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ABSTRACT

Photosynthesis is an extremely complicated 
process that is fundamental to supporting plant 
growth. It is regulated by multiple internal and ex-
ternal factors. Three factors regulating photosyn-
thesis over which cotton producers can exert some 
influence are the levels of potassium, nitrogen, and 
soil moisture. Research has shown that deficient 
levels of all three depress canopy photosynthesis 
and yield through the production of a smaller 
plant with less leaf area to intercept incoming 
solar radiation. In addition, leaf photosynthesis 
is impacted by potassium at both the stomatal 
and non-stomatal level. Nitrogen is a component 
of both proteins and chlorophyll molecules and 
as such impacts leaf photosynthesis through ef-
fects on dark and light reaction components of 
photosynthesis. Stomatal factors are the dominant 
photosynthetic regulating influence when moisture 
deficit stress is severe, while non-stomatal factors 
predominate when the moisture deficit stress is 
mild. A producer can impact yield and profitability 
for a given field through efficient use and manage-
ment of these photosynthetic regulatory inputs.

Photosynthesis is one of the principle physiological 
processes underpinning plant dry matter 

production. As such, it is also one of the major factors 
in determining overall cotton (Gossypium hirsutum 
L.) lint production (Pettigrew and Meredith, 1994). 
It is a highly complex process with many points of 
regulation along the pathway. This regulation can 
occur at the canopy level with light interception 
and at the leaf or molecular level with processes 
pertaining to carbon dioxide (CO2) fixation. Beyond 
the individual effects of these regulatory aspects, 
there can also potentially be interactions among 
these influences. Many of these regulatory factors 
(i.e. light and temperature) are beyond the ability of 

producers to easily manipulate. However, there are 
some regulatory factors that producers can influence. 
The levels of essential nutrients and soil moisture 
availability are examples of two regulatory factors 
that producers can take steps to partially impact. 
This review article examines how the levels of two 
macro-nutrients (potassium (K) and nitrogen (N)) 
can impact photosynthesis and carbon metabolism, 
in addition to how moisture deficit stress influences 
photosynthetic performance.

POTASSIUM

Potassium is considered one of the major essential 
nutrients, it is the most abundant cation in the plant 
and is associated with many of the physiological pro-
cesses supporting plant growth and development. The 
most prominent feature associated with a potassium 
deficiency in cotton is a reduction in plant stature 
(Cassman et al., 1989; Mullins et al., 1994; Pettigrew 
and Meredith, 1997). A consequence of the reduced 
plant biomass associated with potassium deficiency 
is a reduction in leaf area index (LAI) (Pettigrew and 
Meredith, 1997) and a corresponding reduction in 
canopy solar radiation interception (Gwathmey and 
Howard, 1998; Pettigrew, 2003). Fewer and smaller 
leaves under K+ deficient conditions explain the LAI 
reduction (Huber, 1985). The role that K+ plays, serv-
ing as an osmoticum for the promotion of cell elonga-
tion (Dhindsa et al., 1975), may explain the smaller 
leaves seen on K+ deficient plants. Contrasting with 
the leaf area reduction is the increase in specific leaf 
weight (SLW) observed for K+ deficient plants (Pet-
tigrew and Meredith, 1997; Pettigrew, 1999). A greater 
SLW is indicative of a thicker or denser leaf. Although 
a greater SLW is often associated with an increased 
CO2 exchange rate (CER) per unit leaf area (Pettigrew 
et al., 1993; Pettigrew and Meredith, 1994), under a 
K+ deficiency the rate of photosynthesis per unit leaf 
area is actually reduced (Longstreth and Nobel, 1980; 
Bednarz et al., 1998).

Potassium impacts photosynthesis through both 
stomatal and non-stomatal aspects of photosynthesis. 
At the stomatal level, regulation of conductance 
is closely impacted by the leaf K+ concentration 
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through the reversible flux of K+ ions into and out 
of the stomatal guard cells (Fischer, 1968; Fischer 
and Hsiao, 1968). The influx of K+ into the guard 
cell lowers the osmotic potential of the cell causing 
water to flow into the cell. In response to this inward 
flow of water, the cell elongates and thereby forces 
the stomates open. Not surprisingly, insufficient 
levels of leaf K+ leads to decreased stomatal con-
ductance (Longstreth and Nobel, 1980; Bednarz et 
al., 1998). Reduced stomatal conductance restricts 
the movement of CO2 and H2O into and out of the 
intercellular spaces and thereby can limit the amount 
of CO2 available for fixation.

Potassium also impacts the non-stomatal side 
of photosynthesis, but this regulation is primarily 
through the effect it has on photophosphorylization 
rather than carbon assimilation. (Huber, 1985) To 
maintain efficient conversion of sunlight energy 
to chemical energy in the photophosphorylization 
process, a chloroplast inner membrane ATPase 
functions by pumping protons out of the stroma 
and into the cytosol while allowing K+ flux into the 
stroma (Berkowitz and Peters, 1993). This ATPase 
needs a sufficient level of K+ to maintain an optimal 
and efficient activity level (Shingles and McCarty, 
1994). The impact K+ levels have in regulating the 
stomatal and non-stomatal components of photosyn-
thesis can change throughout the development of a 
K+ deficiency. Stomatal factors were the principle 
factors reducing photosynthesis early in the onset of 
a K+ deficiency, but as the deficiency became more 
pronounced and severe non-stomatal factors became 
the predominant factors (Bednarz et al. 1998).

In addition to the reductions in leaf area produc-
tion and photosynthesis per unit leaf area, a further 
complication caused by a K+ deficiency is the re-
duction in translocation of photoassimilates out of 
the leaf material to reproductive sinks (Ashley and 
Goodson, 1972). Translocation is restricted under 
K+ deficient conditions in part because phloem 
loading of sucrose is impaired when K+ levels are 
insufficient (Marschner, 1995; Deeken et al., 2002; 
Gajdanowicz et al., 2011; Oosterhuis et al., 2014). 
Carbohydrates also tend to accumulate in the leaf 
material as a result of this restricted assimilate 
translocation (Bednarz and Oosterhuis, 1999; Pet-
tigrew, 1999; Zhao et al., 2001). The increased 
SLW observed for leaves from K+deficient plants 
is at least partially explained by the accumulation 
of carbohydrates in K+ deficient leaves (Pettigrew 
and Meredith, 1997; Pettigrew, 1999).

The overall effect of a K+ deficiency on cotton 
plants is the production of a smaller plant with less 
leaf area, leading to the generation of a canopy that 
intercepts less of the incoming solar radiation. Not 
only do K+ deficient plants intercept less solar radia-
tion, they utilize that solar radiation less efficiently 
because of the reduced photosynthetic rate per unit 
leaf area caused by K+ deficiency. In addition, the 
K+ deficiency induced restriction of photoassimilate 
translocation out of the leaves further reduces the 
overall size of the photoassimilate pool available 
to support growth. Ultimately, this smaller photo-
assimilate pool contributes to lint yield reductions 
and compromises the quality of fiber produced under 
K+ deficient conditions (Pettigrew, 2008).

NITROGEN

Nitrogen is another major essential nutrient 
for plant growth. In plant tissue, N is a structural 
component of the peptide bonds connecting amino 
acids together to form proteins, it is a factor consti-
tuting the amine terminus of each amino acid, it is a 
component of the nucleic acids, and is a component 
of the chlorophyll molecule. Similar to K+, a main 
effect on photosynthesis from a N deficiency is re-
duction in leaf area expansion rate (Radin and Parker, 
1979b; Wullschleger and Oosterhuis, 1990), final leaf 
area (Radin and Parker, 1979a), and ultimately the 
canopy’s LAI (Wullschleger and Oosterhuis, 1990). 
This means that less light will be intercepted by N 
deficient canopies (Pettigrew and Zeng, 2014).

Nitrogen deficiencies have been shown to de-
crease the CO2 exchange rate (CER) per unit leaf area 
(Longstreth and Nobel, 1980; Radin and Ackerson, 
1981; Reddy et al., 1996). In contrast, Wullschleger 
and Oosterhuis (1990) failed to find any leaf CER 
differences between cotton plants receiving adequate 
and deficient levels of N fertilization. Bondada et al. 
(1996) found a strong relationship among lint yield, 
canopy photosynthesis, and soil N. This N effect on 
canopy photosynthesis is probably predominately 
caused by the effect N has on leaf area production 
and light interception. An N deficiency also impacts 
photosynthesis through effects on both the dark and 
light reaction components of photosynthesis, which 
is not surprising considering that N is a component of 
both proteins and chlorophyll. For instance, Reddy et 
al. (1996) demonstrated a close relationship between 
CER, Rubisco activity, and leaf N concentration. 
Similarly, Pettigrew et al. (2000) reported that leaves 
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from older cotton canopies had reduced CER, leaf 
soluble protein concentration, and reduced Rubisco 
activity compared to younger canopies. They attrib-
uted this result to remobilization of the leaf N out the 
leaves of the older canopy to support the N needs of 
the developing boll load. Wells (1988) also reported 
reduced protein and chlorophyll levels along with 
lower photosynthesis as the cotton plant reached 
cutout and the boll-filling period. Nitrogen levels 
also impact the light reaction phase of photosynthesis 
through effects on both leaf pigment concentrations 
and chlorophyll fluorescence. Pettigrew and Zeng 
(2014) reported that field grown cotton plants in 
plots receiving 112 kg N ha-1 had approximately 
25% greater leaf chlorophyll concentrations than 
the unfertilized plots. Those same fertilized plots 
averaged approximately 2% greater leaf chlorophyll 
variable to maximal fluorescence ratios (Fv/Fm) 
compared to the unfertilized plots in three out of the 
four years of the study. The chlorophyll Fv/Fm ratio 
is an estimate of the maximum quantum efficiency 
of photosystem II.

Nitrogen deficiency has also been reported to 
reduce overall stomatal conductance (Radin and 
Ackerson, 1981; Radin and Parker, 1979b), although 
there are also studies that did not find an N effect on 
stomatal conductance (Wullschleger and Oosterhuis, 
1990a; Radin et al., 1991). Much of those stomatal 
effects are tied to the interaction between leaf N 
levels, leaf water status, and leaf abscisic acid (ABA) 
levels. Radin et al. (1985) demonstrated in field 
grown cotton plants that the stomata of N deficient 
plants close at higher leaf water potentials than N 
sufficient plants. This trait can convey a slight degree 
of drought tolerance to N deficient plants.

Because of a similarity of symptoms between 
N deficiency and moisture deficit stress, Radin and 
Mauney (1986) proposed what they termed the “ni-
trogen stress syndrome” to describe this interaction. 
This syndrome is characterized by three attributes 
associated with N deficiency in cotton: 1) decreased 
photosynthesis, 2) decreased hydraulic conductance, 
and 3) stomatal closure at higher leaf water poten-
tials. The decreased photosynthesis (Longstreth and 
Nobel, 1980; Radin and Ackerson, 1981; Bondada et 
al., 1996; Reddy et al., 1996) and stomatal conduc-
tance (Radin and Ackerson, 1981; Radin and Parker, 
1979b; Radin et al., 1985) have been discussed pre-
viously. The decreased hydraulic conductance was 
reported on plants grown in controlled environments 
and led to reduced leaf area expansion (Radin and 

Parker, 1979b; Wullschleger and Oosterhuis, 1990a) 
and ultimately to reduced LAI (Radin and Parker, 
1979a; Wullschleger and Oosterhuis, 1990a). This 
decreased hydraulic conductance also caused a 
buildup of carbohydrates in the leaf material prior 
to flowering (Eaton and Rigler, 1945; Radin et al., 
1978), which was later remobilized during the boll-
filling period. Unfortunately, field studies were not 
able to confirm the decreased hydraulic conductance 
under N deficiency stress that was reported for the 
controlled environment studies (Radin et al., 1991; 
Bauer et al., 2014). Therefore, the effect N deficiency 
has on hydraulic conductance of field grown cotton 
plants remains unclear.

The overall growth response from N deficient 
conditions is the production of smaller cotton plants 
whose canopy intercepts less of the incoming solar 
radiation. Restricted leaf area expansion caused by 
N deficiency, possibly because of reduced hydraulic 
conductance, contributes to the smaller canopy size. 
Less photosynthesis occurs per unit leaf area for N 
deficient plants due to restrictions in both the light 
and dark reactions phases of the photosynthetic 
process. These restrictions caused by deficient N 
conditions in the plant’s ability to intercept sunlight 
and then efficiently use it for photosynthesis, reduces 
the pool of photoassimilates available for growth and 
yield production (Pettigrew and Zeng, 2014).

WATER DEFICIT STRESS

When a moisture deficit stress becomes severe 
enough both photosynthetic performance and growth 
will be negatively impacted. Similar to K and N de-
ficiencies, moisture deficit stress reduces leaf expan-
sion and overall LAI (Jordan et al., 1970; McMichael 
and Hesketh, 1982; Turner et al. 1986; Ball et al., 
1994; Gerik et al., 1996; Pettigerw, 2004). Again, 
this smaller overall canopy intercepts less of the in-
coming solar radiation (Pettigrew, 2004). Moisture 
deficit stress also increases the SLW of cotton plants 
(Pettigrew, 2004; Pettigrew and Zeng, 2014).

Leaf photosynthesis is also often reduced in 
response to moisture deficit stress (Ackerson et al., 
1977; Sung and Krieg, 1979; Ackerson and Hebert, 
1981; McMichael and Hesketh, 1982; Plaut and 
Federman, 1991; Ephrath et al., 1993; Pettigrew, 
2004). This photosynthetic decline can come about 
from both stomatal and non-stomatal limitations 
(McMichael and Hesketh, 1982; Marani et al., 1985; 
Turner et al., 1986; Genty et al., 1987; Ephrath et al. 
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stress induced patchy stomatal closure in non-accli-
mated growth chamber grown plants, but not in in 
field grown plants exposed to moisture deficit stress.

Non-stomatal factors also come into play in reg-
ulating the photosynthetic response to water deficit 
stress, but similar to the stomatal response, these ef-
fects can be quite inconsistent. Hutmacher and Krieg 
(1980) found predominant nonstomatal limitations to 
photosynthesis for field grown plants under a slowly 
developing water stress because the stress caused 
a greater reduction in photosynthesis than in leaf 
conductance. Ephrath et al. (1993) found both CER 
and stomatal conductance were reduced while Ci was 
increased in field grown cotton in response to water 
stress and concluded that non-stomatal factors were 
the main photosynthetic limiting factors. Faver et al. 
(1996) also reported that water deficit stress reduced 
the initial slope of the assimilation (A): Ci curves, 
correlated with Rubisco activity, and also reduced 
the Amax, correlated with ribulose 1,5-bisphosphate 
(RuBP) regeneration, (Farquhar et al., 1980) for 
field grown cotton. They further concluded that for 
these field grown plants, non-stomatal factors were 
the primary components regulating photosynthesis 
under moderate moisture deficit stress because that 
level of stress only produced small reductions in 
both Ci and CER but stomatal conductance was de-
creased substantially. Massacci et al. (2008) reported 
increased photosynthetic electron transport for field 
grown cotton experiencing a moderate water stress 
due to a higher efficiency of the open PSII reaction 
centers. They also found increased photorespiration 
under drought stress, which would divert the excess 
energy away from the photosynthetic apparatus 
and thereby minimize the production of damaging 
reactive oxygen species. Similar increases in pho-
torespiration and also in the ratio of dark respiration 
to gross photosynthesis for drought stressed field 
grown cotton were reported by Chastain et al. (2014). 
Kitao and Lei (2007) also reported higher electron 
transport rates for field grown cotton plants exposed 
to long term drought conditions and speculated that 
it could be associated with greater photorespiration 
under drought stress conditions. Zhang et al (2011) 
found that drought stressed field grown cotton plants 
exhibited a greater PS II quantum yield than the 
non-stressed cotton. In contrast, Inamullah and Isoda 
(2005) and Ennahli and Earl (2005) reported the 
moisture deficit stress decreased quantum efficiency 
for PSII for cotton plants grown in pots in green-
houses. In addition, both Chastain et al. (2014) and 

1990; Faver et al., 1996; Chastain et al., 2014). Sung 
and Krieg (1979) also reported reduced translocation 
of photoassimilates out of the leaf material when the 
plant is under water-deficit stress.

The stomatal conductance response to moisture 
deficit stress has been quite inconsistent across the 
many reports in the literature. These inconsistent 
responses make it difficult to clearly define the 
role stomatal conductance plays in regulating the 
photosynthetic response to water deficit stress. Part 
of the inconsistency may have to do with whether 
the studies were conducted with field grown plants 
or on plants grown in environmentally controlled 
chambers or greenhouses. Carmi and Shalhevet 
(1983) demonstrated that cotton growth and yield 
was reduced when the plants were grown in a finite 
container size that constrained root volume. For con-
tainer grown plants in growth chamber or greenhouse 
conditions, water deficit stress reportedly decreases 
stomatal conductance (Ackerson and Hebert, 1981; 
Plaut and Federman, 1991; Ennahli and Earl, 2005). 
In contrast, water deficit stress has been found to 
either decrease stomatal conductance (McMicheal 
and Hesketh, 1982; Ephrath et al., 1990; Ephrath 
et al., 1993; Wullschleger and Oosterhuis, 1990b; 
Kitao and Lei, 2007) or not impact the stomatal con-
ductance of field grown plants (Ackerson and Krieg, 
1977; Ackerson et al., 1977). Utilizing field grown 
plants, Faver et al. (1996) were able to document 
stomatal conductance as the primary component 
regulating photosynthesis under severe moisture 
deficit stress because they found that the reductions 
in CO2-exchange rates (CER) and internal CO2 con-
centrations (Ci) paralleled the reductions in stomatal 
conductance when water stress was severe. Radin 
(1992) put forth a hypothesis based upon tempera-
ture effects on leaf ABA concentrations (Radin et al., 
1982) to help explain the discrepancy between the 
performance of field grown plants and plants grown 
in pots in greenhouses or growth chambers. Basically, 
higher temperatures in the field leads to decreased 
ABA accumulation in the leaves, which in turn makes 
the stomata less sensitive to fluctuations in carbon 
(Ci) levels and thereby uncoupled from mesophyll 
photosynthetic components. Raschke (1975) had 
previously shown that the ABA effect on stomatal 
conductance was dependent upon Ci levels and vice 
versa. Additional evidence supporting the different 
behavior between growth chamber or greenhouse 
grown plants compared to field grown cotton is the 
work of Wise et al. (1992), who reported that water 
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Snider et al. (2014) did not find any effect of drought 
stress on PS II quantum yields compared to that of 
non-stressed field grown cotton. Therefore, the ef-
fect that drought stress has on PS II quantum yield 
remains unclear due to the inconsistency of results 
across the multitude of research reports. Nonethe-
less, both components of the light and dark reaction 
phases of photosynthesis have been reported to be 
impacted by moisture deficit stress and contribute 
to a non-stomatal regulation of photosynthesis by 
moisture stress.

Water deficit stress also comes into play with 
another photosynthetic phenomenon affecting most 
crop species known as the afternoon photosynthetic 
hysteresis effect. This hysteresis is a decline in pho-
tosynthesis when measured on the same leaves during 
afternoon as compared to the morning (Pettigrew et 
al., 1990). The phenomenon has been documented 
in both upland, Gossypium hirsutum L., (Pettigrew 
et al., 1990; Pettigrew and Turley, 1998; Pettigrew, 
2004) and Pima, Gossypium barbadense L., (Cornish 
et al. 1991) cotton. When comparing eight cotton 
genotypes grown under dryland or irrigated condi-
tions, Pettigrew (2004) reported that the afternoon 
photosynthetic decline was greater for plants in the 
dryland treatment compared to irrigated plants. Dry-
land leaves went from having a 6% statistically higher 
leaf CER in the morning than irrigated leaves, due 
to increased SLW and an increased leaf chlorophyll 
concentration, to exhibiting a 6% lower leaf CER in 
the afternoon. The light adapted quantum efficiency 
of PSII was also 10% lower for dryland leaves in the 
afternoon compared to irrigated leaves after being 
9% greater for the dryland leaves in the morning. Af-
ternoon stomatal conductance for the dryland leaves 
was lower than that found with irrigated leaves, but 
no stomatal conductance differences were detected 
in the morning. In contrast, Massacci et al. (2008) 
found irrigated plants had greater stomatal conduc-
tance than dryland plants in the morning, but in the 
afternoon similar conductance was observed for the 
two moisture regimes. However, stomatal conduc-
tances for both moisture treatments were lower in the 
afternoon than they were in the morning. Therefore, 
the afternoon photosynthetic decline for cotton is 
real and it appears to be more pronounced for cotton 
undergoing water deficit stress.

While this afternoon photosynthetic decline 
unquestionably limits overall photosynthetic pro-
duction, it also offers an opportunity for research 
directed toward trying to improve afternoon pho-

tosynthesis. The first step is to understand what 
factor or factors work to limit photosynthesis in the 
afternoon. Several hypotheses have been offered 
with supporting data to help explain the photosyn-
thetic hysteresis phenomenon for a number of plant 
species. An increasing leaf-to-air vapor pressure 
deficit during the afternoon could elicit stomatal 
closure and thereby contribute to the afternoon re-
duction (Bunce, 1982; 1983; Farquhar et al., 1980; 
Pettigrew et al., 1990). Higher temperatures in the 
afternoon could push the leaf temperatures outside 
of the optimal temperature range for photosynthesis 
and lead to a photosynthetic reduction (Baldocchi 
et al., 1981; Perry et al., 1983; Reddy et al., 1991; 
Snider etal., 2009). Feedback inhibition from the 
diurnal buildup of leaf carbohydrates during the 
afternoon might depress the photosynthetic process 
(Nafziger and Koller, 1976; Mauney et al., 1979; 
Peet and Kramer, 1980). Exposure to intense solar 
radiation encountered around solar noon could lead 
to damage of the photosynthetic apparatus through 
photoinhibition (Powles, 1984). Similarly, intense 
light conditions can sometimes produce a “down 
regulation” of the photosynthetic process where the 
excess absorbed photons are dissipated as heat rather 
than damaging the photosynthetic structure (Baker 
and Ort, 1992). Transient and localized water stress 
in the leaves could also inhibit photosynthesis more 
in the afternoon compared to the morning through 
non-stomatal means (Sharkey, 1984). Any and all of 
these factors, along with various interaction combi-
nations of these factors, can come into play to reduce 
the photosynthetic performance during the afternoon. 
More research is needed to further define all that is 
going on to produce this afternoon photosynthetic 
decline and to also investigate possible means to 
mitigate the process.

The reduced plant structure caused by water 
deficit stress is similar to that observed for both K+ 
and N deficiency in that overall canopy leaf area 
is reduced and thereby the ability of the canopy to 
intercept incoming solar radiation is diminished. Fur-
thermore, the photosynthetic rate for a given leaf area 
is reduced by water stress through both stomatal and 
non-stomatal factors. Stomatal factors are the domi-
nant regulating factors under severe moisture deficit 
stress, while non-stomatal factors predominate when 
the moisture deficit stress is mild (Faver et al., 1996). 
This reduction in the total photoassimilate and water 
supply to support reproductive growth leads to yield 
and fiber quality reductions.
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CONCLUSION

Photosynthesis is a basic physiologic process 
underpinning growth, development, and yield produc-
tion. Considerable progress has been made in describ-
ing this phenomenon that is tightly regulated by many 
internal and external influences. This manuscript 
describes the operation of three of the many factors 
that can regulate the processes of photosynthesis. 
Photosynthesis is negatively impacted when levels of 
K+, N, or water become deficient; this can ultimately 
reduce growth, development, and yield. The obvious 
tactic for producers to mitigate these possible negative 
influences is to ensure that high enough levels of each 
of the inputs are always present, ensuring that none 
of these factors ever limits maximal photosynthesis. 
Producers must walk a fine line with the levels of these 
inputs because too high a level of these inputs can also 
have negative or toxic consequences. Unfortunately, 
maximal photosynthesis doesn’t always translate 
into higher yields, as there must also be appropriate 
partitioning of the photoassimilates produced into 
reproductive growth rather than vegetative growth. 
With current high prices for these inputs, producers 
must judiciously manage the allocation of these in-
puts to achieve the optimal input use efficiency and a 
canopy photoassimilate production level that is also 
appropriately paired with the yield potential and yield 
goal for each individual field.

REFERENCES

Ackerson, R.C., and D.R. Krieg. 1977. Stomatal and non-
stomatal regulation of water use of cotton, corn, and 
sorghum. Plant Physiol. 60:850-853.

Ackerson, R.C., D.R. Krieg, D.L. Haring, and N. Chang. 1977. 
Effects of plant water status on stomatal activity, photo-
synthesis, and nitrate reductase activity of field grown 
cotton. Crop Sci. 17:81-84.

Ackerson, R.C., and R.R. Hebert. 1981. Osmoregulation in 
cotton in response to water stress. I. Alterations in photo-
synthesis, leaf conductance, translocation, and ultrastruc-
ture. Plant Physiol. 67:484-488.

Ashley, D.A., and R.D. Goodson. 1972. Effect of time and 
plant potassium status on 14C-labled photosynthate 
movement in cotton. Crop Sci. 12:686-690.

Baker, N.R., and D.R. Ort. 1992. Light and crop photosyn-
thetic performance. p. 289-312. In N.R. Baker and H. 
Thomas (eds.) Crop photosynthesis: Spatial and temporal 
determinations. Elsevier Science Publishers. Amsterdam, 
The Netherlands.

Baldocchi, D.D., S.B. Verma, and N.J. Rosenberg. 1981. 
Mass and energy exchange of a soybean canopy under 
various environmental regimes. Agron. J. 73:706-710.

Ball, R.A., D.M. Oosterhuis, and A. Maromoustakos. 1994. 
Growth dynamics of the cotton plant during water-deficit 
stress. Agron. J. 86:788-795.

Baure, P.J., W.T. Pettigrew, and B.T. Campbell. 2014. Re-
sponse of four cotton genotypes to N fertilization for 
root hydraulic conductance and lint yield. J. Cotton Sci. 
18:362-366.

Bednarz, C.W., D.M. Oosterhuis, and R.D. Evans. 1998. Leaf 
photosynthesis and carbon isotope discrimination of 
cotton in response to potassium deficiency. Environ. Exp. 
Bot. 39:131-139,

Bednarz, C.W., and D.M. Oosterhuis. 1999. Physiological 
changes associated with potassium deficiency in cotton. 
J. Plant Nutr. 22:303-313.

Berkowitz, G.A., and J.S. Peters. 1993. Chloroplast inner 
envelope ATPasae acts as a primary H+ pump. Plant 
Physiol. 102:261-267.

Bondada, B.R., D.M. Oosterhusi, R.J. Norman, and W.H. 
Baker. 1996. Canopy photosynthesis, growth, yield, and 
boll 15N accumulation under nitrogen stress in cotton. 
Crop Sci. 36:127-133.

Bunce, J.A. 1982. Photosynthesis at ambient and elevated 
humidity over a growing season in soybean. Photosynth. 
Res. 3:307-311.

Bunce, J.A. 1983. Differential sensitivity to humidity of daily 
photosynthesis in the field in C3 and C4 species. Oecolo-
gia 57:262-265.

Carmi, A., and J. Shalhevet. 19863. Root effects on cotton 
growth and yield. Crop Sci. 23:875-878.

Cassman, K.G., T.A. Kerby, B.A. Roberts, D.C. Bryant, S.M. 
Brouder. 1989. Differential response of two cotton culti-
vars to fertilizer and soil potassium. Agron. J. 81:870-876.

Chastain, D.R., J.L. Snider, G.D. Collins, C.D. Perry, J. Whita-
ker, and S.A. Byrd. 2014. Water deficit in field-grown 
Gossypium hirsutum primarily limits net photosynthesis 
by decreasing stomatal conductance, increasing photo-
respiration, and increasing the ratio of dark respiration to 
gross respiration. J. of Plant Physiol. 171:1576-1585.

Cornish, K., J.W. Radin, E.L. Turcotte, Z. Lu, and E. Zeiger. 
1991. Enhanced photosynthesis and stomatal conduc-
tance of Pima cotton (Gossypium barbadense L.) bred 
for increased yield. Plant Physiol. 97:484-489.

Deeken, R., D. Geiger, J. Fromm, O. Kokoreva, P. Ache, R. 
Langenfeld-Heyser, N. Sauer, T. May, and R. Hedrich. 
2022. Loss of the AKT2/3 potassium channel affects 
sugar loading into the phloem of Arabidopsis. Planta 
216:334-344.



243JOURNAL OF COTTON SCIENCE, Volume 20, Issue 3, 2016

Dhindsa, R.S., C.A. Beasley, and I.P. Ting. 1975. Osmoregu-
lation in cotton fiber. Plant Physiol. 56:394-398.

Eaton, F.M., and N.E. Rigler. 1945. Effect of light intensity, 
nitrogen supply, and fruiting on carbohydrate utilization 
by the cotton plant. Plant Physiol. 20:380-411.

Ennahli, S., and H.J. Earl. 2005. Physiological limitations to 
photosynthetic carbon assimilation in cotton under water 
stress. Crop Sci. 45:2374-2382.

Ephrath, J.E., A. Marani, and B.A. Bravdo. 1990. Effects of 
moisture stress on stomatal resistance and photosynthetic 
rate in cotton (Gossypium hirsutum) I. Controlled levels 
of stress. Field Crops Res. 23:117-131.

Ephrath, J.E., A. Marani, and B.A. Bravdo. 1993. Photosyn-
thetic rate, stomatal resistance and leaf water potential 
in cotton (Gossypium hirsutum L.) as affected by soil 
moisture and irradiance. Photosynthtica 29:63-21.

Farguhar, G.D., E.D. Schulze, and M Küppers. 1980. Re-
sponse to humidity by stomata of Nicotiana glauca (L.) 
and Corylus avellana (L.) are consistent with the opti-
mization of CO2 uptake with respect to H2O loss. Aust. J. 
Plant Physiol. 7:315-327.

Faver, K.L., T.J. Gerik, P.M. Thaxton, and K.M. El-Zik. 1996. 
Late season water stress in cotton: II. Leaf gas exchange 
and assimilation capacity. Crop Sci. 36:922-928.

Fischer, R.A. 1968. Stomatal opening: Role of potassium 
uptake by guard cells. Science 160:784-785.

Fischer, R.A., and T.C. Hsiao. 1968. Stomatal opening in 
isolated epidermal strips of Vicia faba: Response of KCl 
concentration and the role of potassium absorption. Plant 
Physiol. 43:1953-1958.

Gajdanowicz, P., E. Michard, M. Sandmann, M. Rocha, I. 
Dreyer. 2011. Potassium gradients serve as a mobile 
energy source in plant vascular tissues. Proc. Natl. Acad. 
Sci. 108:864-869.

Genty, B., J.M. Briantais, and J.B. Vieira Da Silva. 1987. Ef-
fects of drought on primary photosynthetic processes of 
cotton leaves. Plant Physiol. 83:360-364.

Gerik, T.J., K.L. Faver, P.M. Thaxton, and K.M. El-Zik. 1996. 
Late season water stress in cotton: I. Plant growth, water 
use, and yield. Crop Sci. 36:914-921.

Gwathmey, C.O., and D.D. Howard. 1998. Potassium effects 
on canopy light interception and earliness of no-tillage 
cotton. Agron. J. 90:144-149.

Huber, S.C. 1985. Role of potassium in photosynthesis and 
respiration. p. 369-396. In R.D. Munson (ed.) Potassium 
in agriculture. ASA, CSSA, and SSSA, Madison, WI.

Hutmacher, R.B., and D.R. Krieg. 1983. Photosynthetic rate 
control in cotton. Stomatal and nonstomatal factors. 
Plant Physiol. 73:658-661.

Jordan, W.R. 1970. Growth of cotton seedlings in relation to 
maximum daily plant-water potential. Agron. J. 62:699-
701.

Kitao, M., and T.T. Lei. 2007. Circumvention of over-exci-
tation of PSII by maintaining electron transport rate in 
leaves of four cotton genotypes developed under long-
term drought. Plant Biol. 9:69-76

Longstreth, D.L., and P.S. Nobel. 1980. Nutrient influences 
on leaf photosynthesis. Effects of nitrogen, phosphorus, 
and potassium for Gossypium hirsutum L. Plant Physiol. 
65:541-543.

Marani, A., D.N. Baker, V.R. Reddy, and J.M. McKinion. 
1985. Effect of water stress on canopy senescence and 
carbon exchange rates in cotton. Crop Sci. 25:798-802.

Marschner, H. 1995. Functions and mineral nutrients. P. 213-
255. In: Mineral nutrition of Higher Plants. Academic 
press. London, UK.

Massacci, A., S.M. Nabiev, L. Pietrosanti, S.K. Nema-
tov, T.N. Chernikova, K. Thor., and J. Leipner. 2008. 
Response of the photosynthetic apparatus of cotton 
(Gossypium hirsutum) to the onset of drought stress 
under field conditions studies by gas-exchange analysis 
and chlorophyll fluorescence imaging. Plant Physiol. 
Biochem. 46:189-195.

Mauney, J.R., G. Guinn, K.E. Fry, and J.D. Hesketh. 1979. 
Correlation of photosynthetic carbon dioxide uptake and 
carbohydrate accumulation in cotton, soybean, sunflower, 
and sorghum. Photosynthetica 13:260-266.

McMichael, B.L., and J.D. Hesketh. 1982. Field investiga-
tions of the response of cotton to water deficits. Field 
Crops Res. 5:319-333.

Mullins, G.L., D.W. Reeves, C.H. Burmester, and H.H. Bry-
ant. 1994. In-row subsoiling and potassium placement 
effects on root growth and potassium content of cotton. 
Agron. J. 86:136-139.

Nafziger, E.D., and H.R. Koller. 1976. Influence of leaf starch 
concentration on CO2 assimilation in soybean. Plant 
Physiol. 567:560-563.

Oosterhuis, D.M., D.A. Loka, E.M. Kawakami, and W.T. 
Pettigrew. 2014. The physiology of potassium in crop 
production. Advances in Agronomy 126:203-233.

Peet, M.M., and R.J. Kramer. 1980. Effects of decreasing 
source/sink ratio in soybean on photosynthesis, photores-
piration and yield. Plant Cell Environ. 3:201-206.

Perry, S.W., D.R. Krieg, and R.B. Hutmacher. 1983. Photo-
synthetic rate control in cotton. I. Photorespiration. Plant 
Physiol. 73:662-665.

Pettigrew, W.T. 1999. Potassium deficiency increases specific 
leaf weights and leaf glucose levels in field-grown cot-
ton. Agron. J. 91:962-968.



244PETTIGREW: COTTON PHOTOSYNTHETIC REGULATION

Pettigrew, W.T. 2003. Relationship between insufficient potas-
sium and crop maturity in cotton. Agron J. 95:1323-1329.

Pettigrew, W.T. 2004. Physiological consequences of moisture 
deficit stress in cotton. Crop Sci. 44:1265-1272.

Pettigrew, W.T. 2008. Potassium influences on yield and 
quality production for maize, wheat, soybean and cotton. 
Physiol. Plant. 133:670-681.

Pettigrew, W.T., and W.R. Meredith, Jr. 1994. Leaf gas ex-
change parameters vary among cotton genotypes. Crop 
Sci. 34:700-705.

Pettigrew, W.T., and W.R. Meredith, Jr. 1997. Dry matter pro-
duction, nutrient uptake, and growth of cotton as affected 
by potassium fertilization. J. Plant Nutr. 20:531-548.

Pettigrew, W.T., and R.B. Turley. 1998. Variation in photo-
synthetic components among photosynthetically diverse 
cotton genotypes. Photosynth. Res. 56:15-25.

Pettigrew, W.T. , and L. Zeng. 2014. Interactions among 
irrigation and nitrogen regimes on mid-south cotton 
production. Agron. J. 106:1614-1622.

Pettigrew, W.T., J.D. Hesketh, D.B. Peters, and J.T. Wooley. 
1990. A vapor pressure deficit effect on crop canopy 
photosynthesis. Photosynth. Res. 24:27-34.

Pettigrew, W.T., J.J. Heitholt, and K.C. Vaughn. 1993. Gas 
exchange differences and comparative anatomy among 
cotton leaf-type isolines. Crop Sci. 33:1295-1299.

Pettigrew, W.T., J.C. McCarty, and K.C. Vaughn. 2000. Leaf 
senescence-like characteristics contribute to cotton’s pre-
mature photosynthetic decline. Photo. Res. 65:187-195.

Plaut, Z., and E. Federman. 1991. Acclimation of CO2 assimi-
lation in cotton leaves to water stress and salinity. Plant 
Physiol. 97:515-522.

Powles, S.B. 1984. Photoinhibition of photosynthesis induced 
by visible light. Annu. Rev. Plant. Physio. 35:15-44.

Radin, J.W., and R.C. Ackerson. 1981. Water relations of 
cotton plants under nitrogen deficiency. III. Stomatal 
conductance, photosynthesis, and abscisic acid accumu-
lation during drought. Plant Physiol. 67:115-119.

Radin, J.W., and J.R. Mauney. 1986. The nitrogen stress 
syndrome. p. 91-105. In J.R. Mauney and J. McD. Stew-
art (eds.) Cotton Physiology. The Cotton Foundation, 
Memphis, TN

Radin, J.W., and L.L. Parker. 1979a. Water relations of cotton 
plants under nitrogen deficiency. I. Dependence upon 
leaf structure. Plant Physiol. 64:495-498.

Radin, J.W., and L.L. Parker. 1979b. Water relations of cotton 
plants under nitrogen deficiency. II. Environmental inter-
actions on stomata. Plant Physiol. 64:499-501.

Radin, J.W., L.L. Parker, C.R. Sell. 1978. Partitioning of 
sugar between growth and nitrate reduction in cotton 
roots. Plant Physiol. 62:550-553.

Radin, J.W., L.L. Parker, and G. Guinn. 1982. Water rela-
tions of cotton plants under nitrogen deficiency. V. 
Environmental control of abscisic acid assumulation 
and stomatal sensitivity to abscisic acid. Plant Physiol. 
70:1066-1070.

Radin, J.W., J.R. Mauney, and G. Guinn. 1985. Effects of N 
fertility on plant water relations and stomatal responsed 
to water stress in irrigated cotton. Crop Sci. 25:110-115.

Radin, J.W., J.R. Mauney , and P.C. Kerridge. 1991. Effects 
of nitrogen fertility on water potential of irrigated cotton. 
Agron. J. 83:739-743.

Radin, J.W. 1992. Reconciling water-use efficiencies of cot-
tonin field and laboratory. Crop Sci. 32:13-18.

Raschke, K. 1975. Simultaneous requirement of carbon diox-
ide and abscisic acid for stomatal closing in Xanthium 
strumarium L. Planta 125:243-259.

Reddy, V.R., D.N. Baker, and H.F. Hodges. 1991. Tempera-
ture effect on cotton canopy growth, photosynthesis and 
respiration. Agron. J. 83:699-704.

Reddy, A.R., K.R. Reddy, R. Padjung, and H.F. Hodges. 1996. 
Nitrogen nutrition and photosynthesis in leaves of Pima 
cotton. J. Plant Nutr. 19:755-770.

Sharkey, T.D. 1984. Transpiration-induced changes in the 
photosynthetic capacity of leaves. Planta 160:143-150.

Shingles, R., and R.E. McCarty. 1994. Direct measure of 
ATP-dependent proton concentration changes and char-
acterization of a K+-stimulated ATPase in pea chloroplast 
inner envelope vesicles. Plant Physiol. 106:731-737.

Snider, J.L., D.M. Oosterhuis, B.W. Skulman, an dE.M. 
Kawakami. 2009. Heat stress-induced limitations to 
reproductive success in Gossypium hirsutum. Physiol. 
Plant. 137:125-138.

Snider, J.L., G.D. Collins, J. Whitaker, C.D. Perry, and D.R. 
Chastain. 2014. Electron transport through photosystem 
II is not limited by a wide range of water deficit condi-
tions in field-grown Gossypium hirsutum. J. Agron. and 
Crop Sci. 200:77-82.

Sung , F.J.M, and D.R. Krieg. 1979. Relative sensitivity of 
photosynthetic assimilation and translocation 14C to 
water stress. Plant Physiol. 64:852-856.

Turner, N.C., A.B. Hearn, J.B. Begg, and G.A. Constable. 
1986. Cotton (Gossypium hirsutum L.) physiological 
and morphological responses to water deficits and their 
relationship to yield. Field Crops Res. 14:153-170.



245JOURNAL OF COTTON SCIENCE, Volume 20, Issue 3, 2016

Wells, R. 1988. Response of leaf ontogeny and photosynthetic 
activity to reproduction growth in cotton. Plant Physiol. 
87:274-279.

Wise, R.R., A. Ortiz-Lopez,and D.R. Ort. 1992. Spatial dis-
tribution of photosynthesis during drough in field-grown 
and acclimated and nonacclimated growth chamber-
grown cotton. Plant Physiol. 100:26-32.

Wullschleger, S.D., and D.M. Oosterhuis. 1990a. Canopy 
development and photosynthesis of cotton as influenced 
by nitrogen nutrition. J. Plant Nutr. 13:1141-1154.

Wullschleger, S.D., and D.M. Oosterhuis. 1990b. Photosyn-
thetic and respiratory activity of fruiting forms within the 
cotton canopy. Plant Physiol. 94:463-469.

Zhang, Y.L, Y.Y. Hu, H.H. Luo, W.S. Chow, and W.F. Zhang. 
2011. Two distinct strategies of cotton and soybean dif-
fering in leaf movement to perform photosynthesis under 
drought in the field. Functional Plant Biol. 38:567-575.

Zhao, D., D.M. Oosterhuis, and C.W. Bednarz. 2001. Influ-
ence of potassium deficiency on photosynthesis, chlo-
rophyll content and chloroplast ultrastructure of cotton 
plants. Photosynthetica 39:103-109.


