure 6-3 Leaf FW, pseudobulb FW, leaf/pseudobulb FW ratio, leaf DW, pseudobulb DW of 
B. membranaceum (A, B, C, D, E, respectively) and B. vaginatum (F, G, H, I, J, 
respectively), under five different red-blue LED light ratios (0B, 10B, 20B, 50B, 
100B), one red-green LED light ratio (50G) with PPFD of 288 μmol m-2 s-1, and 
full sunlight (FSL) and partial sunlight (PSL). Significant differences between 
means have been represented with different alphabets (p < 0.05; n ≥ 3) as 
determined by Tukey’s multiple comparison test. 
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The SLA for plants under 0B, 20B, 100B and 50G light treatments were significantly 

lower than FSL or PSL, for B. membranaceum (Figure 6-4A). SLA values for plants under all 

LED light treatments were significantly lower than FSL but significantly higher than, or similar 

to, PSL, for B. vaginatum (Figure 6-4C). These values also corresponded conversely with the 

leaf thickness values, where for B. membranaceum, the leaf thickness for plants under 20B, 

50B, 100B and 50G light treatments were significantly higher compared to under FSL and PSL 

(Figure 6-4B). For B. vaginatum, the leaf thickness for plants under all LED light treatments 

were higher or similar to those under FSL or PSL (Figure 6-4D).  

 

Figure 6-4 SLA and leaf thickness of B. membranaceum (A, B, respectively) and B. vaginatum 
(C, D, respectively) grown under five different red-blue LED light ratios (0B, 10B, 
20B, 50B, 100B), one red-green LED light ratio (50G) with PPFD of 288 μmol  
m-2 s-1, full sunlight (FSL) and partial sunlight (PSL). Vertical bars represent the 
standard errors. Means with different letters are statistically different (p < 0.05; n 
≥ 3) as determined by Tukey’s multiple comparison test. 

 

6.4.2 Photosynthetic performance under indoor LED and outdoor natural lighting 

6.4.2.1 Chl fluorescence Fv/Fm ratio, qP, NPQ and ETR 

For B. membranaceum, the Chl fluorescence Fv/Fm ratio was similar between plantlets 

grown under 20B and 50B LED lightings (Figure 6-5A). However, plantlets grown under 0B, 

10B, 100B and 50G showed a significantly lower Fv/Fm ratio compared to those grown under  
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Figure 6-5 Fv/Fm ratio of B. membranaceum (A) and B. vaginatum (B) grown under five 

different red-blue LED light ratios (0B, 10B, 20B, 50B, 100B), one red-green 
LED light ratio (50G) with PPFD of 288 μmol m-2 s-1, full sunlight (FSL) and 
partial sunlight (PSL). Red dotted line represents the optimal value of 0.8. 
Vertical bars represent the standard errors. Means with different letters are 
statistically different (p < 0.05; n ≥ 3) as determined by Tukey’s multiple 
comparison test. 

FSL and PSL, with 100B (Fv/Fm ratio = 0.403) and 50G (Fv/Fm ratio = 0.490) being the lowest 

of the LED light treatments. The Fv/Fm ratio for the rest of the light treatments were all above 

0.6. For B. vaginatum, the Chl fluorescence Fv/Fm ratio was only similar between plantlets 

grown under 20B LED light treatments compared those grown under FSL and PSL, while 

plantlets grown under the other LED light treatments showing significantly lower Fv/Fm ratio 

compared to those grown under FSL and PSL, with 0B and 50G (both Fv/Fm ratio = 0.665) 

being the lowest (Figure 6-5B). 

The NPQ, qP and ETR at PPFD of 606 μmol photon m−2 s−1 was compared among the 

plants grown under the different light conditions, the intensity at which saturation was achieved 

based on the light response curves for ETR for both B. vaginatum and B. membranaceum (data 

not shown). When comparing the photochemical light use efficiency across the different light 

treatments for B. membranaceum, NPQ was significantly lower in plants grown under all LED 

lightings compared to those of FSL and PSL (Figure 6-6A), with corresponding qP 

significantly higher in plants grown under all LED lightings except for 100B, which is, on the 

contrary, significantly lower than those of plants grown under FSL and PSL (Figure 6-6C). 
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ETR was also similar (10B) or significantly higher under all LED lightings, again except for 

100B, which was significantly lower than those of plants grown FSL and PSL (Figure 6-6E). 

As for B. vaginatum, NPQ in 50B and 100B was similar to FSL, but significantly lower than 

PSL, while 20B and 50G was similar to PSL, but significantly higher than FSL, and 0B and 

10B was significantly higher than FSL or PSL (Figure 6-6B). Correspondingly, qP (Figure 6-

6D) and ETR (Figure 6-6F) for 10B, 20, 50B, 100B, and 50G were similar to, or significantly 

higher than FSL or PSL, with 50B, and 100B higher than FSL, while 0B had a significantly 

lower qP and ETR compared to FSL. 

 
Figure 6-6 NPQ (A, B), qP (C, D) and ETR (E, F) of B. membranaceum (A, C, E) and B. 

vaginatum (B, D, F) grown under five different red-blue LED light ratios (0B, 
10B, 20B, 50B, 100B), one red-green LED light ratio (50G) with PPFD of 288 
μmol m-2 s-1, full sunlight (FSL) and partial sunlight (PSL). Vertical bars 
represent the standard errors. Means with different letters are statistically 
different (p < 0.05; n ≥ 3) as determined by Tukey’s multiple comparison test. 
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6.4.2.2 Photosynthetic pigments 

 Comparing the pigment concentrations in B. membranaceum for different LED light 

treatments, Chl a content under 10B, 20B, 50B and 50G were similar to PSL and significantly 

higher than FSL (Figure 6-7A). Under 0B and 100B, Chl a content was similar to FSL but 

significantly lower than PSL. Chl b content in plantlets under 20B, 50B and 50G were similar 

to PSL, and significantly higher than FSL (Figure 6-7C). Under 10B, Chl b content was similar 

to FSL but significantly lower than PSL. Chl b content was also significantly lower in plantlets 

grown under 0B and 100B. Therefore, total Chl content in B. membranaceum under 10B, 20B, 

50B and 50G were similar to PSL and significantly higher than FSL, while total Chl content 

for 0B and 100B was similar to FSL but significantly lower than PSL (Figure 6-7E). Car 

content in 20B, 50B and 50G were significantly higher than FSL and PSL, while Car content 

in 0B, 10B and 100B were significantly higher than FSL, but similar to PSL (Figure 6-7G). 

Chl a/b ratio in 10B, 20B, 50B, and 50G was significantly higher compared to FSL, but similar 

to PSL (Figure 6-7I). With higher total Chl content in 10B, 20B, 50B and 50G compared to 

PSL, Chl/Car ratio in plantlets under these LED light treatments was also significantly lower 

than PSL, and also FSL (Figure 6-7K). 

 Chl a (Figure 6-7B), Chl b (Figure 6-7D)and total Chl (Figure 6-7F) content in B. 

vaginatum under all LED lightings were similar to FSL, but significantly lower than PSL. Car 

content under 20B, 50B and 100B were significantly higher than, or similar to, FSL and PSL, 

while Car content in 0B, 10B and 50G were similar to FSL, but significantly lower than PSL 

(Figure 6-7H). Therefore, Chl a/b ratio in 50B and 100B was significantly higher than FSL, 

and similar to PSL, while Chl a/b ratio in 0B, 10B, 20B and 50G was similar to FSL, but 

significantly lower than PSL (Figure 6-7J). Whereas Chl/Car ratio under all LED lightings was 

similar or significantly lower than FSL and PSL (Figure 6-7L). 
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Figure 6-7 Chl a (A, B), Chl b (C, D), total Chl (E, F), Car (G, H) contents, Chl a/b ratio (I, J) and 

Chl/Car ratio (K, L) of B. membranaceum and B. vaginatum grown under five different red-
blue LED light ratios (0B, 10B, 20B, 50B, 100B), one red-green LED light ratio (50G) with 
PPFD of 288 μmol m-2 s-1, full sunlight (FSL) and partial sunlight (PSL). Vertical bars 
represent the standard errors. Means with different letters are statistically different (p < 0.05; 
n ≥ 3) as determined by Tukey’s multiple comparison test. 
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6.4.2.3 QY, light compensation point, dark respiration rate, and Pmax 

 For B. membranaceum, QY under 50G was significantly higher than FSL, but similar 

to PSL, while under the other LED lightings, QY was similar or significantly lower than FSL 

and PSL (Figure 6-8A). The light compensation point for all LED lightings were similar to, or 

significantly higher than FSL and PSL, except for 50B, which was significantly lower than 

FSL, but similar to PSL (Figure 6-8C). Dark respiration rates for all LED light treatment, 

except 10B and 50G, were significantly lower than FSL or PSL (Figure 6-8E). For 10B and  

 
Figure 6-8 QY (A, B), light compensation point (C, D), dark respiration (E, F), and Pmax 

(G, H) of B. membranaceum and B. vaginatum grown under five different red-
blue LED light ratios (0B, 10B, 20B, 50B, 100B), one red-green LED light ratio 
(50G) with PPFD of 288 μmol m-2 s-1, full sunlight (FSL) and partial sunlight 
(PSL). Vertical bars represent the standard errors. Means with different letters 
are statistically different (p < 0.05; n ≥ 3) as determined by ANCOVA (A, B) 
or Tukey’s multiple comparison test (C, D, E, F, G, H). 
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50G, dark respiration rates were significantly higher than FSL, and 50G was also significantly 

higher than PSL, while 10B was similar. The Pmax for 0B, 20B, and 100B were significantly 

lower compared to FSL and PSL, while Pmax for 10B, 50B and 50G were significantly higher 

than FSL, and similar to PSL (Figure 6-8G). 

For B. vaginatum, QY for plantlets under all LED light treatment, except for 10B were 

similar or significantly lower than FSL or PSL, 10B was significantly higher than under other 

LED lightings and under FSL and PSL (Figure 6-8B). The light compensation points for all 

LED lightings were similar (10B and 50B) to, or significantly higher (0B, 20B, 100B, 50G) 

than FSL and PSL (Figure 6-8D). Dark respiration rates for all LED lightings, except 10B, 

were similar to, or significantly lower than FSL or PSL (Figure 6-8F). Dark respiration under 

10B was significantly higher than FSL and PSL. The Pmax for 10B, 20B, 50B and 100B were 

significantly higher compared to FSL, while Pmax 50G was similar to FSL but significantly 

lower than PSL (Figure 6-8H). The Pmax for 0B was significantly lower than FSL and PSL. 

 

6.4.3 Soluble and insoluble sugar concentration 

For B. membranaceum, leaf soluble sugar concentration in plantlets under all LED light 

treatments were significantly higher than FSL, but significantly lower than PSL, except for 

20B, which was similar to PSL (Figure 6-9A). Leaf insoluble sugar concentration in 20B was 

significantly higher than FSL, while 10B and 50G were similar to FSL, and 0B, 50B and 100B 

were significantly lower than FSL (Figure 6-9C). The leaf insoluble sugar concentration under 

all LED light treatments were all significantly higher than PSL, except for 100B, which was 

similar. Plantlets grown under 20B showed the highest leaf soluble sugar concentration. 

Pseudobulb soluble sugar concentration under all LED light treatments were significantly 

higher than FSL (Figure 6-9E). However, only in 10B and 20B was it significantly higher than 

in PSL, while in the rest of the LED light treatments it was similar (50B, 50G) or significantly 
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lower (0B, 100B) than in PSL. Pseudobulbs insoluble sugar concentration for plantlets under 

10B, 20B, and 50G were significantly higher than FSL and PSL, while plantlets under 0B, 50B 

and 100B were significantly lower than FSL and PSL (Figure 6-9G). 

For B. vaginatum, leaf soluble sugar concentration in plantlets under all LED light 

treatments were similar (0B) to, or significantly higher (10B, 20B, 50B, 100B, 50G) than FSL 

(Figure 6-9B). However, only 20B, 50B and 100B were similar to PSL, while 10B and 50G  

 
Figure 6-9 Leaf soluble sugar (A, B), leaf insoluble sugar (C, D), pseudobulb soluble sugar 

(E, F), and pseudobulb insoluble sugar (G, H) of B. membranaceum and B. 
vaginatum grown under five different red-blue LED light ratios (0B, 10B, 20B, 
50B, 100B), one red-green LED light ratio (50G) with PPFD of 288 μmol m-2 
s-1, full sunlight (FSL) and partial sunlight (PSL). Vertical bars represent the 
standard errors. Means with different letters are statistically different (p < 0.05; 
n ≥ 3) as determined by Tukey’s multiple comparison test. 
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were significantly lower than PSL. Leaf insoluble sugar concentration in plantlets under 0B 

was similar to FSL and PSL, while plantlets under other LED light treatments had significantly 

higher concentration than FSL and PSL, with 50B and 100B having highest values (Figure 6-

9D). Pseudobulb soluble sugar concentration in all LED light treatments were also significantly 

higher than FSL or PSL, with 50B and 100B having highest values (Figure 6-9F), while for 

pseudobulb insoluble sugar concentration, only 0B, 50B, 100B and 50G had significantly 

higher values than FSL and PSL (Figure 6-9H). Pseudobulb insoluble sugar concentration in 

plantlets under 10B was similar to FSL and PSL, while concentration in 20B was lowest. 

 

6.4.4 Total soluble protein 

Total soluble protein in B. membranaceum under all LED light treatments were 

significantly lower compared to FSL, but 0B, 10B and 50B were similar to PSL, while 20B, 

100B and 50G were significantly lower than PSL (Figure 6-10A). While total soluble protein 

in B. vaginatum plantlets under all LED light treatments except 50B, were similar (0B) to, or 

significantly higher (10B, 20B, 100B, 50G) than FSL (Figure 6-10B). B. vaginatum plantlets 

under 50B was significantly lower to FSL. When compared with PSL, B. vaginatum plantlets 

under all LED light treatments were significantly higher. 

 
Figure 6-10 Total soluble protein for B. membranaceum (A) and B. vaginatum (B) grown 

under five different red-blue LED light ratios (0B, 10B, 20B, 50B, 100B), one 
red-green LED light ratio (50G) with PPFD of 288 μmol m-2 s-1, full sunlight 
(FSL) and partial sunlight (PSL). Vertical bars represent the standard errors. 
Means with different letters are statistically different (p < 0.05; n ≥ 3) as 
determined by Tukey’s multiple comparison test. 
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6.5 Discussion 

6.5.1 Effects of indoor LED lighting on morphology, growth of leaf and pseudobulb  

Recently, researchers on LED lighting applications in indoor agricultural production 

agree that light quality and quantity affects plant growth and morphology, but disagree upon 

the ratio of red-blue LED light combination for optimal growth, suggesting that the effects vary 

with species (Yorio et al., 2001; Matsuda et al., 2004; He et al., 2015; Frąszczak et al., 2016; 

Wang et al., 2016; He et al., 2017b; Clavijo-Herrera et al., 2018). While it has been shown that 

duo-chromatic blue-red LED lighting allows for more uniform and faster growth in crop plants 

(Matsuda et al., 2004; Darko et al., 2014; Muneer et al., 2014; Wang et al., 2016; He et al., 

2017b), irradiation from mono-chromatic red and yellow fluorescent lamps have been shown 

to increase shoot and root growth of orchid seedlings in culture, whereas blue light enhanced 

FW and shoot length, but not DW, and green light resulted in smaller FW, DW, leaf length and 

width, compared to white light (Islam et al., 1999). 

The results of this study showed that leaves of B. membranaceum plantlets under 20B 

expanded faster (Figure 6-2A) and had higher leaf FW (Figure 6-3A) than FSL, PSL and other 

LED lights, and duo-chromatic red-blue light (10B, 20B) resulted in faster leaf expansion than 

mono-chromatic red (0B) or blue (100B) light alone (Figure 6-2A), but leaf FW for 10B and 

50B were similar to 0B, 50G and 100B (Figure 6-3A). Red-blue LED light (10B, 20B, 50B) 

also resulted in higher pseudobulb FW compared to FSL (Figure 6-3B). Godo et al. (2011) 

showed that after 3 months of culture under LED light, the width of the leaves in seedlings 

expanded under white and blue light and was narrower under green, orange and red light, and 

seedlings grown under white and blue light resulted in thicker pseudobulbs. The results in this 

study differed from that of Godo et al. (2011), but the difference could be due to use of duo-

chromatic red-blue LED light in this study as compared to the use of mono-chromatic blue 

LED light or white LED light in the study by Godo et al. (2011). Therefore, the results for B. 
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membranaceum agrees with the consensus that duo-chromatic red-blue lighting is more 

beneficial for growth than monochromatic red or blue light alone (Yorio et al., 2001; Matsuda 

et al., 2004). Interestingly, 50G duo-chromatic red-green light showed faster leaf expansion 

than 50B duo-chromatic red-blue light (Figure 6-2A) , which differs from the results of Islam 

et al. (1999) who reported the negative effect of green light on leaf length and width. This 

further suggests the benefits of supplementing green light with red as compared to just using 

mono-chromatic green light on growing B. membranaceum plantlets. 

However, the use of duo-chromatic red-blue light was not beneficial towards leaf 

expansion in B. vaginatum plantlets, where natural sunlight (FSL and PSL) showed faster leaf 

expansion compared to LED light treatments, and 100B had faster leaf expansion than the other 

LED light treatments (Figure 6-2B), contrary to the results in B. membranaceum (Figure 6-

2A). The result from B. vaginatum also did not agree with the benefits of duo-chromatic red-

blue lighting on the leaf growth as shown in the CAM plant Mesembryanthemum crystallinum 

(He et al., 2017b) and the negative effects of 100% blue LED light on leaf growth in Lactuca 

sativa (Clavijo-Herrera et al., 2018) and how decreasing red-to-blue LED light ratio resulted 

in decreased leaf area (Poorter et al., 2009; Hogewoning et al., 2010). However, the results 

from B. vaginatum is similar to the results showing greater width in expanded leaves in orchid 

seedlings under white and blue light (Godo et al., 2011). Leaf FW in B. vaginatum plantlets 

was also higher in PSL compared to plants under all LED light treatments, which was higher 

than under FSL (Figure 6-3F), while pseudobulb FW under all LED lightings were lower than 

FSL and PSL, with plantlets under 20B having the lowest value (Figure 6-3G). Therefore, the 

higher light intensity of FSL compared to the LED light treatments and PSL had a negative 

effect on the leaf FW, consistent with other findings (Poorter et al., 2009). 

Overall, B. vaginatum plantlets under red-blue LED light resulted in similar or greater 

leaf-to-pseudobulb FW ratios compared to natural sunlight (Figure 6-3H), which suggests that 
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red-blue LED light stimulates development of larger pseudobulbs but smaller leaves in B. 

vaginatum plantlets, compared to the effects of natural sunlight (FSL and PSL). This differs 

from the effects of mono-chromatic red and blue light in promoting photomorphogenesis in 

Cattleya orchid PLBs (Cybularz-Urban et al., 2007), but agrees with the result that blue light 

promotes thicker pseudobulbs in Bletilla ochracea (Godo et al., 2011). Therefore, the effects 

of duo-chromatic red-blue LED light on leaf growth in orchid plantlets might also be species-

dependent, similar to the case of agricultural crops (Wang et al., 2016; He et al., 2017b). 

The results also showed no gross deformities in the form and shape of the leaves, 

pseudobulbs, and roots, in B. membranaceum and B. vaginatum plantlets grown under different 

LED light treatments, as compared to the orchids grown under natural sunlight (Plates 6-3, 6-

3, and 6-4). While it is understood that blue light initiates rhizogenesis and aerial root 

elongation in orchid PLBs in culture (Cybularz-Urban et al., 2007), the results in this study go 

on to show that the use of aeroponic system and the addition of blue to red LED lighting for 

cultivation of B. membranaceum and B. vaginatum plantlets also demonstrated success in root 

formation, both rhizomatous as well as aerial roots under all LED light treatments (Plate 6-2B 

and 6-2D), and these roots have appearances similar to those under natural sunlight. However, 

there is a higher occurrence of twisting in the newly expanded leaves observed in B. 

membranaceum plantlets similar to what was reported in tomato plants, which could be due to 

uneven elongation of the leaf (Kaiser et al., 2019). Moreover, leaves of B. vaginatum plantlets 

grown under 100B and PSL were observed to be more elongated than leaves under FSL, 

possibly due to the effects of lower phytochrome activity (Kong et al., 2018). This differed 

from the results observed in B. ochracea (Godo et al., 2011) where leaves of seedlings under 

blue LED light were observed to be wider. These are only visual observations and therefore 

require further quantifiable measurements in future. In addition, further investigation need to 
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extend to a greater variety of orchid species so as to ascertain whether leaf morphological 

changes in response to blue LED light is species-specific. 

For B. membranaceum plantlets, 0B resulted in a lower SLA and leaf thickness 

compared to FSL and PSL, but with addition of blue or green to the red LED light, SLA values 

were higher (Figure 6-4A) and leaves were thicker than 0B, FSL and PSL (Figure 6-4B), with 

leaf DW under all LED light treatments except 100B, similar or higher than 0B, FSL and PSL 

(Figure 6-3D). Addition of blue or green light to red stimulated greater leaf area, thicker leaves, 

and higher leaf DW in B. membranaceum, compared to full red light, but pure blue light 

resulted in lower leaf DW. The SLA values in B. membranaceum are in contrast to the reported 

effects of blue LED light on decreasing leaf area in lettuce and cucumbers (Poorter et al., 2009; 

Hogewoning et al., 2010). However, the latter effect is observed in B. vaginatum, where 

increasing blue to red light corresponds with decreasing SLA values compared to 0B (Figure 

6-4C), while leaves were thicker under all LED light treatments compared to FSL (Figure 6-

4D), and leaf DW under all LED light treatments except 50G, were similar or higher than FSL 

and PSL (Figure 6-3I). Interestingly, adding blue light to red decreases leaf thickness (20B and 

100B) in B. vaginatum compared to 0B, and this effect is more similar to that of FSL. Overall, 

the results support the conclusion that addition of blue light to red mimics effects of high 

irradiances on leaf thickness (Hogewoning et al., 2010; Hernández & Kubota, 2014), while the 

decreasing SLA and leaf thickness in red-blue LED light compared to 0B in B. vaginatum can 

be explained by how blue light induces less cell expansion or division (Appelgren, 1991; Folta 

et al., 2003). The effects of 0B on B. membranaceum and B. vaginatum also differed from how 

red light induced elongation of stem and leaf petiole and increasing weight reported by Wang 

et al. (2016), or how blue light increased individual leaf area, petiole length, and/or biomass 

allocation to main stem, which varied between petunia, calibrachoa, geranium, and marigold 

(Kong et al., 2018). This suggests subtle species-dependent differences in leaf area, thickness 
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and DW in response to different red-blue LED light combinations, that needs further 

verification with more orchid species to be tested. 

 

6.5.2 Effects of indoor LED lighting on photosynthetic light use efficiency and 

photosynthetic pigments 

Under 20B, Fv/Fm ratios for both B. membranaceum (Figure 6-5A) and B. vaginatum 

(Figure 6-5B) were higher compared to the rest of the LED light combinations. Lower values 

were seen in 0B, 100B and 50G for B. membranaceum and in 0B for B. vaginatum, which 

suggest that full red or blue LED light alone may not be sufficiently adequate for functional 

photosystem II in both B. vaginatum and B. membranaceum, and is consistent with the similar 

effects reported in crop plants (Goins et al., 1997; Yorio et al., 2001; Matsuda et al., 2004; 

Hogewoning et al., 2010; Wang et al., 2016). Among the lower Fv/Fm ratios, B. membranaceum 

under 100B and 50G had the lowest values (< 0.5), which suggest that these B. membranaceum 

plantlets were under photoinhibition (Björkman & Demmig, 1987), and these two light 

treatments may cause lower photosynthetic light utilisation for B. membranaceum, which 

suggests greater sensitivity towards blue or green light in B. membranaceum than red light. 

Indeed, it is known that blue photons are much more effective in photoinactivating PS II, 

followed by green photons, and lastly red photons (He et al., 2015). The Fv/Fm ratios also 

corresponded with the photochemical light use efficiency across different LED combinations. 

The NPQ, qP and ETR were compared between the different LED light treatments, 

FSL and PSL at PPFD of 606 μmol photon m−2 s−1, the intensity at which saturation was 

achieved based on the light response curves for ETR for both B. vaginatum and B. 

membranaceum (data not shown). Increasing amounts of blue light added to red resulted in 

increasing qP and ETR values in B. membranaceum (Figure 6-6), suggesting a dose-response 

to increasing blue light in photosynthetic light utilisation, which is an extension of the higher 
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energy efficiency reported in Oncidium plantlets exposed to red-blue light (Liu et al., 2010). 

However, what was interesting, was that 100B resulted in lower NPQ, qP and ETR, compared 

to FSL and PSL, highlighting the detrimental effects of pure blue light on the photosystems 

and their function in B. membranaceum. This could be attributed to the lower amount of active 

phytochrome (Sager et al., 1988) that regulates Chl content and reduces investment into it, 

thereby resulting in lower photosynthetic light use efficiency (Hogewoning et al., 2010). This 

is also further supported by the analysis of the Chl content in B. membranaceum, where under 

100B (Figure 6-7E), total Chl content was lower than the other red-blue LED light 

combinations and PSL, while being similar to FSL and 0B. This lowered photosynthetic light 

use efficiency under 100B may also be due to the absence of phytochrome regulation by red 

light, or limitation of cell size and cell layers in mature leaf (Oguchi et al., 2003) resulting from 

pure blue light (Hogewoning et al., 2010). That blue light alone stimulates characteristic 

responses similar to exposure to high irradiances, might also draw on the relationship between 

the sensitivity of B. membranaceum to high irradiances and its negative effects on 

photosynthetic light use efficiency. As for the effects of 0B on photosynthetic light use 

efficiency in B. membranaceum, the decrease in Fv/Fm ratio is less drastic (> 0.6), and 

corresponding qP and ETR values were still comparable to the other red-blue LED light 

combinations, and higher than FSL and PSL. This means the blue light deficiency and 

physiological disorders associated with leaf development under red light alone stated by 

Hogewoning et al. (2010), was less evident in B. membranaceum, in spite of a lower total Chl 

content in B. membranaceum under 0B (Figure 6-7E), compared to the red-blue LED light 

combinations and PSL. This could mean that the cell space within the leaf and pigment content 

were adequate for minimal photosynthetic light utilisation (Hogewoning et al., 2010) even 

under full red light. 
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However, for B. vaginatum (Figure 6-6B, D, F), there was a less obvious trend in dose-

response to increasing blue light, but a higher qP and ETR, with lower NPQ, was observed 

under 50B and 100B. At the same time, there was a more significant decrease in qP and ETR, 

and higher NPQ, in 0B compared to FSL, PSL, and other LED light treatments. The 

corresponding total Chl content was also higher under 100B compared to 0B (Figure 6-7F). 

These results suggest that exposure to full red light was more detrimental to total Chl content 

than exposure to full blue light in B. vaginatum, which could have led to the lower 

photosynthetic light use efficiency (qP and ETR), with a greater dissipation of excess excitation 

energy through NPQ, since photosynthetic performance in plants is strongly related to their 

photosynthetic pigments (Senger & Bauer, 1987; Wang et al., 2016). This agrees with the 

conclusion that Chl biosynthesis is adversely affected by blue-light deficiency (Matsuda et al., 

2004; Hogewoning et al., 2010; Hernández & Kubota, 2014), and further, differences between 

B. membranaceum and B. vaginatum in photosynthetic light utilization and Chl content under 

blue or red light alone highlight how different phytochromes present in different plant species 

vary in response to different wavelengths of light (Neff et al., 2000), which is also true in 

different orchid species (Billore et al., 2017), not just limited to morphogenesis, but also plant 

response to the environment essential to adaptation and survival. 

Comparing photosynthetic pigments across the different red-blue light combinations, 

Chl a, Chl b, and total Chl content increased with increasing ratio of blue-to-red light in B. 

membranaceum (up to 50B, Figure 6-7E) and B. vaginatum (up to 100B, Figure 6-7F), which 

agrees with the pigment concentrations found in Oncidium PLBs and developing plantlets 

grown under red-blue light (Liu et al., 2010) and in Cattleya PLB cultures grown under more 

blue-to-red light where total Chl and Car content were higher than those grown under red light 

(Cybularz-Urban et al., 2007). The results here also agree with those of Tanaka et al. (1998), 

where red light decreased Chl content in Cymbidium plantlets which was reversed by blue 
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light. This suggests that supplementation of blue light to red stimulates Chl biosynthesis, 

which, in turn, has a strong association with the increased photosynthetic light utilization, up 

to a maximal of 50B in B. membranaceum, and 100B in B. vaginatum. This again suggests a 

strong correlation between Chl content and photosynthetic light use efficiency in B. 

membranaceum and B. vaginatum (Senger & Bauer, 1987; Wang et al., 2016), and thus 

growing B. vaginatum under higher blue light led resulted in higher photosynthetic light use 

efficiency compared to full red light or FSL and PSL (Figure 6-6B, D, F), which is in agreement 

with other studies (Muneer et al., 2014; He et al., 2015; Kaiser et al., 2019). Chl a/b ratio of B. 

membranaceum under all LED light treatments varied with no clear trend, but were all higher 

than FSL and PSL (Figure 6-7I), whereas Chl a/b ratio of B. vaginatum increased with 

increasing ratio of blue-to-red light, while 50G was similar to 20B (Figure 6-7J). This result 

shows that Chl biosynthesis differs between B. membranaceum and B. vaginatum in response 

to the same set of LED light combinations, with more Chl a produced in B. vaginatum with 

increasing blue light. The result in B. vaginatum agrees with the findings that more blue-to-red 

light reportedly led to higher Chl a/b ratio in lettuce, as compared to those under only red light 

(Wang et al., 2016), but the result in B. membranaceum did not agree with this. In addition, 

Chl/Car ratio also varied with no clear trend in B. membranaceum under all LED light 

treatments, but were lower than FSL and PSL (Figure 6-7K), while Chl/Car ratio in B. 

vaginatum was lowest for 100B, and for all LED light treatments, Chl/Car ratio was lower than 

FSL and PSL (Figure 6-7L). Thus, the blue light also stimulated more Car synthesis in B. 

vaginatum, compared to red light. Increasing blue light to red stimulates “sun-type” leaf 

characteristics, which includes having higher Car content (Buschmann et al., 1978; 

Lichtenthaler et al., 1981; Lopez-Juez & Hughes, 1995; Matsuda & Murakami, 2016; Kaiser 

et al., 2019). 
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From the results of the Chl fluorescence, photosynthetic light use efficiency parameters 

and pigment concentrations, the higher photosynthetic light use efficiency (Fv/Fm ratio, qP and 

ETR) coupled with higher total Chl content seen in 20B and 50B for B. membranaceum, and 

50B and 100B for B. vaginatum, infers that a red-blue LED light ratio between 20 – 50B for 

B. membranaceum and 50 – 100B for B. vaginatum would indeed be the optimal range of red-

blue light quality for growing them respectively, but further studies are needed to understand 

the effects of adding green to blue and red LED light, on the growth of B. vaginatum and B. 

membranaceum plantlets, since the results here show that the Chl fluorescence, photosynthetic 

light use efficiency parameters and pigment concentrations under red-green LED light had 

values that were in-between that of the red-blue light combinations, yet it has been argued that 

green light is essential for photosynthesis (Lin et al., 2013; Smith et al., 2017) and is even more 

effective in driving photosynthesis compared to red light, when in strong white light 

(Terashima et al., 2009). 

 

6.5.3 Effects of indoor LED lighting on QY, light compensation point, dark respiration rate, 
and Pmax 

 As for the leaf photosynthetic parameters based on O2 evolution, QY for B. 

membranaceum under all LED light treatments, except 50G, were lower than FSL and PSL, 

with 10B and 50G higher than the other LED light treatments, and 0B, 20B and 100B having 

the lowest values (Figure 6-8A). A complicating factor in interpreting the QY results of Figure 

6-8A and B is the use of a single spectral quality of the actinic light (white LED light) to assay 

leaves grown under different mixtures of red, blue or green light, as well as sunlight. An 

optimal QY will only be obtained if the measurement (actinic) light and growth light have the 

same spectral quality (Chow et al., 1990). The QY result generally suggests that red-blue LED 

lights resulted in B. membranaceum having QY resembling that of leaves exposed to high 

irradiances (Boardman, 1977; Lichtenthaler et al., 1981; Matsuda & Murakami, 2016; Kaiser 
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et al., 2019), becoming less efficient in utilising photosynthetic light energy at lower light 

intensities. However, the light compensation point showed a clear trend that decreased from 

0B to 50B, which then reversed with 100B (Figure 6-8C). This unusual result suggests that 

under 10B, 20B and 50B, B. membranaceum leaves could develop to be more shade adapted 

with low light compensation points (Craine & Reich, 2005), but under 100B, the leaves would 

adopt more “sun-type” characteristic, with higher light compensation points (Boardman, 

1977). Interestingly, while dark respiration rates for B. membranaceum were also lower under 

20B, 50B and 100B (Figure 6-8E), while Pmax were lower for 20B and 100B, but higher for 

50B, compared to FSL (Figure 6-8G). This suggests that under 50B, photosynthetic capacity 

in B. membranaceum was higher than FSL, but for 20B and 100B, even though the dark 

respiration rate was lower, photosynthetic capacity was lower compared to FSL. In addition, 

for 0B and 100B, light compensation point was higher, while QY and Pmax were lower than the 

other LED light treatments, even though dark respiration rates were lower than FSL and PSL, 

which suggests that pure red or blue LED light remains suboptimal for growth and yield (Kaiser 

et al., 2019). However, Kaiser et al (2019) goes on further to discuss their findings that a 

minimal 8% of blue light was sufficient to ameliorate the negative effects of pure red light on 

the photosynthetic capacity and with increasing proportion of blue to red light, photosynthetic 

capacity increased as well. In this study, a similar phenomenon was observed where increasing 

blue light ameliorated “red light syndrome” seen in 0B, but also produced an interesting 

anomaly where 10B, 20B and 50B stimulated greater adaptation to shade, albeit lower QY than 

FSL and PSL. However, growth under 100B again reverted leaves towards “sun-type”. It 

would seem that photosynthesis is still primarily driven by red light (Paradiso et al., 2011; 

Hogewoning et al., 2012), and addition of blue light would ameliorate a “red light syndrome” 

(Kaiser et al., 2019), but further, leaves are able to acclimate their photosystem composition to 

growth light spectrum such that different wavelengths excite photosystems differently and alter 
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the excitation balance and quantum yield (Hogewoning et al., 2012), which justifies the 

anomaly of 10B, 20B and 50B if taking into consideration that the proportion of red to blue 

could trigger specific responses in the two different photosystems, which would then lead to 

the characteristics mentioned above (low light compensation point, dark respiration and Pmax, 

yet also low QY). In addition, 50G stimulated higher light compensation point (Figure 6-8C) 

and dark respiration rate (Figure 6-8E) compared to B. membranaceum under FSL and PSL, 

which infers that adding green to red light may not benefit overall photosynthetic rate in B. 

membranaceum because it stimulates more respiration as well, but this is contrary to what is 

argued by Smith et al. (2017) which argued that green light allowed more dynamic photo-

acclimation leading to better shade adaptation with lower dark respiration rates and light 

compensation points. However, different wavelengths of green light were shown to cause 

different responses within the plant (Dougher & Bugbee, 2001). Nevertheless, the result of 

50G could not completely conclude that red-green light was still suboptimal for growth of B. 

membranaceum, because Pmax was still relatively high compared to the rest of the LED light 

treatments and FSL, and similar to PSL. More investigation is required in future for the role of 

green light on red, in overall photosynthetic rates as there are differences in the result here with 

other findings. 

 For B. vaginatum, QY under all LED lightings were similar or lower than FSL and 

PSL, except for 10B which was significantly higher (Figure 6-8B). Correspondingly, light 

compensation point under 10B and 50B were similar to FSL and PSL, while the rest of the 

LED light treatments were higher than FSL and PSL (Figure 6-8D). Therefore, there was no 

clear trend in how QY and light compensation point changes with increasing blue light added 

to red, except that 0B and 100B had lowest QY values, dark respiration rates (Figure 6-8F) and 

Pmax (Figure 6-8H) values (except for the Pmax value for 100B which was higher than FSL and 

PSL), and higher light compensation points compared to FSL and PSL, which can be concluded 
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that pure blue or red light still remained generally suboptimal for growth and yield, even in B. 

vaginatum. Only 10B was outstanding, with its high QY and low light compensation point, but 

dark respiration rate was also high. However, between 10B to 100B, dark respiration rate 

decreases with increasing amount of blue light. All these results suggest that with more blue to 

red light, B. vaginatum leaves become more adapted to shade, which differs from the results in 

B. membranaceum and also contradicts findings that more blue light results in “sun-type” 

characteristics (Kaiser et al., 2019), but supports the findings that leaves could be more shade 

adapted with more blue light (Craine & Reich, 2005). And again, the trend of increasing Pmax 

values from 0B to 20B and then reversal of this trend towards 50B, suggests the role that 

different wavelengths play in triggering specific responses in the photosystems, which excite 

photosystems differently and alter the excitation balance and quantum yield (Hogewoning et 

al., 2012). There are more sun adapted characteristics as blue light increases from 0B to 20B 

and then having more shade adapted characteristics from 20B to 50B, which also happens to 

be the reverse of B. membranaceum, which could further suggest that how photosystems 

respond to different wavelengths of light might be species-dependent as well. Interestingly, 

under 100B, Pmax value was higher than PSL, which could suggest that in B. vaginatum, blue 

light was not as detrimental to photosynthetic capacity as compared to B. membranaceum, 

although 100B decreased Fv/Fm (Figure 6-5). However, as compared to B. membranaceum, B. 

vaginatum under red-green light did not perform as well as the other LED light treatments, 

with a low QY, and a moderate light compensation point and dark respiration point, with a 

very low Pmax value, which suggests that red-green light may lead to leaves becoming less 

tolerant of sun conditions or less able to photo-acclimate, contrary to the findings by Smith et 

al. (2017). 
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6.5.4 Effects of indoor LED lighting on soluble and insoluble sugar concentration 

Red-blue LED light combinations have been reported to favour higher carbohydrate 

production and accumulation in plants (Yorio et al., 2001; Ouzounis et al., 2015; Bantis et al., 

2016). Yet, it was also reported in Oncidium PLBs that red light alone was sufficient to increase 

carbohydrate content (Liu et al., 2010), while Hogewoning et al. (2010) prove, on the contrary, 

that red-blue LED lights have little effect on carbohydrate transport and metabolism with no 

differences in carbohydrate content reported at the end of the dark period, in different LED 

light combinations. Here in this study, the results showed that red-blue LED light combinations 

led to higher leaf and pseudobulb soluble sugar concentrations in B. membranaceum and B. 

vaginatum, compared to red or blue light alone, and they were all higher than FSL (Figure 6-

9A, B, E, F). However, the trends do not exhibit a dose-dependency with more blue light, as 

the maximum occurred at 20B for B. membranaceum and 50B for B. vaginatum respectively. 

More soluble sugar was also present in leaf compared to pseudobulb, which could suggest that 

more soluble sugar was synthesised in the leaf and then transported to the pseudobulb, where 

it is converted and stored as insoluble sugar (Ng & Hew, 2000; He et al., 2011b). This is also 

supported by the higher insoluble sugar concentration in the pseudobulbs compared to the 

soluble sugar concentration (Figure 6-9C, D versus Figure 6-9G, H). The trend for the insoluble 

sugar concentration in leaf and pseudobulb in B. membranaceum and B. vaginatum also 

showed an increase with more blue light added to red, up to a maximum at the same light 

combination as in the case of the soluble sugar (20B for B. membranaceum, 50B for B. 

vaginatum). However, what was interesting was the slight decrease in pseudobulb insoluble 

sugar concentration from 0B to 20B in B. vaginatum, which could suggest that in B. vaginatum, 

red light alone could still be sufficient for stimulating insoluble sugar accumulation, while blue 

light enhanced the accumulation only at 50B and 100B. This also suggests the different roles 

that different light wavelength play in regulating carbohydrate accumulation, possibly 
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mediated through different phytochromes (Kasperbauer & Hamilton, 1984; Yorio et al., 2001; 

Ouzounis et al., 2015; Bantis et al., 2016). 

Yet, photosynthesis is also down-regulated by carbohydrate accumulation in leaves 

(Stitt, 1991; Foyer & Paul, 2001), with higher starch content at the end of the night period 

reported in soybean and sorghum leaves grown under very little blue light and mainly 

amber/red light (595 nm), compared with leaves grown under daylight fluorescent tubes (Britz 

& John, 1990), and more and larger starch grains in the chloroplasts at the end of the 

photosynthetic period, were reported in tobacco leaves grown under red light (Kasperbauer & 

Hamilton, 1984). Here in this study, the results showed that both leaf and pseudobulb insoluble 

sugar concentrations in B. membranaceum were lower under 0B, and increased with more blue 

light added only up to 20B, thereafter decreasing towards 100B. This suggests that both pure 

red and pure blue LED light did not stimulate insoluble sugar synthesis and accumulation as 

much as in a combination of red-blue LED light. This could be due to fact that both pure red 

and pure blue light did not require a significant down-regulation of photosynthesis by insoluble 

sugar accumulation in B. membranaceum, which had previously been reported elsewhere (Stitt, 

1991; Nii et al., 1993; Foyer & Paul, 2001), mediated through the decreased Rubisco content 

(Araya et al., 2006). However, for B. vaginatum, under pure red or blue light, insoluble sugar 

concentrations were still similar to, or higher than FSL and PSL, which could either suggest 

that in B. vaginatum, the accumulation of carbohydrate is associated with lowered 

photosynthetic activity. On the other hand, 50G in B. membranaceum and B. vaginatum also 

resulted in leaf and pseudobulb soluble and insoluble sugar concentrations that are in between 

that of 10B – 50B, suggesting that the addition of green to red LED light stimulated that same 

responses as red-blue LED light. 
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6.5.5 Effects of indoor LED lighting on total soluble protein 

Photosynthetic capacity has been reported to be closely associated with Chl content, 

Rubisco content, total soluble protein and nitrogen (N) content per unit area (Hogewoning et 

al., 2010; Muneer et al., 2014; He et al., 2017b). Leaf N content has been reported to limit 

photosynthetic capacity of leaves grown at an irradiance of more than 22% blue-to-red LED 

light, with Chl per leaf DW and Chl-to-N ratio decreasing slightly with increasing blue light 

dose added to red (Hogewoning et al., 2010). This association between photosynthesis and the 

carbon and nitrogen metabolism within plants represents a comprehensive set of interactions 

between carbon and nitrogen (metabolic pathways) signaling that regulates Chl synthesis and, 

Rubisco content and activity, which, in turn, regulates photosynthesis (Foyer & Paul, 2001). 

Any nitrogen deficiency necessitates “scavenging” nitrogen from the catabolism of Rubisco. 

In short, photosynthesis is regulated tightly by whole plant source-sink balance and nutrient 

balance, primarily by the carbon to nitrogen status (Foyer & Paul, 2001). 

In this study, it was found that total soluble protein in B. membranaceum decreased 

with increasing blue light added to red LED light, and all were lower than FSL, and similar to, 

or lower, than PSL (Figure 6-10A), which was different from what was found in lettuce by 

Zhang et al. (2018), where contents of soluble protein were the highest under blue light 

compared to pure red light and combinations of red-blue light, and soluble protein content and 

free amino acids content were also higher under 25% blue-to-red LED light condition 

compared to red only. However, total soluble protein in B. vaginatum under 10B, 20B, 100B 

and 50G were higher than FSL and PSL, and from 10B to 50B, exhibited an inverse trend with 

increasing blue-to-red LED light (Figure 6-10B), agreeing with the findings by Zhang et al. 

(2018). The effects of blue light alone in B. vaginatum also agree with the same findings, but 

taken from a holistic point of view, the results from both B. membranaceum and B. vaginatum 

agree more with those of (Hogewoning et al., 2010), where photosynthetic capacity seems to 
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be limited by the N content, as evident in the total soluble protein content in B. membranaceum 

and B. vaginatum peaking at 10B, which also corresponds with the results of the higher 

photosynthesis at 10 – 20B as mentioned earlier in Section 6.5.1 (Figures 6-5, 6-6, 6-8). The 

results in B. membranaceum also agree with Hogewoning et al. (2010) where with more blue 

light, total soluble protein content decreased (Figure 6-10A) and this is coupled with increasing 

total Chl content from 10 – 50B and then followed by a sharp decrease in total Chl content 

under 100B (Figure 6-7E), suggesting a shift towards synthesis of Chl and a reduction in total 

soluble protein, which includes Rubisco, with more blue-to-red light, but a complete reversal 

in pure blue light alone. 

The total soluble protein result in B. membranaceum also differed from that of CAM 

plant Mesembryanthemum crystallinum where it was reported that under pure red LED light, 

total soluble protein and Rubisco protein decreased, characteristic of shade adaptation (He et 

al., 2017b). But if compared with B. vaginatum under pure red light, the total soluble protein 

content is lower than most of the other LED light treatments, which is similar to the responses 

reported in M. crystallinum. In addition, in B. vaginatum under full blue light, total soluble 

protein content increased sharply to be higher than most of the LED light treatments, as well 

as FSL and PSL, which suggests that blue light alone is capable of stimulating the accumulation 

of soluble protein in B. vaginatum, similar to the increase when exposed to higher irradiance 

on transfer from PSL to FSL. Therefore, different wavelengths of light (red or blue) may be 

processed by different phytochromes, regulating different molecular pathways that would 

result in regulation of a shift towards Chl synthesis or towards total soluble protein 

accumulation (including Rubisco content) (Sager et al., 1988; Neff et al., 2000; Foyer & Paul, 

2001; Yorio et al., 2001; Ouzounis et al., 2015). 

For 50G, the total soluble protein content in B. membranaceum is in between that of 

red-blue light combinations, comparable to that of 20B (Figure 6-10A), which suggest that in 
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B. membranaceum, adding green light to red might also be a substitute for blue light addition, 

but for B. vaginatum, addition of green to red resulted in higher total soluble protein content 

(Figure 6-10B). Compared with the lower total Chl content in B. vaginatum under 50G 

compared to 20B, 50B and 100B (Figure 6-7F), it is suggested that addition of green light to 

red might trigger less Chl synthesis while increasing total soluble protein content, similar to 

the effects of blue light in B. vaginatum. In summary, under 10B, total soluble protein content 

in B. membranaceum and B. vaginatum seems to be the maximum, which indicates that this 

combination triggers an optimally high total soluble protein content with relatively high total 

Chl content in B. membranaceum compared to FSL and PSL (Figure 6-7E) and total Chl 

content in B. vaginatum comparable to FSL (Figure 6-7F). 

 

6.6. Conclusion 

This study has demonstrated the success of cultivating orchids at plantlets stage under 

LED lighting using indoor aeroponic systems. However, effects of red-blue light on leaf 

expansion varies between B. membranaceum and B. vaginatum, with subtle differences in leaf 

area, thickness and DW. General consensus is that red-blue lighting is more beneficial to 

growth than pure red or blue lights. This is because mono-chromatic red light led to blue 

deficiency syndrome, where photosynthetic light use efficiency decreases, but the extent of 

this deficiency differed between B. vaginatum and B. membranaceum. Addition of blue to red 

ameliorated this syndrome, but mono-chromatic blue light is also detrimental to the 

photosynthetic apparatus, especially more so in B. membranaceum than B. vaginatum. In 

addition, red-blue light combinations led to higher leaf and pseudobulb soluble sugar 

concentrations in B. membranaceum and B. vaginatum, with greater conversion to insoluble 

sugar in pseudobulbs for storage. Total soluble protein in B. membranaceum and B. vaginatum 

decreased with increasing blue light added to red light, with a maximum at 10B, which also 
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corresponds with the results of the higher photosynthetic capacity at 10 – 20B. Therefore, 

photosynthetic capacity is limited by N content in B. membranaceum and B. vaginatum, and 

with more blue-to-red light, carbon-nitrogen balance is shifted towards synthesis of Chl and a 

reduction in total soluble protein, but not in pure blue light alone. Adding green to red light 

may not benefit overall photosynthetic rate in B. membranaceum because it stimulates more 

respiration, but result of 50G could not completely conclude that red-green light was still 

suboptimal for growth of B. membranaceum, because the Pmax and carbohydrate content in leaf 

and pseudobulb was still relatively high compared to the rest of the LED light treatments and 

FSL, and close to PSL. More investigation is required for the role of green light on red, or as a 

mix of red-blue-green light, since the benefits of adding green light to red are still being 

reported elsewhere. In summary, from the results of the photosynthetic light use efficiency and 

pigment concentrations in 20B and 50B for B. membranaceum, and 50B and 100B for B. 

vaginatum, it can be inferred that a red-blue LED light ratio between 20 – 50B for B. 

membranaceum and 50 – 100B for B. vaginatum would indeed be the optimal range of red-

blue light quality for photosynthesis in these two species. This is also summarised in Figure 6-

11. Orchids may exhibit versatility in their molecular mechanisms in response to light quantity 

and quality, but more work needs to be done to elaborate a whole-plant system of response to 

light quality. The use of LED lighting for cultivation of orchid seedlings indoors (optimal range 

of 20 – 50B for B. membranaceum and 50 – 100B for B. vaginatum) results in higher 

photosynthetic light utilisation and higher leaf and pseudobulb DW under compared to growing 

under natural sunlight. Therefore, use of LED lighting can speed up growth of orchid seedlings 

and if introduced, may significantly contribute to the orchid conservation programme in 

Singapore in shortening the time taken to grow orchids to maturity. However, the use of LED 

lighting comes at a significant cost in electrical usage, and it would be good to study the cost-

effectiveness of implementing a LED lighting system in growing orchid seedlings in future.  
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Figure 6-11 Photosynthetic responses to light treatments and corresponding growth 
responses in B. membranaceum (A) and B. vaginatum (B). Broken lines 
represent levels of responses in FSL and PSL relative to LED light treatments. 
Levels are represented in decreasing order from top to bottom (e.g. for total Chl 
in B. vaginatum, PSL is higher than FSL, and 0B to 50G are equal to, or lower 
than FSL). Corresponding growth responses are described in text boxes, in 
comparison to FSL and PSL (below the blue arrow). 
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CONCLUDING DISCUSSION 
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7.1 General Discussion 

7.1.1 Water is essential for epiphytic orchids to mitigate environmental stress 

 Epiphytic orchids experiencing water deficit stress show significant decrease in RWC 

in both leaves and pseudobulbs, reduction in photosynthetic light utilization, and greater 

susceptibility to photoinhibition caused by intermediate or high irradiance (Stancato et al., 

2001; Cui et al., 2004; He et al., 2013; Yang et al., 2016; Zhang et al., 2016; He et al., 2017a; 

He. 2018; Zhang et al., 2018a). A decreased water status leads to decreased PS II 

photochemistry, overall photosynthesis and plant growth (Ings et al., 2013; Chen et al., 2016; 

Guo et al., 2016; Luo et al., 2016; Yi et al., 2016; Guo et al., 2018). The connection between 

water status and photosynthesis is better understood through analysing photochemistry 

parameters together with RWC. The changes in photochemistry parameters, such as PS II 

efficiency and Chl fluorescence parameters, after drought and re-watering provide significant 

insight into photosynthetic performance and tolerance under abiotic stress factors (Stirbet et 

al., 2018; Li et al., 2019), while changes in RWC provides a reliable comparison of the water 

status for comparison of tissues and species, which is sensitive to the cellular metabolism, 

including those that are involved in photosynthesis (Lawlor & Cornic, 2002). 

In this study, water deficit resulted in decreased photosynthesis in the six native 

epiphytic orchid species . Under natural conditions, all six species under HL, and B. 

membranaceum and B. vaginatum under LL, show a reduction in the PS II efficiency after 1 

month, indicating chronic photoinhibition (Figures 3-2 and 3-4). This chronic photoinhibition 

coincided with lower leaf RWC after 1 month (Figure 3-6), which could have been due to the 

lower rainfall in the first 7 weeks (Figure 3-3A). The association between water status and 

photosynthesis was further demonstrated in the same six species grown under controlled 

conditions in the greenhouse, where generally all six species after 7 weeks of DRML and 

DRLL showed a decrease in leaf and pseudobulb RWC (Figure 4-10 and 4-11, respectively) 
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and decreased photosynthetic light utilisation (decreased Fv/Fm ratio, ETR, qP), compared to 

well-watered conditions, particularly more severe in B. vaginatum (Figures 4-2, 4-3, 4-4). 

Water deficit also resulted in decreased pigment concentrations, where Chl a, Chl b and total 

Chl content decreased in all species (Figure 4-6), which suggests that light harvesting 

decreased with increasing water deficit, possibly as a photoprotective strategy (Horton & 

Ruban, 2004; Ibrahim et al., 2011; Latowski et al., 2011; Gu et al., 2017; Slattery et al., 2017). 

The Pmax also decreased with water deficit in all six species under DRML, indicating a 

reduction in photosynthetic capacity (Figure 4-9A). 

Therefore, water status takes physiological precedence over maximizing 

photosynthesis, under higher irradiances, and water deficit has a greater impact on 

photoinhibition than high light alone (Demmig-Adams & Adams, 1992; Horton & Ruban, 

1992; Ort, 2001), such that when water supply is insufficient to sustain plant growth, drought 

stress further exacerbates stress from higher irradiances (Ashraf, 2010; He et al., 2014, 2017a), 

leading to reduced photosynthetic capacity (Demmig-Adams & Adams, 1992; Anderson et al., 

1995; Lawlor, 2002). After 7 weeks of DRML, not only did leaf RWC (Figure 4-10), 

photosynthetic light utilisation (Figures 4-2, 4-3, 4-4) and CO2 assimilation rate decrease 

(Figures 5-3M), stomata also closed throughout the 24-h in C. rochussenii (Figure 5-3O). The 

stomatal closure resulted in a metabolic limitation on photosynthesis under severe drought, in 

this species, where decreased gs (Pinheiro & Chaves, 2011; Fang et al., 2014; Martin-StPaul et 

al., 2017; Cain et al., 2019; Carvalho et al., 2019) depleted CO2 in the intercellular spaces and 

reduced CO2 assimilation in the chloroplast (Flexas & Medrano, 2002; Lawlor & Tezara, 2009; 

Flexas et al., 2016; Mathobo et al., 2017). The reduced CO2 assimilation will eventually lead 

to photosynthetic capacity being limited by the decreased reductant and ATP pools (Lawlor & 

Tezara, 2009), thereby increasing susceptibility to photoinhibition, as a photoprotective 

response to prevent further over-energisation of the photosystems that leads to photodamage 
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(Lawlor & Tezara, 2009; Pinheiro & Chaves, 2011; Flexas et al., 2016; Yamori, 2016), which 

is reflected in the decreased Fv/Fm ratio, ETR and qP in C. rochussenii as mentioned earlier. 

The moderately strong negative correlation under well-watered conditions (Figure 4-

12, G to L) against weak negative correlation under drought treatment (Figure 4-12, A to F) 

between Fv/Fm and PPFD further suggests that under well-watered conditions, the amount of 

the light energy determines PS II efficiency, but under drought, water deficit had a greater 

impact in limiting PS II efficiency (Fv/Fm) compared to high light stress. In addition, it was 

shown that the values of ETR and qP under well-watered conditions were generally higher 

after 21 weeks of WWML as compared to WWLL (Figures 4-3 and 4-4). Therefore, well-

watered conditions enabled an increased supply of radiant energy to be utilised for 

photosynthesis, overcoming the energy source-limitation on the growth of orchids 

(Wadasinghe & Hew, 1995; Yong & Hew, 1995; He et al., 1998; He & Teo, 2007; He & Woon, 

2008; Moreira et al., 2009; He et al., 2011b; He et al., 2014; Shao et al., 2014; He et al., 2017a; 

Ventre-Lespiaucq et al., 2017). 

In addition, the availability of water mitigated the effects of water deficit stress, as 

demonstrated by the effects of re-watering on drought-stressed orchids in this study, where it 

resulted in, generally, a recovery in leaf and pseudobulb RWC (Figure 4-9 and 4-10, 

respectively), photosynthetic light utilisation (Figures 4-2, 4-3 and 4-4) and photosynthetic 

capacity (Figures 4-7, 4-8, 4-9), as well as an increased thermal dissipation of excess energy 

by NPQ (Figure 4-5) which is a photoprotective strategy. The effects of re-watering on 

alleviating photoinhibition under HL in orchids are also supported by other studies. For 

instance, the C3 Grammatophyllum speciosum under HL showed recovery from 

photoinhibition with increased water availability (He et al., 2014, 2017a), and in the C3 

epiphytic orchid Catasetum viridiflavum, and other epiphytes, re-watered plants show recovery 

from photoinhibition despite HL (Zotz & Winter, 1994; Zotz & Tyree, 1996). 
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7.1.2 Water conservation strategies in native tropical epiphytic orchids 

Since water is essential for mitigating environmental stress, epiphytic orchids have 

developed water conservation strategies for drought tolerance, and morphology plays an 

important role in this aspect, as evident in the functions of pseudobulbs (Stern et al., 2008; He 

et al., 2013; Rodrigues et al., 2013; Yam, 2013b; Yang et al., 2016; Zhang et al., 2016; He, 

2018), succulent roots (Moreira et al., 2009; Martin et al., 2010; Zotz & Winkler, 2013; Zhang 

et al., 2016), velamen radicum (Moreira et al., 2009; 2013; Zotz & Winkler, 2013; Zhang et 

al., 2016), and specific leaf traits such as leaf succulence (He et al., 2013; Rodrigues et al., 

2013; Yam, 2013b; Yang et al., 2016; Zhang et al., 2016), thickness of epidermal cell layer, 

cell wall thickness of leaf epidermal cells, presence of cuticle, stomatal density, stomatal pore 

size (Moreira et al., 2009; Yang et al., 2016; Zhang et al., 2016) and speed of opening and 

closing the stomata in response to prevailing environmental conditions (Zhang et al., 2016). 

In the six native orchid species studied, species-specific morphologies also contributed 

to water conservation. For instance, C. rochussenii and C. mayeriana have larger pseudobulbs 

(Plate 5-1A and B, respectively) compared to B. membranaceum and B. vaginatum (Plate 5-

1C and D, respectively), and the pseudobulb RWC was similar for all four species (Figure 4-

11). This suggests that the volume of water stored within the pseudobulbs of C. rochussenii 

and C. mayeriana might have been greater than B. membranaceum and B. vaginatum and more 

water may be supplied to the leaves of C. rochussenii and C. mayeriana to maintain turgor 

during drought, contributing significantly to their drought-tolerance. The supply of water from 

pseudobulb to leaves is supported by the significant decrease in pseudobulb RWC after 7 weeks 

of DRML (Figure 4-11) yet leaf RWC was at a higher value in C. rochussenii and C. mayeriana 

than in B. membranaceum and B. vaginatum (Figure 4-10). Further significance of morphology 

in water conservation was also demonstrated in the traits of P. cornu-cervi roots (Plate 5-3) 

where the cortical cells are able to store water, while the thick velamen radicum, which is 
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impermeable to water, further reduces water loss through evaporation from the root surface, as 

a drought tolerance strategy (Zotz & Winkler, 2013; Zhang et al., 2018a). As for D. leonis, leaf 

succulence may be the only way to retain water within the leaf, since it does not have 

pseudobulbs, nor roots as succulent as those of P. cornu-cervi. Interestingly, the stomatal 

density of the young fully expanded leaf was higher in B. vaginatum and D. leonis after 7 

weeks of drought compared to well-watered conditions (Figure 5-12), which suggest that in 

these two species, the increase in stomatal density could have been a response to drought by 

enabling more rapid response to future drought and re-watering (Zhang et al., 2016). 

Osmoregulation also played a significant role in retaining leaf turgor in the six orchid 

species studied, but the significance of soluble sugar as an osmolyte differed from that of 

proline. The severity of the stress from DRML after 7 weeks resulted in decreased sugar levels 

in all species to very low levels after 7 weeks, and it is unlikely that they could have helped 

much with osmoregulation to maintain turgor pressure in the tissues of the leaf and pseudobulb 

to provide tolerance to the water deficit (Figure 5-10A and C). But under DRLL, the 

accumulation of soluble sugar in the leaf suggested that it had contributed to osmotic 

adjustment to maintain a higher leaf RWC values compared to that under DRML (Figures 4-

10 and 4-11), more so in B. membranaceum, but less in B. vaginatum. The significant 

accumulation of proline in B. membranaceum, B. vaginatum, D. leonis and P. cornu-cervi after 

7 weeks of drought (Figure 5-9C and D) suggest the significant role proline plays in osmotic 

adjustment in this four species, more so in B. membranaceum. Furthermore, re-watering did 

not decrease this proline concentration in B. vaginatum, D. leonis and P. cornu-cervi 

suggesting that proline could contribute to drought hardening as a long-term strategy against 

future drought occurrences (Yang et al., 2015).  In addition, water is also conserved in the six 

species through stomatal regulations, where reduced gs was associated with decreased water 

loss through transpiration after 7 weeks of DRML in the C3 orchids C. rochussenii (Figure 5-
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3O and P), C. mayeriana (Figure 5-4O and P), B. membranaceum (Figure 5-5O and P). 

Consequentially, A decreased in C. rochussenii and B. membranaceum as a result of the 

stomatal closure. 

 

7.1.3 Plasticity of CAM and its significance in maintaining water and carbon economy 

To cope with the reduction in CO2 diffusion and the metabolic limitation to 

photosynthesis caused by stomatal closure (Lawlor & Tezara, 2009; Pinheiro & Chaves, 2011; 

Wang et al., 2018), CAM activity is upregulated in the six orchid species possibly as a carbon 

concentrating mechanism to maintain chloroplastic CO2 assimilation (Herrera, 2009; 

Niewiadomska et al., 2011; Kerbauy et al., 2012; He et al., 2013; Borland et al., 2014; Zhang 

et al., 2014; Yang et al., 2015; Liu et al., 2018; Shameer et al., 2018). In B. vaginatum, D. 

leonis and P. cornu-cervi, closure of the stomata in the day and subsequent opening nocturnally 

(Figures 5-6, 5-7 and 5-8) are characteristic of constitutive CAM activity (Kerbauy et al., 

2012). However, leaf TA in B. vaginatum and D. leonis increased after 7 weeks of DRML 

(Figure 5-1C), which suggested an increase in nocturnal acidification with drought (Holtum et 

al., 2007) to compensate for the reduced carbon gain due to stomatal closure in the day (Dodd 

et al., 2002). Therefore, the CAM activity in constitutive CAM plants can still be regulated by 

prevailing environmental conditions. 

Even the C3 orchids C. rochussenii, C. mayeriana, and B. membranaceum showed an 

increase in leaf TA after 7 weeks of drought (Figure 5-1C and D), which suggests that CAM 

activity can be induced in these species with drought stress, and this agrees with findings 

elsewhere (Minardi et al., 2014; Zhang et al., 2014; Mioto et al., 2015; Scarano et al., 2016; 

Pikart et al., 2018). Interestingly, the plasticity of CAM is further demonstrated in C3 orchid 

B. membranaceum, where there was no significant difference in leaf TA after 7 weeks of 

DRML (Figure 5-1C), yet after 7 weeks of DRLL, leaf TA increased significantly compared 
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to after 1 week (Figure 5-1D). The 24-h trend in gs after 7 weeks of DRML (Figure 5-5O) 

showed stomatal closure throughout day and night, and consequent A near 0 µmol CO2 m-2 s-1 

(Figure 5-5M), suggesting a case of ‘CAM-idling’ under the severe stress of DRML (Masrahi 

et al., 2015; Ceusters et al., 2018). Under such circumstances, metabolic CO2 is recycled 

internally to build malate in a continued diel fluctuation and maintain carbon fixation despite 

24-h stomatal closure (Cushman, 2001; Herrera, 2009; Kerbuay et al., 2012; Liu et al., 2018). 

The upregulation of CAM activity demonstrated in the increased leaf and pseudobulb 

TA after 7 weeks of DRML, in generally all six species (Figure 5-1C), allowed the maintenance 

of water and carbon economy (Herrera, 2009). Stomatal closure reduces water loss through 

transpiration, but net gain in A is observed in C3 orchids C. mayeriana even after 7 weeks of 

DRML (Figure 5-4M). In the rest of the species, despite A being near 0 µmol CO2 m-2 s-1 after 

7 weeks of DRML, the increased leaf and pseudobulb TA suggested that there was still 

accumulation of malate which was then recycled for carbon fixation in the day. The 

accumulation of malate in the pseudobulb could have provided for the carbon demands of the 

leaf during photosynthesis in the day. Therefore, CAM is a significant strategy in improving 

water use efficiency and maintaining carbon economy, which justifies why CAM is induced 

even in the C3 orchids C. rochussenii, C. mayeriana and B. membranaceum (Herrera, 2009; 

Borland et al., 2014; Mioto et al., 2015; Pikart et al., 2018). Overall, in the six species, CAM 

as a strategy for concentrating chloroplastic CO2 would allow the orchids to maintain Rubisco 

activity under water deficit stress (Galmés et al., 2011) and continue to use CO2 as a sink for 

electrons from the light reactions and prevent over-energisation of the photosystems and 

prevent photodamage (Flexas et al., 2016; Yamori, 2016). 
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7.1.4 Recommendations for managing cultivation of native tropical orchids in natural 
environment 

The high irradiances under natural conditions have been shown to decrease 

photosynthetic light utilisation and leaf water status in the six native orchid species, as 

described in Chapter 3. With water deficit, stress from higher irradiances is further exacerbated, 

leading to decreased photosynthetic light utilisation, photosynthetic capacity, total Chl content, 

and leaf and pseudobulb water status, as described in Chapter 4. However, Chapter 5 detailed 

the significant strategies that these six species use for drought tolerance and hardening against 

future droughting, and it is demonstrated that tropical native orchids are quite capable at 

drought tolerance. Nevertheless, drought tolerance has its limits, and as shown in the decreased 

photosynthetic rate after 7 weeks of drought (Figures 4-7, 4-8 and 4-9, 5-3M, 5-5M, 5-6M, 5-

7M, 5-8M) there is generally little or no gain in biomass in these orchids and they are barely 

just surviving the drought. Re-watering allowed recovery from the negative effects of stress 

from water deficit and high irradiance as demonstrated in Chapter 4. But under natural 

conditions, water availability is highly dependent upon rainfall. Take for example in Chapter 

3, the weekly rainfall was only incidentally higher in the 8 weeks that followed the first 8 

weeks of lower rainfall. 

The mass extinction of native orchids where 178 out of 226 species were lost (Davison 

et al., 2008) can attributed to habitat loss (Yam et al., 2011) with urbanisation over the past 50 

years. Extrapolating from the results of this study, it is possible that the clearing of forests led 

to majority of these epiphytic species being increasingly exposed to a more open environment. 

As a result, these species were subjected to a greater degree of aridness (frequency and 

duration), combined with an increase in light exposure (with removal of shading from the 

canopy) that led to increased stress, desiccation, and reduced photosynthesis. It is also likely 

that the species that were less tolerant to such harsh conditions, disadvantaged with a greater 

sensitivity to drought and high light intensity, were eradicated quicker than more tolerant ones. 
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Epiphytic orchids in tropical environments will experience aridness (He et al., 2014, 

2017; He, 2018) and more so in Singapore, dry spells have occurred before, with a continuous 

3 months of lower rainfall from January to March 2014 – the longest in recent years 

(“Singapore endures driest month since 1869”, 2014; Woo, 2014). Prolonged dry spells of such 

extensive period would have severely impacted the photosynthesis, water status and growth in 

native orchids that have been re-introduced into nature reserves and trees in urban landscapes, 

based on our findings in Chapter 3 and 4. Further, climate change is expected to increase the 

frequency and duration of dry spells in tropical regions, which includes Singapore (Koopowitz, 

2011). Therefore, it may be paramount that some form of human intervention is necessary to 

complement the re-introduction of orchids, providing watering to the orchids in nature reserves 

and urban landscapes at critical junctures to mitigate the effects of dry spells. From the results 

of this study, it would be advisable to re-water the orchids deliberately after 7 weeks of lower 

rainfall. Otherwise if precision is required, deliberate re-watering should be carried out when 

the pre-dawn Fv/Fm ratio falls below 0.4, since this parameter of PS II efficiency can be 

measured easily using a hand-held PEA non-destructively. 

Nevertheless, this study also recognised that with frequent droughting, osmotic 

adjustment by proline accumulation in the leaf, and upregulation of CAM activity, are 

significant strategies which these native orchids might utilise to deal with water deficit in a 

natural environment, and perhaps with time, the very nature of the aridness and occurrence of 

dry spells will select for orchids that are more able to utilise these strategies for drought 

tolerance, among these species. To complement the re-introduction efforts, a summary of 

considerations for the six species in the context of their responses to drought, is provided (Table 

7-1). 
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Table 7-1 Summary of responses in the six species to drought and high/moderate light, and 
the recommendations for re-introduction in the natural environment. 

 
Species Key responses to drought + HL/ML Recommendations for re-introduction in 

natural environment 

C. rochussenii 

• Large pseudobulbs store water and 
supply to leaves during drought 

• Able to utilise CAM to maintain 
carbon fixation in drought, but does 
not help it to tolerate drought as long 
as P. cornu-cervi 

Pseudobulbs are a source of energy for 
new growths. For better chance of 
survival, better pseudobulb growth should 
be encouraged, through good root system 
establishment. Plants should be placed in 
areas that promote good root growth and 
hold sufficient moisture around roots for 
uptake, and not dry out too quickly. 

C. mayeriana 

• Pseudobulbs are smaller than C. 
rochussenii, but still able to store water 
and supply to leaves during drought 

• More tolerant to drought than C. 
rochussenii 

• Also able to utilise CAM, but to a 
similar extent as C. rochussenii 

This rhizomatous plant tends to search for 
moist areas through extensive rhizome 
growth. Therefore this species can be 
placed near sources where moisture is held 
such as the ‘fork’ of tree trunks that trap 
water. This species is able to better tolerate 
a longer period of drying out compared to 
C. rochussenii. 

B. membranaceum 

• Sensitive to drought 
• Pseudobulbs are smallest of the 6 

species and unable to store much water 
and supply to leaves 

• Relies on leaf abscission and CAM-
idling together with closure of stomata, 
to reduce water loss 

Should be placed in areas that receive 
frequent rainfall or pockets of spaces with 
high humidity to prevent excessive loss of 
water through transpiration. 

B. vaginatum 

• Most sensitive to drought despite being 
obligate CAM 

• Photosynthetic light utilisation is 
greatly reduced with drought 

• CAM is expressed to maintain carbon 
fixation for survival 

Should be placed in areas with lower light 
intensity, in anticipation of stress from 
prolonged drought. The plant should also 
be placed in areas that will provide 
sufficient moisture to the rhizome and 
roots system for extended periods. 

D. leonis 

• Sensitive to drought despite being 
obligate CAM 

• Photosynthetic light utilisation is 
reduced with drought 

• But overall photosynthetic capacity is 
still maintained despite drought 

• Fleshy leaves can store water 

More drought-tolerant compared to B. 
membranaceum and B. vaginatum, with 
fleshy leaves to store water, this species 
can be grown in drier areas, but require 
periods of brief, heavy watering. Cultivate 
in shady conditions in anticipation of 
reduced photosynthesis from drought 
stress. 

P. cornu-cervi 

• Least sensitive to drought 
• CAM is a significant water 

conservation strategy (obligate CAM) 
• Fleshy leaves can store water 
• Thick roots with velamen help in water 

storage 
• Reduced photosynthetic capacity 

caused by drought is able to recover 
quickly with re-watering 

Able to tolerate drought more than the 
other 5, this species can be grown in a 
wide range of places varying in aridness 
and light intensity as it will adapt quickly. 
However, sufficient space should be 
provided for the roots to extend and adhere 
onto substratum as these roots are likely to 
aid in better survivability during drought. 
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In addition, this study has also demonstrated that under well-watered conditions, these 

orchids are also able to better utilise the radiant energy for photosynthesis under higher 

irradiances. Therefore, it is a misconception to say that orchids must always be grown in the 

shade, as it is the common notion among hobbyists and commercial growers alike. On the 

contrary, because growth is source-limited (He et al., 2014; Shao et al., 2014; He et al., 2017a; 

Ventre-Lespiaucq et al., 2017), cultivating orchids under shade may not be optimal, nor 

necessarily beneficial (Wu et al., 2013; Shao et al., 2014; Diez et al., 2017). A paradigm shift 

is needed when it comes to optimising the growth of orchids, where the abundant supply of 

water should be met with an increased irradiance. 

 

7.1.5 Application of LED growth lights in promoting growth of orchid seedlings and young 
shoots 

Orchid seedlings have been conventionally grown in flasks under cold cathode 

fluorescent lights or high pressure sodium lamps (Hew & Yong, 2004; Norikane et al., 2010, 

2013; Shin et al., 2013). However, with the use of LEDs, precise control of irradiance, 

photosynthesis and productivity can be achieved (Yorio et al., 2001; Yano & Fujiwara, 2012; 

Mitchell et al., 2015; Tewolde et al., 2018). In addition, while most research is concentrated 

on growing orchid seedlings in flasks, seedlings are eventually de-flasked and often placed in 

common pots/baskets or mounted on solid substrates such as fern barks or wood blocks, grown 

in shaded sunlight. This is often a step in acclimatising the seedlings to the lower humidity of 

ambient air compared to the higher humidity in the flask, but as mentioned earlier, shading 

may not be necessarily beneficial to growth. In this study, a novel idea of growing young shoots 

in aeroponics systems under LED lighting was tested to compare with those growing under 

natural sunlight (shaded or direct). 

The results demonstrated that under well-watered conditions (including nutrients) 

achieved by the aeroponics system, orchid development and physiology are strongly influenced 
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by light quality, under different red-blue LED lighting combinations (Paradiso et al., 2011; 

Hogewoning et al., 2012). With LED percentages of 20 – 50B for B. membranaceum, and 50 

– 100B for B. vaginatum, photosynthetic light utilisation (Figure 6-6), total Chl content (Figure 

6-7), photosynthetic capacity (Figure 6-8), sugar content (Figure 6-9) were comparable or 

higher than under shade (PSL). Therefore, LED lighting can be applied to promote the growth 

of orchids seedlings and young shoots, as a substitute to the conventional method of 

acclimatising them under shade in the natural sunlight. This might help to speed up the growth 

of the orchid seedlings and young shoots. And in relation to the orchid conservation programme 

in Singapore, the cultivation of orchid seedlings and young shoots under LED lighting may 

contribute in shortening the time taken to grow the orchids to maturity. 

 

7.1.6 Future work 

This study faced a significant challenge in extracting the Rubisco protein from the leaf 

cell lysate of the six orchid species, as described in the discussion section in Chapter 4. 

Understanding the Rubisco activity in this six orchid species will contribute towards 

understanding its role in metabolic limitations to photosynthesis under drought stress (Parry et 

al., 2002; Bota et al., 2004; Chaves et al., 2009; Flexas et al., 2016), especially in the context 

of CO2 concentrating under CAM, in constitutive CAM (Herrera, 2009) and facultative CAM 

(Mioto et al., 2015). Future work would need to develop a better extraction protocol for 

Rubisco protein, as well as analysing the Rubisco activities in different orchid species. In 

addition, antibodies could be made to pull down Rubisco proteins from orchid leaf extracts to 

obtain cleaner samples containing only Rubisco proteins, which could then be used as a more 

reliable standard for SDS-PAGE and other assays. In addition, future work is also needed to 

understand the significance of Rubisco activase in regulating Rubisco activity (Zhang & Portis, 

1999; Crafts-Brandner & Salvucci, 2000; Bota et al., 2004; Carmo-Silva & Salvucci, 2011; 
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Mueller-Cajar et al., 2014) in orchids. Understanding the significance of Rubisco activity in 

orchids will also provide insight into whether the manipulation of Rubisco can be a way to 

improve intrinsic water use efficiency (Flexas et al., 2016) and photosynthetic performance 

(Spreitzer & Salvucci, 2003; Parry, 2003; Lawlor & Tezara, 2009; Galmés et al., 2011). 

The CAM activity was measured using TA in leaves and pseudobulbs, as well as the 

gaseous exchange parameters. However, in addition to the measurement of diel TA fluxes and 

gaseous exchange parameters, δ13C analysis may provide more insight into the source of the 

CO2 that is assimilated during carbon fixation (Pardo et al., 2006; Motomura et al., 2008a, 

2008b; Ripley et al., 2013). Therefore, future work should include the δ13C analysis of more 

native tropical orchid species together with the measurement of TA and gaseous exchange 

parameters, to better understand the different extents of CAM expression in various species. 

Future work could also include the comparison of transcriptomic and metabolomic changes, in 

relation to C3 and CAM orchids, that occur at cellular level within the physiological adaptations 

(Ceusters et al., 2019). Any differences in these changes between C3 and CAM orchids under 

environmental stress could provide further insights into the mechanisms of the physiological 

adaptations to the stress. 

Photosynthetic light utilisation, photosynthetic capacity and water status of the six 

orchid species under water deficit stress and re-watering were analysed in this study, along 

with the changes to the pigment concentration and total soluble proteins. However, water 

deficit has also been reported to lead to increased ROS production and peroxidation (Gu et al., 

2017; Guo et al., 2018). To prevent oxidative damage to the photosystems and cellular 

organelles, ROS scavenging and peroxidase activities are also upregulated during water deficit 

stress (Yi et al., 2016; Gu et al., 2017). This contributes to the stability of the photosystems 

under water deficit and would be beneficial towards recovery during re-watering (Yi et al., 

2016; Carvalho et al., 2017; Gu et al., 2017). Therefore, future work on the effects of water 
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deficit on orchids should also study the significance of ROS and ROS scavenging systems in 

the protection of the photosynthetic apparatus against oxidative stress as a result of water 

deficit. 

Growth of orchids might also be regulated by the amount of nitrogen assimilation, 

storage and utilisation (Zotz & Winter, 1994; Warren et al., 2000; Evans & Poorter, 2001; 

Foyer & Paul,. 2001), while water deficit will result in changes to nitrogen metabolism 

(Pinheiro et al., 2001). Nitrate accumulation, productivity and photosynthesis are affected by 

the growth irradiances (He et al., 2011a), and increased nitrogen nutrition is shown to alleviate 

the negative effects of drought (Abid et al., 2016), while under elevated CO2, nitrogen photo-

assimilation reportedly decreased (Bloom et al., 2002). Therefore, more studies need to be 

conducted to ascertain the effects of water deficit on nitrogen accumulation and metabolism, 

and whether additional nitrogen nutrition will help alleviate these effects of water deficit in the 

native orchid species. 

A comprehensive study of physiological responses of tropical native species could have 

included comparison of controls within other natural habitats in nature reserves and parks to 

analyse a greater pool of data and to compare trends in different locations. Overall, future work 

should expand this study to cover more tropical native species so as to build a comprehensive 

database on photosynthetic characteristics of different species that will support the local orchid 

re-introduction programme by providing information on optimal sites for planting. 

 

7.2 Conclusion 

Singapore’s native epiphytic orchid species are facing a global threat of climate change. 

On a local scale, frequency of dry spells will continue to increase, exacerbating the stress from 

existing prevailing conditions of high irradiances and water deficit from an arid environment 

that these epiphytes grow in. In response to these stress factors, six native orchid species 
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identified in this study, showed decreased photosynthetic light utilisation, photosynthetic 

capacity, pigment concentrations associated with the decreased leaf and pseudobulb RWC, so 

as to prevent over-energisation of the photosystems leading to further photo-damage. In 

addition, to cope with water deficit, these six orchid species develop strategies for drought 

tolerance, such as increased CAM activity to maintain water and carbon economy, while 

allowing stomatal closure to reduce water loss by transpiration. These orchids also have 

morphological traits such as pseudobulbs, succulent leaves and roots that enable storage of 

water and nutrients which can be supplied to leaves to support leaf turgor and photosynthesis 

during drought. In addition, the presence of a velamen radicum also helps to reduce water 

losses from the roots surface, while leaves rely on osmotic adjustment through proline 

accumulation to maintain leaf turgor even when leaf RWC is lower during water deficit. CAM 

expression in the native orchids species also exhibits plasticity, with the occurrence of CAM-

inducible C3 species and within the three C3 species studied, further plasticity is observed in B. 

membranaceum where under DRML, closure of stomata is throughout 24-h, with all carbon 

fixed derived from internally recycled CO2, a case known as ‘CAM-idling’. Overall, the 

expression of CAM enables increased tolerance against drought and with re-watering, the 

negative effects of water deficit are reversed, which shows that water is essential in mitigating 

environmental stress, and under well-watered conditions, photosynthetic performance can be 

increased with increased supply of radiant energy. In addition to light quantity, light quality is 

also shown to affect growth and photosynthesis. Through growing under specific blue-to-red 

LED lighting combinations, growth of orchid young shoots is enhanced compared to growing 

under shaded conditions (PSL). Thus, cultivation under LED lighting has potential in speeding 

up the growth of orchids, and together with growing mature plants under well-watered, high 

irradiances, might contribute to the local orchid conservation efforts in speeding up the overall 

growth of the orchids from seed to mature plants.
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