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Photosynthesis is extremely sensitive to drought and decreases due to co-occurring stomatal, mesophyll, and biochemical 
limitations. Few studies have shown the effects of a drought cycle (drought–rewatering) on photosynthesis and  
water-use efficiency (WUE) in cotton. Here, the dynamics of photosynthesis in upland (Gossypium hirsutum) and 
pima (G. barbadense) cotton were analyzed during a drought cycle. While both species decreased net CO2 assimilation  
rate (PN) to a similar extent under drought, in pima cotton rewatering rapidly restored PN, the stomatal conductance (gs),  
the maximum carboxylation rate (Vcmax), and the maximum electron transport rate above the control level. Meanwhile, 
the response of leaf intrinsic WUE (WUEi) to drought and recovery was different between the two cotton species, 
which was mainly co-regulated by Vcmax and gs. In conclusion, pima and upland cotton exhibit different response 
patterns of PN and WUEi during the whole process of drought and recovery.

Highlights

● Upland and pima cotton differ in response of water-use efficiency to drought
● After rewatering, photosynthesis recovers faster in pima than in upland cotton
● The maximum carboxylation rate and stomatal conductance coordinate in cotton

Introduction

Photosynthesis is the main determinant of plant carbon 
uptake and final photosynthetic productivity but, at the 
same time, it is also one of the most sensitive and critical 
processes to be influenced by drought (Flexas and Medrano 

2002, Chaves et al. 2009). Consequently, improving the 
responses of leaf photosynthesis and intrinsic water-use 
efficiency [WUEi, i.e., the ratio of net CO2 assimilation 
(PN) to stomatal conductance (gs)] to drought has been 
a scientific goal for decades (Costa et al. 2007, Morison 
et al. 2008, Flexas et al. 2010, Singh and Reddy 2011, 
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Cano et al. 2014). However, since photosynthesis and 
WUEi are two complex traits involving many plant 
leaf characteristics and processes (Tomás et al. 2013, 
Gago et al. 2014), it might be difficult to improve them 
simultaneously only through the modification of single 
trait (Flexas et al. 2016). Under drought conditions, WUEi 
increases due to decreased gs, but low gs also restricts 
CO2 uptake by limiting CO2 influx and thus PN, therefore 
improvements in WUEi may be realized at the expense of 
photosynthetic productivity (Lawson and Blatt 2014, Han 
et al. 2016, McAusland et al. 2016). In addition, numerous 
studies have shown that drought decreased photosynthesis 
via decreased CO2 diffusion including not only gs but also 
mesophyll conductance to CO2 (gm) in C3 plants (Grassi 
and Magnani 2005, Flexas et al. 2012a, 2018; Galmés 
et al. 2013, Zhou et al. 2013, 2014) and, sometimes,  
the biochemical capacity of leaves, the latter reflected by 
the maximum carboxylation rate (Vcmax) and the maximum 
electron transport rate (Jmax) (Thimmanaik et al. 2002, 
Zhou et al. 2013, 2014; Flexas et al. 2016). Meanwhile, 
gs, gm, Vcmax, and Jmax are also important factors indirectly 
influencing WUEi (Flexas et al. 2013, Gago et al. 
2014, Nadal and Flexas 2019), and high WUEi is still  
an important trait to minimize the loss of water and 
maximize the photosynthetic carbon assimilation in many 
plant species (Blum 2009, Sinclair and Rufty 2012, Vadez 
et al. 2014, Long et al. 2015). 

Several studies have analyzed instantaneous 
physiological limitations to photosynthesis under short- 
and/or long-term drought (Grassi and Magnani 2005, 
Han et al. 2018, Nadal and Flexas 2019, Zhu et al. 2021). 
However, analyses of photosynthetic recovery after 
drought are still scarce. The recovery of photosynthesis 
caused by drought and rewatering could partially offset 
the effects of drought on final plant productivity (Flexas 
et al. 2009, Gallé et al. 2009, 2011). Moreover, as  
the frequency of droughts is increasing, determining  
the recovery time is critical since, if a second drought 
period arrives before plants have recovered from  
the previous, the plant function might be permanently 
affected with enormous consequences for plant yield and 
even survival (Schwalm et al. 2017). Therefore, studying 
plant drought acclimation and quantifying how long it 
takes for plant photosynthetic CO2 assimilation to return to 
pre-stress levels upon rewatering is necessary to determine 
the final effects of drought on plants.

Cotton (Gossypium) is considered one of the most 
drought-tolerant crops in the world and plays an important 
role in the global economy, with upland (G. hirsutum) 
and pima cotton (G. barbadense) being the most widely 
cultivated. Upland cotton is known for its high yield 
potential while pima cotton has superior fiber quality. 
Thus, increasing yield and enhancing fiber quality by 
interspecific hybridization and introgression has been  
an important breeding goal for cotton improvement.  
As upland cotton has wide adaptation and pima cotton is 
only grown in semi-arid and arid areas in the world, their 
responses to drought are distinct. In previous works, it has 
been shown that upland and pima cotton have different 
physiological strategies, for example, of photochemical 

acclimation to drought, for which upland cotton dissipates 
excess energy by enhanced photorespiration and Mehler 
reaction (water–water cycle) while pima cotton does 
it by photorespiration and heat dissipation, depending 
on the level of drought (Yi et al. 2016a). Additionally,  
the photosystems of upland cotton are relatively 
stable under drought and, after rewatering, decreased 
photosynthesis can be completely restored to the control 
values (Yi et al. 2016b). However, up until now, no 
studies analyzed the overall effects of a drought cycle 
(drought–rewatering) on photosynthesis and water-use 
efficiency in pima and upland cotton, which is crucial 
for the development of water-saving irrigation schedules 
in cotton. Therefore, the aim of the present study was to  
(1) assess the photosynthetic resilience of these two cotton 
species (G. hirsutum and G. barbadense) to drought;  
(2) analyze the differences in photosynthetic traits and 
water-use efficiency between two cotton species in 
response to drought and rewatering.

Materials and methods

Plant materials and water treatments: Two Gossypium 
species G. hirsutum L. (upland cotton, cv. Xinluzao 45) 
and G. barbadense L. (pima cotton, cv. Xinhai 28) were 
germinated and grown in a natural light source greenhouse 
at the Universitat de les Illes Balears, Palma, Mallorca, 
Spain, on April and May 2016. Seeds were planted 
into 3.0-L pots filled with a mixture of soil and organic 
substrate, and ten pots were prepared for each species. 
After germinating, plants were thinned to a single plant 
per pot. Greenhouse air temperatures were set to 28°C for  
the 14-h photoperiod and 25°C at night; the relative 
humidity was kept at ~50%; supplemental light intensity 
above ~350 μmol(photon) m–2 s–1. Plants were watered 
daily at full substrate saturation until the drought 
treatment was performed, and the 50% Hoaglandꞌs 
solution was applied once per week (Hoagland and Arnon 
1950). The cotton plants were subjected to progressive 
water withholding followed by sustained water stress at  
a constant level before rewatering. Water stress (WS) was 
applied to half of the plants for each species at 60 d after 
planting by stopping water, and the pots were weighted 
at nightfall every day. Relative substrate water content 
reached the expected drought level (50%) on the 11th day 
of drought treatment. Then drought state was maintained 
by weighting pots every day to keep relative substrate 
water content constant at 50% until rewatering to 100% on  
the 19th day (detailed in Fig. 1). The light-saturated 
stomatal conductance (gs) of all drought cotton plants on 
the first day of drought acclimation was within the range of 
0.05–0.12 mol(H2O) m–2 s–1, which proved that the plants 
were suffering from moderate drought as we expected 
when relative substrate water content was kept at 50% 
(Flexas et al. 2012b). The topmost full-expanded youngest 
leaves on the main stems were marked and used to perform 
the measurements over the whole experiment.

Gas exchange and chlorophyll fluorescence: Concomi
tant measurements of gas exchange and chlorophyll 
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fluorescence were performed 12 times during the study 
period, specifically on the 0 (drought imposition, shortly 
named as DI), 4 (DI), 7 (DI), 10 (DI), 14 (drought 
acclimation, shortly named as DA), 17 (DA), 21 
(rewatering, shortly named as RW), 23 (RW), 25 (RW), 
33 (RW), 37 (RW), and 42th (RW) day, using an open 
gas-exchange system (Li-6400, Li-Cor, Inc., Lincoln, 
NE, USA) connected to a leaf fluorometer chamber  
(Li-6400-40, Li-Cor, Inc.). Leaf temperature during  
the photosynthesis measurements was set to 25°C, the leaf 
vapor pressure deficit (VPD) was kept in the range of 1.3 
to 2 and the ratio of red to blue light was set to 90:10% 
PPFD to maximize stomatal aperture. Illumination was 
provided by an LED source and CO2 concentration in  
the Li-6400 leaf chamber was provided by a CO2 cylinder. 

Photosynthesis was induced with a PPFD of 1,500 
μmol(photon) m–2 s–1 and ambient CO2 concentrations (Ca) 
of 400 μmol mol–1. Once a steady state was reached (usually 
20 min after clamping the leaf), data were recorded, 
and then a CO2-response curve (PN/Ci curve – PN, net 
assimilation rate; Ci, substomatal CO2 concentration) was 
performed. Gas exchange and chlorophyll fluorescence 
were first measured at 400 μmol mol–1, then Ca was 
decreased stepwise until 50 μmol mol–1, upon completion 
of measurements at low Ca, this was returned to 400 μmol 
mol–1 to restore the original PN. Then, Ca was increased 
stepwise to complete the curve. The number of different 
Ca values used for the curves was 11, and the time lag 
between two consecutive measurements at different Ca was 
restricted to 2–4 min, so that each curve was completed 
in 30–50 min. Simultaneous quantum yield of PSII (ΦPSII) 
was determined by measuring steady-state fluorescence 
(Fs) and maximum fluorescence using the multiphase flash 
method [a light-saturating pulse at the end of phase 1 was 
ca. 8,000 μmol(photon) m–2 s–1, Loriaux et al. 2013]: 
ΦPSII = Fmꞌ – Fs/Fmꞌ                                                            (1)

The electron transport rate (ETR) was then calculated as 

ETR = ΦPSII × PPFD × α × β                                           (2)
where α is leaf absorptance and β reflects the partitioning of 
absorbed quanta between PSI and PSII. Since no significant 

differences in α × β were observed between well-watered 
and drought plants (Flexas et al. 2009), as routinely 
assumed, α and β were set to be 0.84 (Björkman and 
Demmig 1987, Schreiber 2004) and 0.5 (von Caemmerer 
2000), respectively. In addition, leakage of CO2 into and 
out the leaf cuvette was determined with photosynthetically 
inactive leaves of each species enclosed in the leaf 
chamber (obtained by heating the leaves until no variable 
chlorophyll fluorescence was observed), and used to 
correct measured leaf fluxes (Flexas et al. 2007).

Leaf dark respiration (RD) was determined by gas 
exchange (Li-6400) after plants were dark-adapted for 
more than half an hour in the evening.

Photosynthetic capacity parameters (Vcmax and Jmax) 
were obtained by fitting PN–Cc curves (Cc, chloroplastic 
CO2 concentration) based upon the FvCB model (Farquhar 
et al. 1980, Sharkey 1985) modified by Harley et al. 
(1992) and Sharkey (2016). The key input constants in  
the model (i.e., Michaelis–Menten constants, Kc and Ko;  
the CO2-compensation point in the absence of mito
chondrial respiration, Γ*) may vary across species. Given 
that it is challenging to directly measure or derive their 
actual values, we used the values from Bernacchi et al. 
(2002), which have been widely adopted in many studies 
(e.g., Sharkey et al. 2007, Sharkey 2016, Wu et al. 2023, 
Xiong 2023).

Estimation of gm by the variable J method: Mesophyll 
conductance (gm) was estimated by the variable J method 
(Harley et al. 1992) as 

( )
( )

N
m

flu N d

flu N d
i

* 8
–

– 4

Pg
J P R

C
J P R

=
Γ + +  

+                                     (3)

where PN and Ci were taken from gas-exchange 
measurements at saturating light. The value of Γ* from 
Bernacchi et al. (2002) was used for estimating gm from 
the variable J method. Rd is day respiration and was 
assumed to be 0.5 times the measured dark respiration  
(Rd = RD/2) (Piel et al. 2002, Niinemets et al. 2005).  
To show the reliability of gm estimation, we checked 
whether it met the criterion 10 > dCc/dPN > 50 for each 
data point generated, as suggested by Harley et al. (1992).

Note up to now, it is challenging to obtain accurate 
gm, especially under water deficit conditions, using the 
current few approaches (i.e., the variable J method, 
carbon isotope discrimination method, PN–Ci curve 
fitting method). With the wide availability of advanced 
instruments for measuring gas exchange and chlorophyll 
fluorescence, the majority of studies of gm adopted  
the variable J method (Gilbert et al. 2012). Since this study 
focused on the dynamics of photosynthetic characteristics 
during the progressive drought and subsequent recovery 
process instead of their respective absolute values, 
potential estimation bias (or error) induced by approaches 
should not affect our data analysis and conclusions.  
In addition, our study did not consider the potential effect of 
the alternative electron sink (i.e., photorespiration, nitrate 
reduction, and the Mehler reaction) on the estimation of 

Fig. 1. The relative substrate water content over the whole 
experiment. The period of drought acclimation (from day eleven 
to nineteen) is indicated by the dark grey area, and the days 
under rewatering (from day nineteen to forty five) by the pale 
grey area.
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gm with the variable J method, which deserves further 
comprehensive investigation in cotton plants.

Quantitative limitation analyses on PN: Quantitative 
stomatal limitation (SL), mesophyll limitation (MCL), and 
biochemical limitation (BL) were investigated respectively 
in the cotton leaves according to the method of Grassi 
and Magnani (2005) as modified by Flexas et al. (2009).  
The quantitative changes in light-saturated assimilation 
can be expressed in terms of parallel changes in stomatal 
and mesophyll conductance and in biochemical capacity 
as follows:

N s m cmax
st mc b

N s m cmax

d d d dSL MCL BL  P g g Vl l l
P g g V

= + + = × + × + ×
                                                                                                                                                     

                                                                                         (4)
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∂

+
∂                                                                   (7)

where gtot is total conductance to CO2 between the leaf 
surface and the sites of carboxylation (1/gtot = 1/gs + 1/gm); 
lst, lmc, and lb are the corresponding relative limitation  
(0 < li < 1, i = st, mc, b). Here, Vcmax can be replaced by 
ETR, which is tightly coupled with Vcmax (Galmés et al. 
2007, Gallé et al. 2009). ∂PN/∂Cc was calculated as  
the slope of PN–Cc response curves over a Cc range of  
50–100 µmol mol–1 (Tomás et al. 2013).

( )s ref ref
ss s

s

d – /g g g g
g

=
                                                     (8)

( )m ref ref
mm m

m

d – /g g g g
g

=
                                                   (9)

( )ref ref
m m

d – ETR /
ETR

j j j=
                                            (10)

where ref
sg , ref

mg  and 
ref
mj  are the reference values of  

stomatal and mesophyll conductance and of electron 
transport rate. For well-watered cotton, in order to assess 
the effects of leaf aging on photosynthesis, the first values 
of gs, gm, and ETR (before leaf aging) were used as  
a reference. Values for well-watered plants for each day 
were considered as the reference for the drought plants 
determined on the same day since PN in well-watered 
cottons gradually decreased as cotton leaves aging. 
Therefore, the photosynthesis limitations calculated in 

drought cottons only reflect drought limitations and did not 
include the limitation from leaf aging. Whenever drought 
cotton plants had higher gs, gm, and Jmax than well-watered 
plants, its corresponding limitation was set to zero (Flexas 
et al. 2009).

Statistical analysis: Data in figures are presented as  
the means ± standard error of at least three plants per 
treatment and species. A mixed analysis of variance 
(ANOVA) was used to compare how the photosynthetic 
parameters change across time (measurement day) 
between well-watered (WW) and drought and recovery 
(DR) treatments in upland and pima cottons (Table 1S, 
supplement). Interrelations between variables were 
investigated by nonlinear regression analysis. All analyses 
and figures were performed in Python version 3.8.

Results

Variation of gas-exchange parameters: The net CO2 
assimilation rate (PN) of well-watered cotton plants 
progressively declined during the experiment, from  
20.5 μmol(CO2) m–2 s–1 at the beginning of the experiment 
(day 0) to 10.1 μmol(CO2) m–2 s–1 by the end of the 
experiment (day 42) in upland cotton (Fig. 2A), and from 
21.4 to 8.7 μmol(CO2) m–2 s–1 in pima cotton (Fig. 2B), 
which were caused by leaf aging (more details in 
‘Discussion’). PN declined with prolonged drought, 
reaching minimum values of around 10.5 μmol(CO2)  
m–2 s–1 and 9.0 μmol(CO2) m–2 s–1 by day 14 in upland and 
pima cotton, respectively. Upon rewatering, PN almost 
completely returned to the well-watered level in about 3 d 
in pima cotton (Fig. 2B), but it tooked up to 7 d in upland 
cotton (Fig. 2A).

The observed variations in PN were accompanied by 
similar variations in gs, which, in drought upland and 
pima cotton plants, declined to 0.11 and to 0.06 mol(H2O) 
m–2 s–1, respectively (Table. 1, Fig. 2C,D). Mesophyll 
conductance to CO2 (gm) followed a somewhat different 
pattern (Fig. 2E,F). In upland cotton, gm was similar to  
the value of well-watered treatment in the drought period, 
but significantly lower than that in the first 7 d after 
rewatering. In pima cotton, no significant differences 
of gm were observed between well-watered and drought 
and recovery treatments during the whole experimental 
process. 

The maximum carboxylation rate (Vcmax) and maximum 
electron transport rate (Jmax) decreased in the process of 
drought imposition in upland and pima cotton (Fig. 3). 
The decline ranges of Vcmax and Jmax during the drought 
acclimation relative to the well-watered treatment were 
smaller in pima cotton than those in upland cotton.  
Vcmax and Jmax increased on the 3rd day after rewatering  
(the 21th of the whole experiment) in pima cotton but on  
the 5th day after rewatering (the 23rd of the whole 
experiment) in upland cotton. Relative to well-watered 
treatment, upland cotton had lower or similar Vcmax and 
Jmax under drought and recovery treatment over the whole 
experiment, but in pima cotton, rewatering resulted in 
similar or higher Vcmax and Jmax (Fig. 3).
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The intrinsic water-use efficiency (WUEi, i.e., the ratio 
of PN to gs) does not appear to have any changes during  
the drought and recovery compared to well-watered 
treatment, except on the 7th day after rewatering (the 25th 

of the whole experiment) in upland cotton (Fig. 4A).  
In contrast, drought significantly enhanced WUEi in pima 
cotton, despite WUEi was reduced to the level of well-
watered treatment after rewatering (Fig. 4B). To further 
explain why WUEi in upland and pima cotton had different 
responses to drought, we assessed the dynamic changes of 
Vcmax/gs and gm/gs under drought and recovery, and their 
relationships with WUEi. We found that compared with 
well-watered treatment, drought imposition increased 
Vcmax/gs on the 10th day of the whole experiment in upland 
cotton, and on the 7th day in pima cotton (Fig. 4C,D).  
No effects of drought imposition on gm/gs were observed 
in upland and pima cotton, except on the 10th of  
the whole experiment in pima cotton. Rewatering 
decreased Vcmax/gs and gm/gs to the level of well-watered 
treatments. Pooling all data under different treatments,  
we observed significant correlations between WUEi and 
Vcmax/gs and gm/gs, respectively, in upland and pima cottons 
(Fig. 5).

To further analyze the overall effects of a drought 
cycle on the two cotton species, the average values of 
photosynthetic parameters during the whole experiment 

Fig. 2. Variation during the experiment of net CO2 assimilation 
rates (PN) (A,B), stomatal conductance (gs) (C,D), and mesophyll 
conductance (gm) (E,F) under well-watered (WW) and drought 
and recovery (DR) treatments in upland (A,C,E) and pima cotton 
(B,D,F). Means and errors of at least three plants per treatment 
and species are shown. The period of drought acclimation (from 
day eleven to nineteen) is indicated by the dark grey area, and  
the days under rewatering by the pale grey area.
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and the lowest values under drought were shown in Table 1. 
Upland cotton had a larger decrease in averaged PN, gs, and 
Vcmax under drought relative to pima cotton, indicative that 
the process of drought and rewatering had less effect on 
photosynthesis in pima cotton than in upland cotton.

Photosynthesis limitation: Over the experiment period 
(42 d), the photosynthesis of well-watered plants declined 
by 51 and 59% in upland and pima cotton, respectively, 
which was mostly caused by the decrease of biochemical 
and stomatal conductance (Fig. 6A,C). Compared to  
the young leaves at the beginning of the experiment, leaf 
aging increased MCL on the 25th day in upland cotton and 
on the 21th day in pima cotton and also increased BL on 
the 14th day for upland and pima cotton. With the aging of 
leaves, BL gradually dominated in both species, but MCL 
and SL could not be ignored. 

For the drought-dependent photosynthesis limitation, 
SL increased sharply on the 7th day in upland cotton and on 
the 4th day in pima cotton and then continued to increase 
during the drought imposition (Fig. 6B,D); BL slowly 
increased at the beginning of drought imposition in upland 
and pima cotton; drought imposition increased MCL on 
the 10th day in upland cotton and the 4th day in pima cotton, 
but MCL was still lower dramatically than SL and BL. 
During the acclimation, SL decreased but MCL almost 
unchanged in upland and pima cotton; SL in pima cotton 
decreased faster than that in upland cotton; BL almost 
reached their maximum on the 14th and 17th day in upland 
and pima cotton, respectively; BL and SL dominated 
the limitation of photosynthesis in upland cotton while 
only SL dominated in pima cotton. During the recovery,  
the total limitation of photosynthesis rapidly decreased 
and then restored to the control level. Upland cotton had  
a higher photosynthesis limitation than pima cotton during 
the drought cycle.

Discussion

Leaf aging induced a progressive decline in
photosynthesis in well-watered pima cotton

Net CO2 assimilation rate (PN) in well-watered upland 
cotton remained constant between the onset of the 
experiment and day 25th, thereafter progressively declined 
(Fig. 2A). Such decline was likely the symptom of leaf  
aging with increased BL, as reflected by Vcmax and Jmax 
showing declining patterns similar to those of PN, as 
observed in other species (e.g., Flexas et al. 2009, Cano 
et al. 2014). In contrast, PN declined progressively during 
the whole experiment for well-watered pima cotton  
(Fig. 2B), which is consistent with the apparently 
faster leaf senescence observed for this species in this 
experiment. Pima cotton has larger internodes on the stem 
than upland cotton, which causes the mature leaf (used 
for measurements in the present study) to go down from  
the functional to the nonfunctional leaf position more 
quickly as the new leaves continue to mature. The relatively 
rapid downward movement of the leaf might be due to  
the fact that pima cotton needs to reallocate nutrients to  

Fig. 3. Variation during the experiment of the maximum 
carboxylation rate (Vcmax) (A,B) and the maximum electron 
transfer rate (Jmax) (C,D) under well-watered (WW) and drought 
and recovery (DR) treatments in upland (A,C) and pima cotton 
(B,D). Means and errors of at least three plants per treatment 
and species are shown. The period of drought acclimation (from 
day eleven to nineteen) is indicated by the dark grey area, and  
the days under rewatering by the pale grey area.

Fig. 4. Variation during the experiment of intrinsic water-use 
efficiency (WUEi) (A,B), the ratio of the maximum carboxylation 
rate (Vcmax) to stomatal conductance (gs) (Vcmax/gs) (C,D), and  
the ratio of mesophyll conductance (gm) to gs (gm/gs) (E,F) under 
well-watered (WW) and drought and recovery (DR) treatments 
in upland (A,C,E) and pima cotton (B,D,F). Means and errors 
of at least three plants per treatment and species are shown.  
The period of drought acclimation (from day eleven to nineteen) 
is indicated by the dark grey area, and the days under rewatering 
by the pale grey area. 
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the youngest leaves, flowers, or cotton bolls to complete its 
short life span under sufficient water resources. Previous 
studies in several woody species showed that with leaf 
aging, photosynthesis becomes limited by biochemistry 
rather than CO2 diffusions (Grassi and Magnani 2005, 
Flexas et al. 2009). However, in the present study, in 
addition to the dominant BL, MCL and SL were also 
playing important roles in the aging-driven photosynthesis 
decline in both cotton species, possibly because leaf 
aging decreased leaf thickness and ratio of palisade tissue 
thickness to leaf thickness (Gao et al. 2012), changed the 
size and structures of chloroplast (Mulisch and Krupinska 
2013) and stoma morphology, thereby resulting in 
decreased gm and gs during aging. 

Surprisingly, the effects of leaf aging during the whole 
experiment on photosynthetic characteristics are similar 
(PN) to or even larger (gm, Vcmax, and Jmax) than those caused 
by drought imposition in both cotton species. It is likely 

because drought can inhibit plants growth (Pace et al. 1999) 
and thus avoid rapid senescence of leaves. That is why the 
photosynthetic capacity parameters (Vcmax and Jmax) could 
recover rapidly after rewatering, and were significantly 
higher than those under well-watered treatment, especially 
in pima cotton. This keeps us in mind that the position 
selection of measured leaf is an issue that must be 
considered but has been ignored by most researchers when 
evaluating the effects of drought on plants.

The maintenance of photosynthetic capacity under
drought contributes to the rapid recovery 
of photosynthesis upon rewatering in pima cotton

Leaf photosynthetic responses to drought and rewatering 
have been analyzed in the upland and pima cotton. 
Numerous studies (Flexas et al. 2002, 2004, 2006, 
2009; Galmés et al. 2007, Cano et al. 2013, 2014) have 
shown that the decline in PN by drought was mainly due 
to the synergistic decrease of gs and gm. However, in this 
study, only the decreased gs dominated the decline of 
PN under drought in both cotton species (Fig. 2), while 
the role of Vcmax and Jmax was also critical, especially in 
upland cotton (Fig. 3). Upon rewatering, photosynthetic 
characteristic parameters (i.e., PN, gs, Vcmax, and Jmax) could 
be recovered to or above well-watered values, which 
suggests that drought did not cause the irreparable damage 
to cotton photosynthesis. The recovery of CO2 diffusion 
and biochemical characteristics can also be regarded 
as evidence of the high resilience of the photosynthetic 
apparatus under short-term drought conditions in both 
cotton species.

Compared to upland cotton, pima cotton showed more 
sensitivity to drought treatment, which was indicated by 
faster decreases in gs. Many studies demonstrated that  
the decrease of gs is the primary response of photosynthesis 
to drought (Faria et al. 1998, Chaves et al. 2002, 2003; 
Flexas et al. 2007), which could quickly minimize water 
loss under drought conditions. In contrast, Vcmax and Jmax 
in pima cotton were less affected by drought relative to 
those in upland cotton. The maintenance of photosynthetic 

Fig. 6. Quantitative limitation of photosynthesis under well-
watered (WW) (A,C), and drought and recovery (DR) (B,D) 
treatments in upland (A,B) and pima cotton (C,D). SL, MCL,  
and BL denote for stomatal, mesophyll, and biochemical 
limitations, respectively. The blue arrows indicate the beginning 
of the drought acclimation period; the green arrow the beginning 
of the recovery period.

Fig. 5. The relationship between intrinsic water-
use efficiency (WUEi) and the ratio of mesophyll 
conductance (gm) to stomatal conductance (gs) 
(gm/gs) (A,C) and maximum carboxylation 
rate (Vcmax) to gs (Vcmax/gs) (B,D), respectively,  
by pooling the well-watered (WW) and drought 
and recovery (DR) data together in upland (A,B) 
and pima cotton (C,D). Means and errors of at least 
three plants per treatment and species are shown. 
The solid lines are the nonlinear regressions;  
* indicates significance at the 0.05 probability 
level.
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capacity in drought pima cotton could facilitate the recovery 
of photosynthesis once rehydrated when the stomata are 
allowed to open, which can be proved by the fact that pima 
cotton had a faster upregulation of PN and gs compared to 
upland cotton. This result may explain at least to some 
extent the often-observed phenomenon that stressed 
plants upon recovery grow faster than unstressed control 
plants. Overall, the regulation behavior of pima cotton on 
photosynthetic characteristics under drought and recovery 
seems to be in line with the water-regulation strategies of 
isohydric plants to a certain extent, i.e., they effectively 
control the water loss of tissues through stomatal closure 
to avoid drought-induced hydraulic failure (David et al. 
2007). Also, they may sustain photosynthetic capacity to 
achieve the goal of rapidly improving carbon acquisition 
and assimilation upon rewatering. Instead, upland cotton 
might be more like anisohydric plant since it has a more 
stable and stronger photosystems under drought to cope 
with mild or moderate drought (Yi et al. 2016b). 

From the average values of cumulative photosynthetic 
parameters during the whole experiment (Table 1), 
ultimately the overall drought cycle had less effect on 
pima cotton than upland cotton. This is because the fast 
upregulation of photosynthetic characteristic parameters 
during recovery period mostly compensated for the loss 
caused by drought period in pima cotton. Therefore, 
studying the whole process of drought and recovery 
could provide more valuable guidance for improving 
photosynthetic productivity than just studying drought in 
an environment with frequent drought cycles. 

The ratio of Vcmax to gs dominates the changes of WUEi 
in the whole process of drought and recovery 

We observed prominent positive correlation of WUEi 
with both Vcmax/gs and gm/gs when all leaves were pooled 
together in upland and pima cotton (Fig. 5), demonstrating 
that WUEi is regulated by both CO2 diffusion and 
photosynthetic capacity. gm and Vcmax are two critical 
photosynthetic characteristics affecting carbon acquisition 
and assimilation, independent of water loss (Han et al. 
2016). Despite their maintenance would be capable of 
alleviating the decline of PN and potentially WUEi under 
drought, the sustainability of WUEi seems to be only 
achieved when there are no parallel changes in gs (Flexas 
et al. 2013). In our study, there was no obvious difference 
in gm/gs between drought and well-watered treatments 
in both cotton species, which indicates that gm/gs is not  
the dominant factor for the difference in response of 
WUEi to drought among cotton species. Instead, under 
drought, the slower reduction of Vcmax than gs contributes 
to the increase of WUEi in pima cotton, while a nearly 
proportional decline in gs and Vcmax leads to the consistency 
of WUEi between drought and well-watered treatments in 
upland cotton. Meanwhile, compared to the well-watered 
treatment, the higher photosynthetic capacity parameters 
are conducive to the maintenance of WUEi after rewatering 
in pima cotton. Thus, Vcmax, as well as gs, dominate  
the changes of WUEi during drought and recovery periods 
in both cotton species. 

Conclusion: In summary, the leaves of pima cotton age 
faster than those of upland cotton under well-watered 
treatment, leading to a greater decrease of photosynthesis. 
Interestingly, drought can inhibit leaf aging of pima cotton, 
possibly because pima cotton needs to reallocate nutrients 
to the flowers and cotton bolls, rather than to develop 
new leaves under limited water resources. Under drought, 
upland cotton has a more stable photosystem than pima 
cotton, proved by a slower decrease of photosynthesis. 
However, an overall drought cycle has smaller effect 
on photosynthesis of pima cotton than that of upland 
cotton, which is because of the maintenance of Vcmax and 
its coordination with gs during drought and recovery. 
Meanwhile, the difference in response of WUEi to drought 
among cotton species can be attributed to different Vcmax/gs. 
Furthermore, studying the whole process of drought 
and recovery has more valuable guiding significance for 
improving photosynthetic productivity than just studying 
drought in changing environmental conditions. Note 
that all data analyses were based on the assumption that  
well-watered and drought plants age at the same rate. This 
assumption deserves separate investigation in the future.
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