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Water deficiency is one of the most important abiotic factors limiting the growth and productivity of plants. Under conditions of
water deficiency, plants can synthesize osmoprotectors, in particular proline. The aim of our work was to estimate the accumulation
of free proline in the leaves of two poplar clones ‘Slava Ukrainy’, ‘Guliver’ and willow clone ‘Pechalna’ in water-deficient condi-
tions. Plants were grown outdoors, providing protection from the rain with a plastic wrap, with a differentiated watering: normal
watering —100% (control) and water deficit — 75%, 50 % and 25% moisture by volume from the control. The content of free proline
was determined by a modified Bates method by measuring the optical density of the ninhydrin-proline solution on a spectrophotome-
ter at a wavelength of 520 nm. Experimental observations have shown that the total content of proline differs among poplar and
willow clones. The poplar ‘Guliver’ had a lower content of proline compared to the poplar ‘Slava Ukrainy” and the willow ‘Pechal-
na’. The level of free proline also differed between the samples of poplar ‘Guliver’ in the first and second years of growth under water
deficiency. However, on the 30th day of treatment we did not find any differences in the content of proline between the stressed and
control plants. Thus, the clone factor has the only obvious effects on proline content while the factor of water regime showed no
effects on the level of proline. We hypothesize that water deficiency is more likely to alter proline levels as a shorter time response to
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Introduction

Fast-growing poplar and willow trees are plants belonging to the
widespread Salicaceae family consisting of many species and play an
important role in wood and biofuel production, public services, environ-
mental protection, soil health, and afforestation of degraded soils (Kutso-
kon et al., 2017; Sklyarenko & Bessonova, 2018). There is a great oppor-
tunity to realize economic and environmental benefits via creation of
short-rotation plantations of these trees on land unsuitable for annual crop
production. This will avoid public concemn about the displacement of
arable land from food to bioenergy production (Kharytonov et al., 2017;
Kutsokon et al., 2020). In addition to its economic and environmental
significance, the Populus genus is also a model for elucidating the physio-
logical and molecular mechanisms of stress tolerance in tree species.

Water deficit is one of the most important abiotic factors that limit the
growth, development, and productivity of woody plants (Chhin, 2016).
Poplars and even more — willows — are usually sensitive to water scarcity.
Differences in drought adaptation among the poplars are found at a variety
of levels of organization, including the genetic, morphological, physiologi-
cal, and biochemical responses of the plant (Guo et al., 2010).

Under conditions of water deficiency, plants can synthesize and ac-
cumulate various compounds, osmoprotectants, which play a major role
in the osmotic adjustment of water deficit. Such compounds are some
polyols, sugars and amino acids, and proline (Yadav et al., 2021). In pop-
lar and willow, biochemical changes occur, including the accumulation of
carbohydrates, secondary metabolites phytohormones, and proline (Bo-
geat-Triboulot et al., 2007; Jan etal., 2021). The accumulation of free
proline in plant tissues occurs as a general reaction to water deficiency,
salinity and other types of stress (Nasrin et al., 2016). It is known that in
addition to the osmoprotective function, proline performs chaperone, anti-
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oxidant, signal-regulatory and other functions too (Sharma et al., 2019).
Proline is an amino acid that combines the functions of a metabolite under
stress, as well as a compound involved in the regulation of cellular proces-
ses. In addition, this amino acid performs a number of functions not re-
lated to the adaptation of plants to stress. In normal conditions, free proline
(L-proline) is less than 5% of the total amount of free amino acids in plants
(Shahbaz et al., 2013). Accumulation of proline is considered one of the
important signals for the transition to the flowering stage and is necessary
for the development of pollen and seeds (Funck et al., 2012). In plants
affected by various stressors, there is an increase in the concentration of
free proline up to 80% (Shahbaz et al., 2013).

Signalling mechanisms inducing proline synthesis by abiotic stress in
plants, primarily dehydration and salinization, include abscisic acid
(ABA), calcium ions, reactive oxygen species (ROS), and possibly other
signalling and hormonal mediators (Parkash & Singh, 2020).

Proline is synthesized in two biochemical pathways in plants — from
glutamate and omithine, with regulation at two levels: enzyme activity and
gene expression. It is believed that the synthesis of proline, induced by
stress, occurs mainly by glutamate (Liang et al., 2013). The synthesis of
proline from glutamate occurs in the cytosol and most likely in chloro-
plasts, due to the action of the bifunctional enzyme Al-pyrroline-5-carbo-
xylate synthetase (P5SCS) and Al-pyrroline-5-carboxylate reductase
(P5CR) while the omithine pathway is compartmentalized in mitochon-
dria. PSCS in most plants is encoded by two genes and is represented by
two molecular forms — PSCS1 and P5CS2, respectively. PSCST is loca-
lized in the cytoplasm and chloroplasts, PSCS2 — only in the cytoplasm.
The level of proline synthesis is limited by the reaction that catalyzes
P5CS. P5CR is encoded by a single gene in plants and is found in both the
cytoplasm and chloroplasts (Szabados & Savoure, 2010). Activation of
glutamate biosynthesis and nitrogen fixation is required for sufficient ac-
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cumulation of proline in response to stress (Diaz et al., 2005). Degradation
of proline occurs in mitochondria by sequential oxidation by proline de-
hydrogenase (PDH) to PSC (pyrroline-5-carboxylate), and then pyrroline-
5 carboxylate dehydrogenase (PCDH) to glutamate. The level of proline
degradation is determined by the activity of PDH (Liang et al., 2013).

Due to the existence of at least two biochemical pathways, the control
of proline synthesis is quite complex. There are many studies that have
shown the feedback of proline biosynthesis with the final product, which
acts as a reaction inhibitor. However, in stress conditions, this regulation is
violated, and despite the high level of proline, its synthesis continues and
may differ in intensity in various plant species (Székely et al., 2008).

Many studies have found a link between the accumulation of proline
and the resistance of plants to stress, mostly when acute stress treatment
was applied (Weiner et al., 2013; Didenko et al., 2016). However, there
are opposite studies, when the amount of proline does not depend on the
severity of stress, but depends on its duration. In particular, studies con-
ducted by (Neither et al., 2020) on cacao leaves, showed a decrease in the
amount of proline reaching almost control values during a long period
(more than 21 days) of water stress. In addition, several studies have found
that osmotically induced proline accumulation is not a prerequisite for
tolerance to water stress, but a symptomatic disorder caused by dehydra-
tion (Larher et al., 2003). The experiments of Kocheva and Georgiev
(2005) showed that after rehydration the level of proline in barley leaves
under acute stress decreased to almost control values, which is probably
due to its rapid metabolism and the complex interaction of proline with
other stress-protective systems, particularly with antioxidant enzymes.
There are different opinions in the literature about the role of free pro-
line accumulated in plant tissues in response to stress. However, this

amino acid can be considered as a marker of stress, which is one of its
first signals.

Different genotypes of poplars and willows differ by their response to
water stress, in particular by the synthesis of proline (Marron et al., 2002).
Studying the accumulation of free proline in two clones of poplars and
willow in water-deficient conditions is the aim of this study. It can be
useful both for developing the approaches to assessing the plants’ resis-
tance to stress and for deeper understanding of the stress-protective func-
tions of proline.

Materials and methods

Winter cuttings of two poplar clones ‘Slava Ukrainy”’ (Populus nigra
cv. ‘Pyramidalis’) and ‘Guliver’ (Populus * deltoides Marsh.) and willow
clone ‘Pechalna’ (Salix alba x Salix fragilis) were collected at the plot of
bioenergy plants at the National Botanical Garden of the National Aca-
demy of Sciences of Ukraine in Kyiv. The cuttings were kept in the fridge
until planting in spring, The soil mixture consisted of black soil, peat and
vermiculite (10:10:1.5), and each 1 L pot was filled with 1 kg of soil mix-
ture. Pot plants (Fig. 1) were subjected to three water deficit regimes.
Sufficient watering recognized as a normal field capacity served as a
control. The control plants (100%) were watered by 100 mL of water
every other day or when needed. However, the frequency of watering
mostly depended on the daily temperature. Experimental plants serving as
three water deficit variants were irrigated at the same time, but one quarter
(75%), half (50%) and three quarters (25%) reductions in watering vo-
lume were applied. Three pots were used for each treatment and each pot
contained two plants.

Fig. 1. Fast-growing trees (poplars ‘Guliver’, ‘Slava Ukrainy’ and willow ‘Pechalna’) planted in the pots:
a—newly planted cuttings; b —plants grown for 30 days, before differentiated watering

Throughout the growing season, the plants were kept outdoors, pro-
viding protection from the rain with a plastic wrap. During the rooting pe-
riod, for 30 days, all plants were normally watered as needed. After
30 days, differential watering every 2-3 days was started. Measurements
of growth parameters and collection of plant material to determine the
content of proline were performed on 30th day after starting of differential
watering. Simultaneously the same analyses were performed on second
year plants of poplar clone ‘Guliver’ from a similar experiment conducted
in the previous year, where differentiated watering was carried out throu-
ghout the previous growing season (from May to November). In Novem-
ber, the pots were transferred for winter storage in a cold room. During the
dormant period, all plants were sufficiently watered when needed. In spring,
the pots were transferred to an open air, and differential watering was re-
sumed throughout the second growing season starting from the same time
as the previously described clones. Thus, in both cases, plant material was
collected at the same time —on 30th day after starting of differential watering.

To measure the content of proline, 200 mg from at least three leaves
was collected from each of up to six plants. The samples were frozen in
liquid nitrogen, stored at —40 °C for biochemical analysis and four sam-
ples were used for proline determination for each variant. The content of
free proline was determined by a modified Bates method using colorime-
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tric ninhydrin analysis (Carillo, P., & Gibon, Y. Protocol: Extraction and
determination of proline). 200 mg of poplar and willow leaf samples were
homogenized in 70% ethanol solution. After adding the reaction solution
(ninhydrin 1% (w/v) in acetic acid 60% (v/v), ethanol 20% (v/v), the
mixture was incubated in a boiling water bath for 30 minutes. The tubes
were then rapidly cooled to stop the reaction, centrifuged, and the optical
density of the ninhydrin-proline solution was determined on a spectropho-
tometer (Specord 200, Analitik Jena, Germany) at a wavelength of 520 nm.

The amount of L-proline was determined with the calibration curves
of standard solutions with a concentration 1-80 pig/mL in the same reac-
tion mixture of ninhydrin, acetic acid and ethanol (Fig. 2).

Statistical processing of the results was performed according to the
common methods. Data are presented as the mean value + standard
error of the mean (x + SE). Data normality and variance homogeneity
were checked with the Shapiro-Wilk and Levene tests, respectively. To
determine tree clones/age and watering effects, two-way ANOVA was
performed using the general linear model procedure (GLM) and the
least significant difference (LSD) or the Tukey test as a post hoc test
was applied. All tests were declared significant at P < 0.05. All statistic-
al analyses and tests were performed with SPSS Statistics 23.0 software
(IBM, USA).
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Fig. 2. Calibration curves established over the concentration ranges of 1-10 ug/mL (@) and 10-80 pg/mL (b):
empirical curves were approximated with a linear trend (P <0.01)

Results

Summarized results on the influence of the factor tree clones/age
(poplars ‘Slava Ukrainy” (first vegetation year) and ‘Guliver’ (first and
second vegetation years) and willow clone ‘Pechalna’ (first vegetation
year), and the factor of watering regimes (100%, and 75%, 50% and 25%
of the control volume) on the free proline content are presented in Table 1.
Clone and watering regimes were considered as fixed factors and were
analysed in two-way ANOVAs.

Experimental observations showed that no differences in proline con-
tent were determined between different variants of watering (Table 1).
But the total content of proline differs among the clones of poplars and
willow as well as in the samples of the first and second year trees of poplar
(Table 1). The lowest proline content was determined in the summarised
(by different watering regimes) samples of poplar ‘Guliver’ in the second
growing season which significantly differed from all other samples
(13.68 pug/mL, P < 0.05). The second lowest level of proline was found in
the summarised samples of poplar ‘Guliver’ in the first growing season,
which significantly differed from the samples of poplar ‘Guliver’ in the
second growing season and the willow ‘Pechalna’ sample.

The effects of water regimes were also analysed separately for each
clone and water regime. The differences between the clones within the
same watering group after LSD test are presented in Figure 3. Significant-
ly lower content of proline in the leaves of biennial plants of the clone
‘Guliver’ may indicate that proline content was decreased due to plant age
under water stress in the previous growing year (Table 1, Fig. 3).

Table 1

The content of free proline (1g/mL) in the leaves of fast-growing
trees (n = 16) analysed in two-way ANOVA with factors:

clone (Pgqe), water regime (Py) and the interactions

of clones and water regimes (P e x water)

Factor Factor/Effect (irilggf;ﬁlni
Poplar ‘Slava Ukrainy’ (1% year) 18.68+0.76™
Willow ‘Pechalna’ (1% year) 19.95+0.81°
Clone (age) Poplar ‘Guliver’ (1% year) 1734 +0.74°
Poplar ‘Guliver’ (2™ year) 13.68 +0.75
Poone 0.001
100 % 17.70+1.16
75% 1745+0.86
Waterregime 50 % 19.16+£0.92
25% 18.51+0.90
Prair 0.576
Clone x water P cone xwater 0.904

Note: < — different letters indicate the significant differences within clone factors
after LSD test (P <0.05).

Therefore, the basic and “‘under-stress” proline level was significantly
lower in biennial plants of the clone 'Guliver' comparing to all other sam-
ples, and the highest proline level was determined in the willow ‘Pechal-
na’. The clone factor has the only obvious effects on proline content while
the factor of water regimes showed no effects on the level of proline.
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Fig. 3. Content of free proline (ug/mL, x £+ SE, n=4) in the leaves of poplars (clones ‘Guliver’ and ‘Slava Ukrainy’) and willow (clone ‘Pechalna’)
after 30 days of differential watering: 100% — control plants were watered normally, 75%, 50% and 25% — subsequent % of watering from
the control volume; different letters above the bars denote significant differences between the clones within the same watering group
after LSD test (P < 0.05); no differences were found under different water regimes within the same clone

Discussion

From data obtained we, however, cannot determine exactly which
plants have a better adaptation to water deficiency, or, in contrast, which
are less adapted, as controversial opinions about the proline levels in stress
condition exist in the scientific literature. Some studies of drought stressed
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plants demonstrated that the greater increment in free proline is the better
drought tolerance. For instance, in the two poplar species, the amounts of
free proline gradually increased as drought stress progressed, and the more
tolerant clone had the higher proline rate (Yang & Miao, 2010). In con-
trast, in our experiment severity of drought stress was not changed but
kept at the same level in each clone for the whole term. Probably, stressed
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plants adapted their proline rates up to the control level in less than
30 days. Similar studies were conducted by Niether et al. (2020) on leaves
of Theobroma cacao L. when during prolonged drought stress (more than
21 days) the amount of proline decreased to control values. Diaz et al. (2005)
in their studies on the leaves of Lotus japonicus, observed that the rate of
proline accumulation was always higher during acute drought than during
chronic drought. Perhaps this is due to rapid proline metabolism, or due to its
complex interaction with other stress-protective systems, including antioxi-
dant enzymes (Kocheva & Georgiev, 2005; Parkash & Singh, 2020).

It is known that about 20 genes are involved in the synthesis and de-
gradation of proline in higher plants (Kavi Kishor et al., 2005), and the
main genes, AtPSCS2 and AtPSCS], are activated by low temperatures,
drought, high salt concentrations, and osmotic stress. Their “switching
on”, “switching off” and cross-interaction at each stage of the plant res-
ponse to stress can lead to fluctuations in the waves of synthesis and de-
gradation of proline (Nesterenko & Rashydov, 2018).

The amplitude of fluctuations in the content of proline depends on
many factors. The concentration of this amino acid can sometimes in-
crease ten to hundreds of times depending on the species of plant, the type
of stress factor, the duration of its exposure and the time elapsed after the
action of the factor. In particular, an increase in proline content was shown
in millet after 30 minutes of stress exposure (Weiner et al., 2013), in Ara-
bidopsis — in 4 hours during salt stress (Didenko et al., 2016), and in to-
bacco — in 7-10 days (Sergeeva & Bronnikova, 2016). These different
responses of genotypes may be associated with signalling cascades that
regulate the proline metabolism, which are controlled by multiple cellular
mechanisms and which should be further investigated (Bhaskara et al.,
2015).

Conclusions

It was found that the content of free proline in the leaves of fast-
growing trees differed between the clones. Summarised data showed that
the poplar ‘Guliver’ has significantly lower proline content compared to
both poplar ‘Slava Ukrainy’ and willow ‘Pechalna’. The level of proline
was also different between the stressed tree samples from the first and
second years of the poplar clone ‘Gulliver’. Interestingly, the strength of
water deficiency (100%, 75%, 50% and 25% of control) did not affect the
content of proline as was measured at the 30th day of treatment. We hypo-
thesize that water deficiency is more likely to alter proline levels as a
shorter time response to stress than the terms we applied.

This work was carried out in the frame of the National Academy of Sciences of
Ukraine program “Biofuel Resources and Bioenergy” (2017-2018 and 2019-2021),
the state registration numbers 0118U005379 and 0120U0002790). It was also sup-
ported by the National Research Foundation of Ukraine within the competition
“Support for Research of Leading and Young Scientists”, the project “Effects of
stress factors on prion-like proteins synthesis in plants” (state registration number
0120U104870). The authors also are thankful to Prof. D. B. Rakhmetov, Deputy
Director of M. M. Gryshko National Botanical Garden, NAS of Ukraine, for provi-
ding willow and poplars cuttings.
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