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Abstract 
Polyamines, putrescine (PUT), spermidine (SPD) and spermine (SPM) are implicated in plants’ 
responses under conditions of abiotic stress. Previous research in other crops has indicated that 
polyamines and changes in their concentrations are associated with drought tolerance under con-
ditions of water-deficit stress; however, no information exists on cotton (Gossypium hirsutum L.). 
Growth chamber experiments were conducted with two cotton cultivars differing in drought tol-
erance, ST5288B2F (drought-sensitive) and Siokra L23 (drought-tolerant) in order to investigate 
the distribution of free polyamines, the effect of water-deficit stress on the polyamine metabolism 
of cotton reproductive units and their subtending leaves as well as the possible relationship be-
tween polyamines and drought tolerance in cotton. Our results showed that cotton ovaries con-
tained significantly higher levels of total free polyamines compared to their subtending leaves 
under both control and water stress conditions. Water-deficit stress significantly increased PUT 
concentrations in ST5288B2F, while SPM levels significantly decreased in Siokra L23. The results 
indicated that water-deficit stress significantly affected cotton polyamine metabolism in repro-
ductive structures and their subtending leaves; however, no clear relationship between drought- 
tolerance and changes in polyamine accumulation was established. Further research is needed to 
elucidate the mechanism according to which water-deficit stress affects polyamine metabolism. 
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1. Introduction 
Polyamines (PA) are organic compounds, highly charged and found in bacteria, plants and animals. The most 
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frequently found PAs in plants are the diamine putrescine (PUT) and its derivatives, triamine spermidine (SPD) 
and tetramine spermine (SPM). PAs occur in free forms, conjugated with phenolic acids forms or bound to other 
low molecular weight compounds or macromolecules forms, and are implicated in a variety of plant functions, 
that include photosynthesis and stomatal conductance, enzyme activation and maintenance, cell division and 
differentiation, morphogenesis and embryogenesis as well as organogenesis ([1] [2] and references therein). 
Correct conformation of nucleic acids, membrane stabilization and ion channel regulation, gene expression and 
translation, hormone action mediation, as well as heat shock proteins and macromolecule synthesis are also 
characterized by PA participation [3]. However, the role of PAs in reproductive development appears to be more 
than mere participation due to the significant increase in their concentrations as plants transition from their 
vegetative to reproductive stage of growth ([2] and references therein). Experiments with PA-deficient mutants 
or mutants with unbalanced PA metabolism resulted in abnormal growth and flowering patterns as well as de-
layed flowering [3]. Flower induction also includes PA participation [1] along with flower initiation, pollination, 
fruit growth and ripening while sexual differentiation of tissues is reported to be strongly dependent on PA bio-
synthesis and catabolism. In addition, post-fertilization development has been reported to be regulated by PAs 
and numerous reports on PA and their role in stimulating fruit set and fruit development exist ([2] and references 
therein). 

Investigations in a number of plant species has shown that changes in PA concentrations are a common plant 
response to a variety of abiotic stresses, including salinity, potassium deficiency, high or low temperatures and 
drought as well as biotic stresses ([2] and references therein). Experiments with cultivars differing in stress tol-
erance have shown that stress-tolerant plants have generally the ability to increase PA biosynthesis as a response 
to stress and enhance endogenous PA levels, and especially PUT, compared to the unstressed plants [4]. How-
ever, the opposite or no changes in PA levels have also been observed [5] [6]. Interestingly, apart from the en-
dogenous PA, application of exogenous PAs has been reported to increase stress tolerance in plants [6], while 
application of PA biosynthesis inhibitors has the opposite effect [7]. Furthermore, research with transgenic 
plants transformed to increase PA production has reported that transformed plants have enhanced stress toler-
ance compared to their respective wild types [3]. 

Despite the extensive research on other crops, limited information on PA metabolism exists for cotton (Gos-
sypium hirsutum L.) with the earliest reports being on the occurrences of uncommon polyamines (norspermidine, 
norspermine, pentamine, and hexamine) by Kuehn et al. [8] and Davidonis [9] on the distribution of polyamines 
(free, conjugated and bound) in both seeds and fibers. Bibi et al. [10] observed that nodal position of the flowers 
affected the distribution of free polyamines, with increasing nodal position resulting in decreasing polyamine 
concentrations, while heat stress resulted in significant decreases in both SPD and SPM levels of cotton ovaries, 
while free PUT levels remained unaffected [6]. However, application of exogenous PUT on heat-stressed cotton 
flowers resulted in significant increases in ovary PUT concentrations and seed set indicating that PUT could 
have an ameliorating effect on cotton under conditions of heat stress. Considering that drought is the major abio- 
tic factor already affecting 30% of cultivated areas around the world and projections anticipate that water stress 
episodes are going to intensify in the future due to increased greenhouse gas concentrations, tools to help with 
drought-tolerant selection genotypes are greatly needed. Cotton is a relatively drought tolerant crop since its 
wild, perennial ancestors originated in hot and dry areas. However, cotton modern cultivars that are cultivated as 
annuals appear to be less drought-tolerant since water-deficit stress occurring at any stage of development, but 
especially during flowering, results in significant compromises in the morphology, physiology, metabolism and 
ultimately yield ([11] and references therein). 

In order to investigate the effect of water-deficit stress on cotton polyamine metabolism, two cultivars differ-
ing in drought tolerance were used. Siokra L23, an okra leaf-type cultivar that has been shown to be drought tol-
erant [12] and high yielding under dry land conditions [13], while ST5288B2F a normal leaf-type cultivar grown 
widely in the Mississippi Delta area was considered to be the drought-sensitive cultivar based on variety trials 
results [14]. The objectives of this study were to monitor the changes in free PA levels in flower ovaries and 
their subtending leaves as well as determine whether free PAs are involved in drought tolerance. 

2. Materials and Methods 
Cotton (Gossypium hirsutum L.) cultivars ST5288B2F and Siokra L23 were planted in February 2011 at the Al-
theimer Laboratory, University of Arkansas into sixty 1 L pots containing Sunshine potting media mix#1 (Sun-
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Gro Distribution Inc., Bellevue, WA). The growth chamber (Conviron PGW36, Conviron Inc., Winnipeg, Can-
ada) equipped with incandescent and fluorescent lamps, was set for a 14-h photoperiod with a photosynthetic 
photon flux density (PPFD) of 800 - 850 µmol∙m−2∙s−1 and a relative humidity of 60%. Cotton was grown under 
normal day/night temperatures of 32˚C/24˚C and all pots received half-strength Hoagland’s nutrient solution 
daily to maintain adequate nutrients and water. At flowering (8 weeks after planting, flowers at the 7th node of 
the plants) container capacity was determined by the classical method of weighing the pots before, watering to 
saturation and allowing for excess drainage. Subsequently, pots were separated in two groups; Control pots re-
ceived optimum quantity of water (equal to 100% of container capacity) all through the duration of the experi-
ment while drought stress plants were allowed to dry slowly until plants reached wilting point (previously de-
termined) for the first time. After that, water-stressed plants received 50% of optimum quantity of water (equal 
to 50% of container capacity) in order to keep them at a constant water-deficit stress for ten days. Stomatal con-
ductance was also measured the next day in order to ensure the stress was kept at the same levels. 

2.1. Stomatal Conductance Measurements 
Stomatal conductance measurements were taken daily on the abaxial side from the fourth uppermost main-stem 
leaf (n = 10) and the leaf subtending to the flower, from 11:00 a.m. until 1:00 p.m. using a Decagon SC-1 Poro-
meter (Decagon Inc., Pullman, WA). Three measurements on various areas of the leaf were taken then averaged 
and the results were expressed as mmol∙m−2∙s−1.  

2.2. Photosynthesis Measurements 
A Li-Cor Model 6200 portable photosynthesis system (LICOR Inc., Lincoln, NE) was used to determine photo-
synthetic rates of the attached, fourth main-stem leaf from the terminal of the plant (n = 10). Measurements of 
photosynthesis were taken at 12:00 pm every two days after initiation of stress and the results were expressed as 
µmol∙m−2∙s−1. 

2.3. Tissue Sampling and Free Polyamine Analysis 
First fruiting position cotton flowers from the 9th node of each plant (n = 10) and their subtending leaves (n = 10) 
were sampled at 12:00 pm through the duration of the experiment. Cotton ovary and leaf tissues, 0.1 and 0.2 g 
respectively, were used for quantification of free polyamine concentrations and the extraction and analysis was 
performed according to Bibi et al. [6]. 

2.4. Statistical Analysis 
A two factor factorial statistical analysis with the main factors being water regime and cultivar and fifteen repli-
cations, completely randomized, in each treatment was used to evaluate the results using JMP8 software (SAS 
Institute, Cary, NC). The experiment was repeated twice and similar trends were observed between the two 
studies so the results were pooled and the means were taken. Interactions and main effects were tested with 
Analysis of Variance (ANOVA) at α ≤ 0.05. When significant effects were detected, means were separated with 
Student’s t-test (α ≤ 0.05). For stomatal conductance results, the days of the experiment were not considered a 
factor and a single ANOVA was done for each day to compare differences among treatment combinations. 

3. Results 
3.1. Leaf Stomatal Conductance 
Stomatal conductance of the fourth main-stem leaf from the terminal was significantly decreased under condi-
tions of water-deficit stress for both cultivars (Figure 1). Day 0 of the experiment is the first day after plants had 
reached wilting point and had been watered with 50% of optimum quantity. Stomatal conductance was signifi-
cantly different (P ≤ 0.001) for days 0 - 10 of the experiment. However significant differences were observed 
between the two cultivars in the well-watered group, with Siokra L23 having consistently significantly (P ≤ 
0.001) lower stomatal conductance than ST5288B2F for all the days of the experiment. A similar pattern was 
observed in the stomatal conductance of the subtending leaf (data not shown) with control stomatal conductance  
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Figure 1. Stomatal conductance of cultivars ST5288B2F and Siokra L23 un-
der well-watered (C) and water-stressed (WS) conditions (n = 10). Day 1 
represents the first day after plants had reached wilting point and had been 
rewatered with 50% of optimum quantity and day 11 is the last day of the ex-
periment. Points with the same letter were not significantly different (P = 
0.05).                                                            

 
of both cultivars being significantly higher compared to the water-stressed plants. Subtending leaves of control 
plants of Siokra L23 additionally had significantly lower stomatal conductance compared to control plants of 
ST5288B2F (data not shown). 

3.2. Photosynthesis 
Photosynthetic rates were determined from a total of 10 replications from each cultivar in each treatment group 
and the results were analyzed separately for each date using a two factor factorial design with the main factors 
being water regime and cultivar. Results from both dates were similar so the results were pooled. No significant 
interaction (P = 0.3039) was observed between the two main factors. Significant decreases in leaf photosynthetic 
rates were observed in the water-stressed plants of both cultivars compared to the control (Figure 2). Water- 
stressed plants of ST5288B2F had 45% lower photosynthetic rates compared to their control and a similar pat-
tern, but a higher decrease (59%) was observed between control and water-stressed plants of Siokra L23. 

3.3. Polyamine Levels 
Significant differences were observed in the distribution of total polyamines with the ovaries containing higher 
concentrations of total polyamines compared to the leaves (Figure 3) under both control and water-deficit stress 
conditions.  

The total polyamine levels in both leaf and ovaries of Siokra L23 remained unaffected under conditions of 
limited water supply compared to the control (Figure 3). Conversely, water-deficit stress resulted in a marked 
increase in the total polyamine content of the ovaries in the average drought-tolerant ST5288B2F; however, leaf 
total polyamine levels remained unaffected (Figure 3).  

A significant increase in leaf PUT concentrations was observed for ST5288B2F where water-stressed plants 
containing 61 nmoles/gr FW PUT compared to 24 nmoles/gr FW of the control (Figure 4). Leaf PUT concen-
trations of Siokra L23 also increased; however, the increase was not statistically significant. Siokra L23 water- 
stressed plants contained comparably similar levels of PUT (63 nmoles/gr FW) to water-stressed ST5288B2F; 
however, control plants contained similar concentrations (55 nmoles/gr FW). A similar pattern was observed in 
ovary PUT concentrations (Figure 5). Water-stressed ovaries of ST5288B2F contained significantly higher con- 
centrations of PUT compared to the control, while PUT in water-stressed Siokra L23was not significantly dif-
ferent compared to the control.  

Water-deficit stress had no significant effect on the levels of leaf SPD for either cultivar (Figure 4). Both cul-
tivars contained similar concentrations of SPD with ST5288B2F containing 146 nmoles/gr FW and 141 nmoles/ 
gr FW in control and water stress treatments, respectively, while Siokra L23 levels were 119 nmoles/gr FW and 
125 nmoles/gr FW for control and water stress respectively. The SPD concentrations of the ovary (Figure 5), 
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Figure 2. Leaf photosynthetic rates of ST5288B2F and Siokra L23 under 
well-watered (Control) and water-stressed (WS) conditions (n = 10). Columns 
connected with the same letter are not significantly different (P = 0.05). Error 
bars represent ±1 standard error.                                         

 

 
Figure 3. Distribution of total polyamine levels in the leaf and the ovary of 
cultivars ST5288B2F and Siokra L23 under well-watered (C) and water- 
stressed (WS) conditions (n = 10). Columns of the same cultivar connected 
with the same letter are not significantly different (P = 0.05). Error bars rep-
resent ±1 standard error.                                                         

 
in Siokra L23 remained unaffected under conditions of water stress with control ovaries containing 336 nmoles/ 
gr FW SPD and water-stressed ovaries containing 334 nmoles/gr FW. 

In contrast to SPD, water-deficit stress resulted in a significant decrease in leaf SPM levels of water-stressed 
Siokra L23 compared to the control, whereas no effect was observed in ST5288B2F (Figure 4). Concentrations 
of SPM in water-stressed Siokra L23 were nearly 40% lower compared to the control while leaf SPM levels of 
water-stressed ST5288B2F were 4% higher compared to the control. Similarly to leaf SPM concentrations Si-
okra L23 ovary SPM concentrations were also decreased; however, not significantly compared to the control 
(Figure 5). ST5288B2F SPM levels of water-stressed ovaries were higher compared to the control but not sta-
tistically significant. However, water-stressed ST5288B2F ovaries contained significantly higher concentrations 
of SPM compared to water-stressed Siokra L23 ovaries. 

4. Discussion 
The results of our study showed that cotton free polyamine concentrations vary depending on the type of tissue.  
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Figure 4. Distribution of leaf putrescine (PUT), spermidine (SPD) and sper-
mine (SPM) concentrations of cultivars ST5288B2F and Siokra L23 under 
control (C) and water-deficit stress (WS) conditions (n = 10). Columns of the 
same polyamine connected with the same letter are not significantly different 
(P = 0.05). Error bars represent ±1 standard error.                             

 

 
Figure 5. Distribution of ovary putrescine (PUT), spermidine (SPD) and 
spermine (SPM) concentrations of cultivars ST5288B2F and Siokra L23 un-
der well-watered (C) and water-stressed (WS) conditions (n = 10). Columns 
of the same polyamine connected with the same letter are not significantly 
different (P = 0.05). Error bars represent ±1 standard error.                     

 
Specifically, leaf polyamine concentrations were significantly lower compared to the ovaries. Cotton ovaries 
from both cultivars contained nearly twice the total polyamines concentrations compared to the leaves indicating 
that polyamines are closely associated with cotton’s flowering mechanism. Significant increases in polyamine 
concentrations in reproductive structures as plants transition from vegetative to reproductive stages have been 
reported [1], and the importance of polyamine participation in flowering function has been established through 
experiments with polyamine deficient mutants that resulted in abnormal flowering structures or growth or even 
delayed flowering [3] [15]. Additionally, variations in polyamine concentrations have been reported depending 
on the species, the organ as well as the type of tissue analyzed [16] with the general trend being that increased 
polyamine concentrations occur inreproductive units compared to vegetative tissues [1]. However, in experi-
ments with tomato (Lycopersicon esculentum) it was noticed that up-regulation of polyamine biosynthetic en-
zymes resulted in higher polyamine concentrations in both mature leaf tissues and ovaries [17]. Similar results 
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were reported by Bae et al. [18] in cacao (Theobroma cacao) young leaf and ovary concentrations. Hence, we 
conclude that cotton’s polyamine metabolism is more active in the reproductive organs compared to the vegeta-
tive tissues. 

Focusing specifically on each cultivar, both leaf and ovary total polyamine levels of drought-tolerant Siokra 
L23 remained unaltered under conditions of limited water supply compared to the control. The drought-sensitive 
cultivar ST5288B2F, had significantly higher concentrations of total PAs in the water-stressed ovaries while leaf 
concentrations remained unaffected (Figure 3). Modulation of PA metabolism with concomitant changes in 
their concentrations have been observed in a variety of crops under conditions of water-deficit stress and PAs 
have been considered as protective agents due to their ability to function either as antioxidants or as signaling 
molecules for initiation of other protective mechanisms through their catabolism [16]. However, whether in-
creases or decreases in their levels indicate enhanced drought-tolerance is still elusive. Lazcano-Ferrat and 
Lovatt [5], in field experiments with bean varieties (Phaseolus vulgaris and Phaseolus acutifolius) differing in 
drought tolerance observed that leaf total PA content of the drought-sensitive cultivar remained unaltered under 
conditions of water-deficit stress; however, leaf total PA concentrations of drought-tolerant cultivar were de-
creased compared to the control. Yang et al. [4] reported that both drought tolerant and sensitive rice (Oryza sa-
tiva) cultivars increased total PA concentrations; however, the drought tolerant ones were faster in their response. 
Similar results were reported by Yamaguchi et al. [19] in Arabidopsis, while Nayyar et al. [20] noticed that in 
drought-sensitive soybean (Glycine max) total PA content was decreased. Considering that PA response to 
abiotic stresses varies between species, tissues, duration and intensity of stress as well as developmental stages, 
we speculate that the stress, intensity or duration, imposed on the plants in our study (50% of optimum quantity) 
was not sufficient to result in significant changes in total PA concentration of the drought-tolerant Siokra L23, 
while the opposite was observed in drought-sensitive ST5288B2F. Nevertheless, bearing in mind that each 
polyamine (PUT, SPD and SPM) appears to control different physiological functions as well as have diverse re-
sponses under conditions of stress depending on the species, the type of tissue and the developmental stage [16] 
we need to look at the effect of water-deficit stress in each polyamine individually. 

Hence, in our study, PUT concentrations in both water-stressed leaf and ovary of ST52288B2F were signi- 
ficantly increased compared to the control while PUT levels in both tissues remained unaltered under conditions 
of water-deficit stress for the drought-tolerant Siokra L23 (Figure 4 & Figure 5). Lefevre et al. [21] reported 
that diverse patterns in PUT accumulation under conditions of stress between photosynthetic and non-photo- 
synthetic tissues; however, they investigated the effect of salt stress in rice shoots and roots. We assume that the 
incompatibility between the results is due to the difference of stress, species and tissues investigated.Increased 
leaf PUT concentrations have been associated with decreased drought tolerance in wheat (Triticum aestivum) [7] 
as well as decreased salt tolerance in rice [19] which is in partial agreement with the results of our study since 
higher levels than control were observed in both cultivars; however, significant increases were only for 
ST5288B2F. Conversely, Nayyar et al. [20] reported that PUT levels increased in drought tolerant chickpea 
(Cicer arietinum), while they decreased in more drought sensitive soybean. Yang et al. [4] reported that PUT 
levels in both drought tolerant and sensitive rice cultivars were increased; however, a lag in time was observed 
in the drought sensitive ones. In addition, Alcazar et al. [22] reported that transgenic Arabidopsis plants trans-
formed to over-express PUT were more drought tolerant compared to wild type plants and this was attributed to 
the decrease in stomatal conductance, which was similar to our results. Water-stressed leaves of ST5288B2F had 
similar stomatal conductance with water-stressed leaves of Siokra L23 and a similar pattern was observed in 
photosynthetic rates. Interestingly, however, control leaves of Siokra L23 had significantly lower stomatal con-
ductance compared to control ST5288B2F, while leaf PUT concentrations of control and water-stressed drought- 
tolerant Siokra L23 were similar to those of ST5288B2F under water stress. Significantly lower stomatal con-
ductance of okra isolines compared to normal under well-watered conditions has been reported by Pettigrew et 
al. [23] and the difference was attributed to the lower abaxial stomatal density observed between the okra and 
the normal isolines. Additionally, Pettigrew et al. [23] in field experiments as well as Nepomuceno et al. [12] in 
experiments with PEG-induced water stress reported higher photosynthetic rates for okra isolines compared to 
normal isolines at similarly low water potentials, which was not observed in our study since Siokra L23 had sig-
nificantly lower photosynthetic rates compared to ST5288B2F under water-deficit stress conditions. We specu-
late that the differential responses in photosynthetic rates are due to the differences in the stress conditions be-
tween the various studies. Additionally, even though stomatal density was not measured in our experiments, we 
assume that in cotton PUT levels affect stomatal conductance under both normal and water-deficit conditions 
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with high concentrations inducing stomatal closure, which is in accordance with Alcazar et al. [22]. The insig-
nificant increase in PUT levels of drought-tolerant Siokra L23 could be attributed to the already high levels of 
PUT and the stress duration or intensity not being enough to trigger PUT biosynthesis [24].  

Similarly to leaf PUT levels, ovary PUT levels of both ST5288B2F and Siokra L23 were increased under 
conditions of limited water supply, however only significantly for the ST5288B2F (Figure 5). Conversely, Bibi 
et al. [6] reported that PUT concentrations of heat-stressed ovaries were similar to those of the control. Nayyar 
et al. [20] observed increases in PUT levels of flowers and pods in both drought-tolerant and sensitive chickpea 
cultivars, however drought-sensitive cultivars had a faster response to the stress compared to the drought-tole- 
rant ones. This differential response was attributed by the authors to the ability of drought-tolerant cultivars to 
preserve high water potentials under water-deficit stress. Even though water potentials were not monitored in 
our study, Siokra L23 has been reported to have significantly higher leaf water potential under conditions of 
stress compared to other cultivars [25]. Hence, we assume that the insignificant increase in ovary PUT levels of 
water-stressed Siokra L23 in our study is a result either of the low intensity of stress imposed to the plants, 
which was not enough to trigger PUT biosynthesis, according to the threshold model suggested by Cappell et al. 
[24] or/and Siokra L23 ability to maintain adequate water status under conditions of stress. 

Triamine SPD derives directly from PUT by addition of one aminopropyl group. Associations between high 
SPD and enhanced drought-tolerance have been observed in a variety of crops [4] [19] [20], while exogenous 
application of SPD or over-expression of SPD biosynthesis genes in transformed plants have resulted in higher 
concentrations of SPD and enhancement of drought tolerance [26] suggesting that SPD plays a major role in 
protecting plants from water stress. However, leaf SPD concentrations in our study were observed to remain un-
altered under conditions of water-deficit stress for both cultivars (Figure 4). Alcazar et al. [22] also reported no 
change in SPD concentrations of water-stressed wild-type or transformed to over-produce PUT Arabidopsis 
plants, no matter the increases in PUT levels. The authors suggested that SPD biosynthesis is under tighter con-
trol compared to PUT, whereas Capell et al. (24) attributed the lack of changes in SPD concentrations in rice 
drought-tolerant cultivars to the fact that the level of stress applied was insufficient to initiate PUT biosynthesis 
and further synthesis of SPD. Contrary to Alcazar et al. [22], who suggested that PUT controls stomatal control 
more effectively than SPD or SPM, Liu et al. [27] observed that SPD is more effective in inducing leaf stomatal 
closure on wheat. Nevertheless, this was not observed in our study. Leaf stomatal conductance rates were similar 
for both cultivars under conditions of water stress and significantly lower compared to the control while their 
SPD levels were similar under both control and water stress conditions. Zhang et al. [28] reported that exoge-
nous application resulted in increased photosynthetic rates in both drought sensitive and tolerant cucumber cul-
tivars. In our study, photosynthetic rates of water-stressed Siokra L23 were significantly lower not only com-
pared to the control but also compared to water-stressed ST5288B2F (Figure 2). Hence, we assume that in cot-
ton, SPD is not as effective as PUT in modulating stomatal function. We speculate that regarding average 
drought tolerant ST5288B2F, either the increases in PUT concentrations did not surpass a certain threshold in 
order to trigger SPD biosynthesis or that the synthesis rates of SPD were very slow resulting in no significant 
change as it has been shown previously by Flores and Galston [29], whereas the insignificant increase in PUT 
levels of drought tolerant Siokra L23 were definitely insufficient to result in changes in SPD levels.  

Water-stressed ovary SPD concentrations remained similar to the control in Siokra L23, as well as the control 
in ST5288B2F, whereas water-stressed ST5288B2F ovaries contained significantly higher SPD levels (Figure 4 
& Figure 5). Increases in both flowers and early pods of chickpea in SPD concentrations of drought-tolerant as 
well as drought-sensitive cultivars were observed also by Nayyar et al. [20]. However, similarly to their PUT 
pattern drought-tolerant cultivars increased their SPD levels later into the stress, while drought-sensitive ones at 
the onset of the stress which leads us to assume that drought-tolerant Siokra L23 might need a more extended 
period of stress or a more intensive stress in order to increase its SPD concentrations, while the opposite is as-
sumed for average tolerant ST5288B2F. In accordance with our assumption is the threshold model suggested by 
Capell et al. [24] where contrary to the drought-tolerant, drought-sensitive rice cultivars initiated SPD synthesis 
at the imposition of the stress. 

Similarly to SPD, SPM has also been attributed significant roles regarding plant defense under conditions of 
abiotic stress. Water-deficit stress has been observed to result in increased levels of SPM in drought-tolerant 
cultivars or species [4] [19] [20]. In support of these observations, SPM-deficient mutants have been reported to 
be more susceptible to drought [19] while exogenous application of SPM has been observed to enhance drought 
tolerance [26] [30] due to its protective role in lipid peroxidation of membranes. However, in our study wa-
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ter-stressed leaf SPM levels of drought-tolerant Siokra L23 were significantly decreased compared to the control, 
while no significant change was observed in leaf SPM levels of ST5288B2F (Figure 4). Similar decreases in 
leaf SPM concentrations under water stress were also reported for the drought tolerant Phaseolus acutifolius 
while for drought-sensitive Phaseolus vulgaris SPM levels remained unaffected [5]. In their study, the observed 
decrease in SPM levels was attributed to the inability of P. acutifolius to use the accumulated nitrogen pools of 
the plant, while Capell et al. [31] in experiments with PEG-induced water stress on oat protoplasts suggested 
that SPM decreased due to the activation of the catabolic pathway. Alcazar et al. [22] speculated that the re-
duced SPM in Arabidopsis were due to the PUT concentrations not increasing over a threshold level and hence 
not initiating SPM synthesis, which is in accordance with our results. In addition, the low leaf SPM levels of 
Siokra L23 observed in our study, resulted in a significant decrease in its photosynthetic rates not only compared 
to the control but also compared to water-stressed ST5288B2F, indicating that SPM levels significantly modu-
late photosynthetic function in cotton. In support of this observation, Besford et al. [32] reported that exogenous 
application of SPM decreased chlorophyll degradation and protected Rubisco under conditions of water stress, 
while increased levels of SPM were associated with enhanced photosynthesis [33]. Contrary to Liu et al. [27] 
and Farooq et al. [26] SPM did not appear to have an important role in stomatal function since water-stressed 
ST5288B2F had similar stomatal conductance rates as water-stressed Siokra L23 even though it contained sig-
nificantly higher levels of SPM. 

Ovary SPM levels were similar to the leaf SPM content pattern. Under well watered conditions, SPM concen-
trations of the ovaries were similar for both cultivars however, water-stressed Siokra L23 contained significantly 
lower concentrations of SPM compared to ST5288B2F (Figure 5). Decreases in SPM content of cotton ovaries 
were also reported by Bibi et al. [6] under conditions of heat stress, whereas Nayyar et al. [20] contrastingly re-
ported increases in SPM levels of both drought tolerant and sensitive cultivars of chickpea under conditions of 
water-deficit stress. In their experiment however, both SPD and PUT ovary concentrations were increased under 
stress. Since ovary levels of SPD and especially PUT of Siokra L23 remained fairly unaltered under conditions 
of water-deficit stress, while a significant increase was observed in PUT levels of water-stressed ST5288B2F, 
we speculate that the differential response in ovary SPM levels between the two cultivars is due to the PUT not 
reaching the levels necessary to activate SPD and SPM synthesis, a suggestion made also by Alcazar et al. [22]. 

5. Conclusion 
In conclusion, the results of our study indicated that polyamines in cotton accumulated in higher concentrations 
in the reproductive structures compared to the vegetative tissues. Total polyamine concentrations were not 
shown to be affected significantly by water-deficit stress conditions; however the opposite was observed when 
each polyamine concentration was analyzed individually. Changes in leaf polyamine levels, PUT and SPM es-
pecially, suggested an association between leaf gas exchange functions and polyamine metabolism. The changes 
in the ovary polyamine levels, especially in PUT and SPD, indicated that polyamine metabolism of cotton re-
productive units was far more responsive/sensitive to water-deficit stress and changes in ovary polyamine levels 
could be used as markers for drought tolerance, since increased PUT and SPD levels were noted in the drought 
sensitive cultivar. We conclude that polyamines play an important role in cotton protection under adverse envi-
ronmental conditions and changes in their concentrations, especially in the reproductive units, can be used as 
potential markers for selection of drought tolerant cultivars. However, further research is needed in order for a 
clearer cause-effect relationship to be established. 
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