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Abstract: Carbon starvation and hydraulic failure are considered important factors in determining
the mechanisms associated with tree mortality. In this study, iso/anisohydric classification was used
to assess drought resistance and mortality mechanisms in two contrasting poplar species, as it is
generally believed that isohydric species are more susceptible to carbon starvation, while anisohydric
species are more susceptible to hydraulic failure. However, these assumptions are rarely tested in
poplar genotypes with contrasting growth strategies. Thus, we subjected potted poplar genotypes
(I-101 (Populus alba L.) x 84K (Populus alba L. x Populus glandulosa Uyeki)) with fast and slow growth
rates to drought-rehydration treatments. The slow-growing genotype maintained higher stomatal
conductance and lower predawn leaf water potential than the fast-growing genotype, thus exhibiting a
near-anisohydric stomatal behavior throughout the treatment period. The nonstructural carbohydrate
(NSC) content indicated that the two genotypes had the same trend of carbon change (e.g., the NSC
content in the leaves increased with drought and then decreased). However, when NSC content data
were combined with the growth and photosynthetic data, it was observed that the slow-growing
genotype mobilized carbon to maintain hydraulic safety, while the NSC content of the fast-growing
genotype among tissues was static. The percent loss of hydraulic conductivity in the branches
during treatments indicated that the fast-growing genotype could recover more quickly from xylem
embolism than the slow-growing genotype. The slow-growing genotype with a slow growth recovery
after rehydration showed a significant increase in carbon consumption, combined with a significant
increase in the hydraulic safety threshold value, indicating that there may be drought tolerance. In
comparison, the fast-growing genotype showed a faster hydraulic recovery ability that had no effect
on the NSC content in the leaves and roots. Our findings demonstrate intraspecific isohydric behavior
in poplar; however, the trade-off between carbon distribution and stomatal regulation should be
considered separately within genotypes of the same species. In addition, NSC plays an important
role in water—carbon balance in the drought-rehydration cycle.
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Populus
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1. Introduction

Over the past 20 years, a growing number of climate-related forest mortality events have been
observed [1,2]. These events are related to drought and have been observed in tropical rainforests [3]
and temperate forests [4], although there are studies showing that it seems that there has been no aridity
change in some regions such as Vojvodina in the recent period from 1949 to 2006 [5]. Water deficits and
drought in forest and woodland ecosystems are thought to be responsible for the increasing mortality
of tree species in arid areas [2]. In arid environments, when high xylem tensions induce embolism
formation and spread, long-distance water transport in trees can be damaged [6]. However, plants are
able to adapt to dehydration, making the plants resistant to changes in water supply and hydraulic
recovery. The regulation of water and carbon is an essential part of plant function. While facing severe
drought, plant strategies to cope with water shortage involve a complex set of traits related to water and
carbon relations, and these characteristics exhibit strong interactions that may be relevant at different
organizational levels and time scales [7]. The rate and magnitude of change in the carbon (C) and
water balance of plants are considered important factors for determining the mechanisms associated
with plant mortality [8]. During drought, trees need to rely on nonstructural carbohydrate (NSC)
to maintain their metabolism [9], during which plants redistribute carbon from leaves to roots [10].
Therefore, the carbon balance (between carbon input (net photosynthesis of leaves and respiration) and
carbon output (losses of dry matter, various forms of organic C export)) are important for tree survival
during drought conditions [11-13]. Due to the differences in water use strategies and the interactions
between water and carbon in different plants under drought stress [14,15], it is necessary to further
explore the mechanism of trees in response to drought conditions.

To cope with drought-induced hydraulic stress, many tree species are able to translocate solute to
the central column of the roots through active transport across the tree’s phloem system to increase
hydrostatic pressure. Xylem repair may depend on refilling the xylem and/or regeneration of new
vessels [16]. The mechanism by which plants pressurize the embolism conduits to repair the hydraulic
conductivity is mainly achieved by changing the osmotic potential, while the change in osmotic
potential is due to the large solute secreted by the wood parenchyma cells that cannot freely pass
through the pit membrane [17]. Studies have shown that penetrants such as soluble sugars are mainly
involved in the embolization and refilling process [18,19], and these soluble sugars may be derived
from the decomposition of starch in the xylem parenchyma [20,21]. When starch is lacking in the
parenchyma of the wood, the embolism conduits do not recover [21]. This suggests that stored NSCs
and their metabolism play an important role in maintaining and restoring the xylem transport capacity.

Currently, plant response strategies to drought are generally divided into iso/anisohydry, which is
based on leaf water potential regulation and the behavior of stomata/degree of stomatal control with
increasing water deficit [22]. Isohydric behaviors are often associated with sensitive plant responses
to water deficits. Under drought conditions, some plants close their stomata to maintain a relatively
constant midday water potential but at the same time exhibit a decrease in photosynthetic capacity.
Such behavior is often referred to as isohydric behavior. In contrast, other plants, called anisohydric
species, maintain their stomata at a high level of openness, and the water potential at noon decreases as
drought increases, thereby maintaining a high carbon assimilation capacity. However, the classification
of these strategies is not a perfect dichotomy but rather a continuum of water regulation [23,24], which
is usually a comprehensive discussion. In contrast, the response of stomata to drought is complicated.
Firstly, it is necessary to consider that the sensitivity of stomata is species specific. Secondly, stomata
regulation is susceptible to the air vapor-pressure deficit (VPD) [25] and concentrations of hormones
such as abscisic acid (ABA) [22,26].

Studies have found that even the same plant exhibits different water regulation behaviors under
different environmental conditions [27,28]. Franks et al. (2007) refer to this mode of regulation as
isohydro-dynamic behavior [29]. When the soil water content catastrophically reduces, the plant’s
demand for water will increase, and the plant’s water regulation strategy will change from anisohydry
to isohydry in order to ensure the safety of the hydraulic system. In addition, it was found that
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anisohydric species are not necessarily more susceptible to hydraulic damage [30] and, during drought,
gas exchange of anisohydric species is not necessarily less constrained than that of isohydric species [31].
These results indicate that it is necessary to disclose the drought-induced hydraulic balance strategies
of different plant genotypes.

Most studies have focused on the differences in the water regulation strategies of the same species
in different environments, while very few studies have investigated the water regulation strategies of
different poplar genotypes with contrasting growth rates. In this study, we conduct an experiment on
a poplar hybrid (I-101 (Populus alba L.) x 84K (Populus alba L. X Populus glandulosa Uyeki)) with two
genotypes having different growth rates; this particular poplar hybrid is known to be isohydric and
capable of maintaining a relatively constant water potential over prolonged drought conditions [23]
(Martinez-Vilalta 2014) but is still at risk of carbon failure. Based on the above, we hypothesized the
following: (1) compared with the fast-growing poplar genotypes, the slow-growing poplar genotypes
used in this study would be inclined to be near-anisohydric (rather than isohydric) with a higher rate
of carbon assimilation for maintaining growth under drought conditions; (2) fast-growing poplars
have a strong hydraulic recovery ability, which is higher than that of slow-growing poplars; and (3)
there is a particular relationship between hydraulic recovery and NSC content in the leaves and roots.

2. Materials and Methods

2.1. Plant Material and Culture Conditions

Experiments were carried out on a hybrid poplar (I-101 (Populus alba L.) x 84K (Populus alba L. X
Populus glandulosa Uyeki)). The hybrid was an aspen hybrid seed newly selected from the interspecies
crossbreeding materials of the Populus cultivar, whose interspecies crossbreeding program was carried
out for seven consecutive years in the Forestry College of Northwest A&F University [32]. Tree height
and ground diameter of the hybrid were observed over a two-year period and used as the basis
for differences in growth rate, which were then divided into two groups, namely fast-growing and
slow-growing genotypes. As the two genotypes grew under the same conditions, environmental
variation was less likely to affect the traits under investigation.

Cuttings of the two genotypes (20 cm long) were rooted and planted in 10-L pots filled with soil
(clay:sand:organic matter, 3:1:1, v/v/v) and grown in a screen house in the Northwest A&F University
of China. The same weight of soil was placed in each pot so that the weight of each pot was 5 kg. In
the three months before drought treatment, the plants were watered to field capacity, and 50 mL of
Hoagland nutrient solution was supplied to the plants each day until each pot weighed 7 kg.

2.2. Experimental Design

For the drought treatments, 36 saplings of each genotype were randomly allocated to three groups
with 12 plants per group. The first group of plants was used as a control and maintained under the
absence of drought (AD) with optimal water conditions, i.e., 75-90% of the field capacity (FC) between
continuous watering. The second group of plants was subjected to moderate water stress (MS), where
the soil water content was maintained between 45% and 60% of the FC. The third group of plants was
subjected to severe water stress (SS), where the soil water content was maintained between 25% and
45% of the FC. To achieve the target field capacity for each drought treatment, each pot was weighed
daily and the amount of water equal to transpiration loss and soil evaporation was added. The drought
treatments were conducted for 30 days. Subsequently, six plants were harvested in each group for use
in destructive measurements, while the remaining plants were rewatered to 80% field capacity. After
15 days, the remaining plants were harvested.

2.3. Aboveground Plant Growth Performance

During the drought and rehydration treatments, the stem height and basal diameter of each plant
were measured every ten days. In order to ensure measurement accuracy, the basal diameter was
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measured with a vernier caliper to the nearest 0.01 cm, and the height of the seedlings was measured
with a steel tape to the nearest 0.1 cm.

On the day before harvest (09:00-11:00), gas exchange was determined in three mature leaves
(leaf plastochron index (LPI) = 8-10) of each of six plants per genotype; net photosynthetic rate (Ay),
stomatal conductance (gs) and transpiration rate (E) were determined with a portable photosynthesis
system (LI-6400, LiCor, Lincoln, NE, USA). The light intensity was set to 1000 pumol-m=2-s71, the flow
rate through the sample chamber was set at 500 mL-s~!, and the CO, concentration in the sample
chamber was 400 pmol-mol~!.

2.4. Leaf Water Potential

A pressure chamber was used to measure the water potential at midday and predawn ({ and
Pp) [33]. The predawn water potential was measured between 04:00 and 06:00 in the morning, and the
midday water potential was recorded between 12:00 and 14:00 in the afternoon. Three leaves were
removed from each plant in each group to determine P, and ¥p.

2.5. Native Embolism and Specific Conductivity

Branches with a diameter of about 5 to 8 mm were cut in the morning and placed in a black plastic
bag containing wet towels to prevent more air from entering the trachea and resulting in water loss.
The samples were then immediately taken to the laboratory. Five stem segments of 2 cm in length were
cut from each branch, and the native embolism and hydraulic conductivity (K}) of the xylem were
measured by a low pressure flowmeter (LPFM) [34]. The equation used to calculate Kj, is as follows:

=)

where F is the water flux and dP/dx is the pressure drop in the length unit of a xylem conduit. The
ratio of Kj, to the cross-sectional area (As) of the stem sapwood is the measured specific hydraulic
conductivity (Ks-M). The percent loss of hydraulic conductivity (PLC) was used to express the native
embolism of the annual branch. The calculation formula for the degree of embolism in the natural
condition is:

NPLC(%) = 100 X (Kyax — Ky) / Kiax

where K}, is the initial hydraulic conductivity value of the cut section before washing, and Kj.y is the
maximum water conductivity value of the shoot after repeated washing at 0.13 MPa (for details, see
Tyree and Sperry 2003). The washing liquid used for the determination was degassed by a vacuum
suction pump for 4 h and filtered through a 0.2 um micropore to obtain a KCl solution of 0.1 mol-L~!.
The stem segments were flushed under a pressure of 0.13 MPa for 2 min to remove embolism in the
stem segments (a pre-experiment showed that K,y was usually achieved after one or two flushes at
130 kPa for 2 min). The average value of the corresponding measured values of the five stem segments
was calculated as the water conductivity of the shoots and native embolism in the natural condition.

2.6. Vulnerability Curves and Estimation of Hydraulic Safety Margins

Xylem cavitation was evaluated using Cavitron technology [35]. The principle of this technique is
as follows: five to six branches were selected for each treatment, the branches were placed in water,
then samples of 27.4 cm were cut under water from the center of the branch, and the cut branches were
placed in the Cochard Cavitron centrifuge (XiangYi Centrifuge Instrument Co., Ltd., Changsha, China).
From a low to high pressure gradient (tension, T, MPa), water conductivity values (K},) were recorded
for the samples under different pressures, vulnerability curves of the samples were established, and the
Psq value (i.e., the pressure value inducing a 50% loss in conductivity) of each sample was obtained.
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The percent loss of conductance of a sample was then given by:
PLC = 100 X (1 = K}, / Kynax)

where K4y is the hydraulic conductivity value at the lowest pressure (usually —0.5 MPa), i.e., the
maximum hydraulic conductivity value. Usually the curve fits well to the Weibull cumulative
distribution function [36].

The P5( value is the value of each sample. Average Ps5( values were determined using six branches
for each treatment. Xylem pressures causing 12% and 88% loss of conductivity (P1, and Pgg) were
also calculated, following [37], where Pq, represents the xylem negative pressure at the beginning of
cavitation, Ps5 is the xylem negative pressure when catastrophic hydraulic loss occurs, and Pgg is the
xylem negative pressure when the hydraulic power is completely lost [38]. In addition, the hydraulic
safety threshold is calculated as the minimum predawn or midday leaf water potential minus the Psg
of the shoot [37,39].

2.7. Nonstructural Carbohydrates (NSC)

At the time of harvesting, new leaves formed during the treatment were separated from each
plant. The roots of each plant were carefully washed and harvested. Six plants were selected for each
treatment, and in each treatment, equal quantities of fine powder were combined from two plants with
the same tissue and mixed into samples for further analysis. The harvested roots and leaves were
wrapped in tinfoil and immediately frozen in liquid nitrogen. The sample (in liquid nitrogen) was
then ground to a fine powder in a mortar and stored at —80 °C.

NSC content is the sum of the soluble sugar and starch content. We followed Mitchell et al. (2013)
as follows: 20 mg of dried plant tissue with 80% ethanol (v:v) was added to a polyethylene tube. The
mixture was boiled in a water bath at 95 °C for 30 min and then centrifuged at 3000 rpm for 5 min [40].
The supernatant was removed, and the extraction was repeated with 5 mL of 80% ethanol (v:v) and
5 mL of distilled water (v:v). Then, boiling continued. Total soluble sugars were determined on the
supernatants following the anthrone method [41]. The precipitate taken from the supernatants was
used to determine starch content.

2.8. Statistical Analysis

Statistical analyses were performed using SPSS 24.0 (SPSS, Inc., Chicago, IL, USA). Differences
between means were considered significant when the P-value of the ANOVA F-test was less than 0.05.
All data were tested for normality using a Shapiro-Wilk test and homoscedasticity using a Bartlett test.
Differences in growth increment, NSCs and hydraulics (P12, P5o, Pgg, m and {m) between treatments
were tested with ANOVA followed by a post hoc Tukey-HSD test. Differences in all variables, such as
rates (non-normality), were analyzed by two-way ANOVAs.

3. Results

3.1. Influence of Growth Rate on Hydraulic Properties

For both the fast- and slow-growing genotypes, there were significant differences in leaf water
potential under different drought treatments during the experiment (Figure 1). Under MS conditions,
there were significant differences in the predawn and midday water potential between the two
genotypes, but no differences were observed under the SS treatment, except that the {, value was
lower for the slow- than the fast-growing genotype. After 15 days of rewatering, the leaf water potential
of all the experimental groups recovered to a certain degree. For example, the midday leaf water
potentials returned to the control level (—1.44267 and —1.35726 MPa, respectively) and predawn leaf
water potential of the slow-growing genotype recovered to the control level after moderate drought
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stress (—0.75733 MPa). However, there was no significant difference in the \, value between the two
genotypes after recovery.
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Figure 1. The ¢ values of both fast (filled symbol) and slow (empty symbol) genotypes (I-101 (Populus
alba L.) x 84K (Populus alba L. X Populus glandulosa Uyeki)) were measured for AD plants, MS plants and
SS plants (AD represents control group, MS represents moderately water-stressed, and SS represents
severely water-stressed; square for AD plants, circle for MS plants, and triangle for SS plants) at 10, 20
and 30 days after drought treatment (from left to right) and at 15 days (right (behind the dashed line))
after the rewater. The Ypred values were recorded at 05:00, and the ;49 values were recorded at 12:00.
The dashed line denotes the time of watering. Each datapoint represents the mean value (+SE) for six
plants. # Indicates data that are significantly different between fast- and slow-growing genotypes under

the same treatment.

We found significant differences in the hydraulic characteristics of the two genotypes (Table 1),
and there were substantial differences between drought treatments in each genotype. In terms of
height increments, the fast-growing genotype grew taller than slow-growing genotype under the MS
treatment only. The fast-growing genotype had a significantly higher Pgg and Py, than the slow-growing
genotype under both the drought and rewatering treatments. In the AD and MS treatments, there was
no difference in the P5y value between the two genotypes after rewatering. In the SS treatment, the
slow-growing genotype, with the lowest P5y values, was the least vulnerable to cavitation, especially
when compared to the fast-growing genotype. In contrast, the fast-growing genotype under AD water
conditions appeared to be the most vulnerable, with the highest P5y values. There was a significant
difference in the hydraulic safety margin of the two genotypes, where the values of the slow-growing
genotype in all treatments were significantly higher than that of the fast-growing genotype (Figure 2).
There were also significant differences in the hydraulic safety margin between the different drought
treatments for each genotype: as drought intensity increased, the hydraulic safety margin decreased.
There was, however, no significant difference in the level of embolism between the two genotypes
in all treatments. We only found a marked difference between the three rewatering treatments for
each genotype.



Forests 2020, 11, 402

7 of 18

Table 1. Traits related to biomass production and hydraulics in two poplar genotypes (I-101 (Populus alba L.) X 84K (Populus alba L. X Populus glandulosa Uyeki)) under
three water regimes (including AD (control, absence of drought), MS (moderately water-stressed) and SS (severely water-stressed) at the end of drought (including
rewater). Different letters (the same treatment but different rates in the upper case; the same genotype but different treatments in the lower case) indicate significant

differences in the means (p < 0.05, means + SE).

Parameter Rate AD Plants MS Plants SS Plants MS Rewater SS Rewater
Height increment (%) Fast 21.76(6.3) 25* 15.66(3.5%3 Aa 11.36(1.7) f;b 12.524(1.3) i;b 10.156(1.7) ;ab
Slow 18.21(5.1) Aa 9.16(2) Be 8.333(1.6) Be 13.384(1.5) Abe 9.885(1.1) Abe
Psy (-MPa) Fast 2.15 +0.08 4 2.28 +0.04 A% 245 +0.19 ¢ 2.23 £0.07 AP 2.32 +0.09 Abe
Slow 2.35 +0.13 Aa 2.6 +0.25Bb 2.82 +0.17 Be 2.6 +0.21 Ab 2.8 +0.25 B¢
Py, (MPa) Fast 112 £0.12 A4 1.70 + 0.11 A¢ 1.88 +0.13 A 1.33 +0.15 AP 1.88 + 0.04 Ac
Slow 1.33 £0.11 Ba 2.05 + 0.09 Bb 2.26 +0.05 Be 1.87 +0.15 BP 2.13 + 0.09 Bbd
Pes (-MPa) Fast 2.53 +0.05 A 2.71 +0.09 AP 2.87 +0.12 A¢ 2.65 +0.12 A 2.62 % 0.09 AP
Slow 2.75 +0.13 Ba 3.03 +0.12 Bb 3.32+0.10 Be 3.33 £0.11 B¢ 3.45 + 0.08 Be
Specific conductivity Fast 1.02x 1074 +£2.03x 10742 422x 107 £1.07 x 10540 943 x107° +589x 1070Ac 290 x 1075 +1.75x 1072 Ab¢ 203 x 1075 + 1.48 x 1075 Abe
(mol m~! MPa~! s71) Slow 1.02x107* +8.65x 107042 343 x 1075 +1.73 x 1073 AP 744x 1070 +448 x 10708 214 x 1075 £1.37 x 10754b¢ 1,05 x 1075 + 1.96 x 1076 Abe
Embolism level (%) Fast 14.28 + 3.07 Aa 4458 + 5.62 AP 85.77 + 5.28 AP 40.15 +5.51 AP 59.36 + 6.86 AP
Slow 16.02 + 2.53 A2 5498 + 4.92 AP 85.73 + 3.69 Ac 50.71 + 4.85 AP 71.62 + 4.59 Bd
hydraulic safety Fast 0.704 + 0.01 A2 0.49 + 0.008 AP 0.38 + 0.01 Ac 0.83 £ 0.007 Ad 1.07 + 0.09 Ae
margin (Mpa) Slow 0.81 +0.03 Ba 0.6 + 0.03 Bb 0.59 +0.01 Be 1.25 + 0.02 Bd 1.44 +0.13 Bd
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Figure 2. Comparison of the hydraulic safety margin (MPa) of the two genotypes (I-101 (Populus alba L.)
x 84K (Populus alba L. X Populus glandulosa Uyeki)) (bars with dense line for fast-growing genotype; bars
with sparse line for slow-growing genotype) under different treatment, including AD (control, absence
of drought), MS (moderately water-stressed), SS (severely water-stressed), MS rewater (moderately
water-stressed plants that were rewatered after drought) and SS rewater (severely water-stressed plants
that were rewatered after drought). Safety margins were calculated as the minimum predawn leaf or
midday branch water potential minus the stem Ps5y. Asterisks (*) denote significant differences between
the fast and slow genotypes for treatment (p < 0.05).

3.2. NSC Concentration in Relation to Growth Rate and Different Organs

There were substantial changes in NSC concentrations in response to drought conditions in the
AD plants (Figure 3). As drought intensity increased, the NSC in the leaves initially increased and
then decreased, although this pattern was not observed in the roots. The NSC in the leaves of the
fast-growing genotype was significantly lower than that of the slow-growing genotype under drought
conditions. However, there was no significant difference in the NSC of the roots of the two genotypes
under drought conditions (Figure 3). While the NSC in the fast-growing genotype did not change
significantly before and after rewatering (except under the MS treatment), there was a significant
difference in the slow-growing genotype. In terms of NSC, the leaves were more sensitive to drought,
but there was a significant increase in the starch content in the roots of both genotypes after drought.
The total NSC pool sizes of both two genotype poplars changed during drought stress and recovery,
but the total NSC partitioning of the fast-growing poplar among tissues was static, while slow-growing
poplar tree intertissue NSC pools changed only in the group that experienced moderate drought stress
and in the group that suffered rehydration from severe drought (Figure 4).
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Figure 3. Concentrations of soluble sugars, starch and nonstructural carbohydrate (NSC) in roots
and leaves of the two genotypes (I-101 (Populus alba L.) X 84K (Populus alba L. X Populus glandulosa
Uyeki)) were taken at the end of the drought and watering. The five pillars on the left of each panel
represent the fast group, and those on the right represents the slow group. Letters indicate significant
differences (p < 0.05) for a given species and treatment, including AD (control, absence of drought),
MS (moderately water-stressed), SS (severely water-stressed), MS rewater (moderately water-stressed
plants that were rewatered after drought) and SS rewater (severely water-stressed plants that were
rewatered after drought); lowercase is used for single genotype between different sets, and uppercase
is used for two genotypes between the same treatment.

Our NSC measurements were derived from the leaves and roots; the leaves are carbon sources,
or carbon assimilation sites, and the roots are remote reservoirs, usually functioning to store carbon.
Therefore, the total carbon content of the leaves and roots can explain the total carbon content of the
plant. Despite the fact that we did not determine the NSC of the stem, the growth increments of the
plant can provide a reference for this.

3.3. Relationship between Hydraulic Properties and Gas Exchange

The g of the fast-growing genotype was more sensitive to water deficit than the slow-growing
genotype. Under moderate stress, in the fast-growing genotype, the Preq decreased to —1.268 MPa
and the g; decreased to 0.01875 mmol m~2-s~!, whereas those of the slow-growing genotype were
considerably higher at —1.522 MPa and 0.06902 mmol m~2-s~! (Figure 5c—f), yet both presented a
similar trend of photosynthetic rate and stomatal conductance during treatment (Figure 5).
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Figure 4. Partitioning of total NSC pool (soluble sugars + starch) across various tissues (leaf and
root). Letters indicate significant differences (p < 0.05) for treatments, including AD (control, absence
of drought), MS (moderately water-stressed), SS (severely water-stressed), MS rewater (moderately
water-stressed plants that were rewatered after drought) and SS rewater (severely water-stressed plants
that were rewatered after drought). Error bars represent + standard error.

In addition, the observed differences in stomatal sensitivity between the two genotypes during
drought showed differences in water-use strategy. Even with less available soil water, the slow-growing
genotypes presented a higher stomatal opening, which also led to water loss and, therefore, lower
predawn leaf water potential, suggesting a near-anisohydric behavior.
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Figure 5. Changes of net photosynthesis (Ay) (a,b), stomatal conductance (gs) (c,d) and leaf water
potential (P1e,f) (e,f) for fast (filled symbol) and slow genotypes (empty symbol) (I-101 (Populus alba L.)
x 84K (Populus alba L. X Populus glandulosa Uyeki)) during August treatment (square for AD plants,
circle for MS plants and triangle for SS plants, which represent control plants, moderately water-stressed
plants and severely water-stressed plants, respectively). The Ay and gs data are means + SE from four
to six fully exposed leaves; \jo4¢ data are means + SE of three leaves per treatment.

4. Discussion

The novelty of our study is that it was conducted using two varieties of the same species with
different growth rates exhibiting isohydric and anisohydric behaviors. The results of leaf gas exchange
analysis revealed that the slow-growing genotype exhibits near-anisohydric behavior, whereas the
fast-growing genotype exhibits isohydric stomatal behavior under water deficit conditions. The leaf
water potential of the two genotypes decreased with water stress; similarly, stomatal conductivity and
photosynthetic capacity decreased with a decrease in leaf water potential. It is worth mentioning that
under the same stress conditions (e.g., moderate stress) on days 10 and 20, that is, at the beginning of the
treatment, the slow-growing genotype had significantly higher stomatal conductivity and lower leaf
water potential than the fast-growing genotype (indicated with the dashed line in Figure 5). In addition,
there was no significant difference in leaf water potential between the two genotypes without water
stress. There were still some limitations that existed in this study. First, soil water potential can directly
drive water availability, but in our study, soil water content was used to describe drought condition
due to the sufficient replications. The second limitation is related to photosynthetic measurements
condition. The PAR of gas exchange measurements in the study was kept 1000 m~2s~!; thus, it would
be insufficient for light saturation of poplar tree species grown in sunny conditions [42]. However,
under the drought condition, strong light sometimes induces photoinhibition; once photoinhibition has
occurred, it is difficult to separate the effects of drought and the photoinhibition from the photosynthetic
rates. The impacts of these limitations to our results would be minor, and these things should be taken
into account and discussed in further study.

4.1. Hydraulic Risk

The NSC in the two poplar genotypes gradually increased with the increase in drought stress
but then gradually declined with a further increase in drought stress. The weaker the cavitation
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resistance of plants, the narrower the hydraulic safety threshold [43]. Consistent with our hypothesis,
the fast-growing poplar genotype had a lower hydraulic safety threshold for sustained growth and
a weaker cavitation resistance (P5y was —2.28 and —2.45 MPa under moderate and severe drought
conditions, respectively) than the slow-growing poplar genotype. In contrast, slow-growing poplars
preferred to maintain a high hydraulic safety threshold and thus survived under drought stress. The
safety threshold of poplar was greater than it was before rehydration. The degree of vulnerability to
cavitation was related to the severity of water stress, but the hydraulic safety margin was not related to
the level of stress, and it only acclimated after the drought-rehydration treatment.

It is believed that there is a systematic trend in the hydraulic safety threshold range and xylem
vulnerability of cavitation caused by the water potential, and that the species with a weak xylem
resistance to embolism have a higher gs. That is, anisohydric plants are more susceptible to embolism
than isohydric plants, and the resistance of their xylem to cavitation is stronger [23]. In this study,
although the slow-growth genotype presented a near-anisohydric behavior, it had greater xylem
resistance to embolism than the fast-growing genotype (Table 1). There was no correlation between g
and ky,, and leaf water potential was observed when the gs data of the control and drought groups
were plotted as a function of leaf water potential and hydraulic conductivity after drought. These
data indicated that the stomatal behavior of poplar materials used in this study (i.e., isohydric and
anisohydric behaviors) is not closely related to hydraulic properties (Figure 6). Studies indicate
that the changes in stomatal conductance are still controversial in trees adopting different survival
strategies [31].
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Figure 6. Stomatal conductance (gs) as a function of leaf water potential (o) (a) and hydraulic
conductance (Kj) (b) for control (AD) and stress treatments (MS—moderately water-stressed;
SS—severely water-stressed) of fast-growing and slow-growing poplar genotypes (I-101 (Populus
alba L.) x 84K (Populus alba L. x Populus glandulosa Uyeki)) after 30 days of water stress. Water potential
measurements were conducted immediately after measurements of leaf gas exchange.

Poplar is a tree species that is susceptible to drought [44]. After severe drought stress, the level of
embolism was higher than 80% (Table 1). At the same time, during rehydration after severe drought,
the recovery from embolism in the fast-growing genotype was significantly faster than that in the
slow-growing genotype, indicating that the slow-growing genotype has a poor ability to recover from
embolism. Although this only occurred in severe drought stress, it was very likely that when drought
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stress reached a certain intensity, the plants of the fast-growing genotype were regulated by a hydraulic
signal to form osmotic pressure by consuming carbohydrates accumulated during the early phase.
Thereby, the conduits could be refilled with the water near the parenchyma cells to accomplish the
process of embolization repair, while the accumulated carbohydrates would be washed away under
the action of transpiration flow.

As mentioned by Klein (2014), there are no absolute iso/anisohydric plants in nature, and plant
water-regulation strategies are found on a continuum and cannot be simply separated into isohydry and
anisohydry [45]. Therefore, anisohydric species do not seem to be vulnerable to carbon starvation [46].
Our experiment validates the possibility of iso/anisohydry and proves that differences exist not only
between species but also within a species, i.e., different poplar genotypes.

The predawn and the midday leaf water potential are appropriate indicators of the current
water status of the plant [47]. During the drought treatments, there were significant differences in
water potential between the drought-treated groups and the control group for both poplar genotypes,
indicating that each genotype experienced various water conditions under drought stress. We observed
that the lowest leaf water potentials of the two groups of genotypes under drought were —2.03 and
—2.20 MPa, respectively, which were very similar to the P5q value of the control group. Although the
theoretical lethal threshold of conifers is around Ps, it was reported that the theoretical threshold of
irreversible drought in angiosperms is closer to Pgg [48], which is consistent with our results. This can
be explained by the experimental poplars being under drought conditions.

Xylem embolism vulnerability is considered a key factor in drought resistance, while distinct
species have different embolic vulnerabilities [49,50]. At the same time, there are differences in xylem
vulnerability between different genotypes of the same species [51-53]. Studies have demonstrated
that the susceptibility of xylem to cavitation increases with increasing growth rates due to carbon
partitioning in thicker cell walls and fewer pit-pairs or due to leaf and axial tissue established to
increase carbon accumulation and growth rates in the canopy [54]. Previous studies have also found
that poplars with anticavitation genotypes grew faster than genotypes that were more susceptible to
cavitation [55]; however, in our experiments, there was no significant difference in P5y between the two
poplar genotypes. However, after the drought treatments, the P5 value of the fast-growing genotype
was significantly larger than that of the slow-growing genotype, indicating that hydraulic safety and
xylem vulnerability of the two poplar genotypes at the whole-plant level have the same potential, but
only under well-watered conditions. In addition, our study found that xylem cavitation vulnerability
could adapt to the declining available soil water, because xylem embolism vulnerability of two poplar
genotypes decreased with decreases in soil moisture content. However, under the drought treatments,
the Psg value of the fast-growing genotype was significantly higher than that of the slow-growing
genotype. If water-stressed plants have a higher level of embolism, then the vulnerability curves
would be illustrated by the remaining functional vessels, which are the most resistant [56]. Therefore,
as can be seen from the results of the drought treatment in the present study, the anticavitation ability
of the fast-growing genotype was weaker than that of the slow-growing genotype. Hajek et al. (2014)
demonstrated that the fast-growing poplar genotypes were more blocked than the slow-growing
genotypes, but only for the Pgg value [57]. Our study also found that poplars screened under the same
genotype, although having radically different growth rates, showed significant differences in their
ability to resist cavitation by adapting to soil water availability. Consistent with previous reports [58],
the Pgg value in poplars seems to explain the lethal threshold limit better than the P5y value, which
may be more suitable for predicting the irreversible death point in angiosperms [48,58].

4.2. Carbon Assimilation, Use and Reserves

During a drought, plants perform stomatal control in order to prevent xylem cavitation. Stomatal
closure prevents or delays xylem cavitation, but it is not conducive to gas exchange. It is generally
believed that plants with isohydric behaviors can regulate stomatal closure, control the rate of water
loss, and conservatively regulate their water status in the face of drought, so as to match the water
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supply capacity of the soil-plant-air continuous (SPAC) system. In order to reduce the risk of hydraulic
imbalance, plants reduce their stomatal conductance and transpiration rate as soil water potential
decreases, thereby maintaining a relatively constant minimum leaf water potential and leaf relative
water content [59], thus maintaining relatively stable hydraulic safety margins. Our study found
that photosynthesis of the poplars also decreased with decreases in soil water content. Signals for
regulating substances in plants, such as ABA, regulate the opening of the stoma and maintain normal
carbon assimilation to ensure a safer carbon safety margin.

The carbon assimilation ability of poplar leaves in the present study initially increased and then
decreased with increases in drought intensity. In cases of severe drought, plants usually close the
guard cells of their stomata to maintain safe water transport, which can reduce carbon assimilation
and slow down growth [8]. We found that the NSC concentration in the leaves of the slow-growing
genotype was considerably higher than that in the fast-growing genotype, indicating that the former
genotype could assimilate more carbon when soil water availability was reduced. Despite the fact
that more carbon is synthetized, the slow-growing genotype does not allocate enough carbon for
growth; instead, it is allocated for maintaining superior hydraulic safety, which may be considered
a conservative water—carbon allocation strategy for plants, controlled by genes of the slow-growing
genotype poplar itself. Although it is generally believed that species with isohydric behavior have
higher hydraulic safety thresholds, carbon would be preferentially allocated to maintain hydraulic
safety rather than growth when photosynthesis is limited [23]. Such trade-offs were not observed in this
study because the fast-growing genotype distributes more carbon for growth than the slow-growing
genotype, which is determined by their genes themselves. Based on the functional analysis of the
differentially expressed genes between two poplar clones, Hao (2011) reported that the two genotypes
utilize distinct biological strategies to accommodate their fast-growth phase. Faster-growing clone
NE19, with a higher photosynthetic rate and higher proportion of assimilation products distributed in
tree trunks, emphasized growth-related primary metabolism [60].

In the roots, the soluble sugar content of both genotypes initially increased and then decreased with
increasing drought stress, while the starch content remained unchanged, except in the slow-growing
genotype under the severe drought treatment, despite the fact that the NSC in the slow-growing
genotype was significantly greater than that in the fast-growing one. In addition to acting as a far-end
sink, roots also perform a water-absorbing function. Since the supply of NSC tends to be preferentially
directed to the organs, the NSC in the roots was adequately replenished in both poplar genotypes.
Studies have indicated that the respiration demands of roots were a strong sink under drought
conditions, but lower starch concentrations have not been observed [10]. Trees can reduce water
potential and maintain turgor by accumulating soluble sugars to resist and adapt to drought [40,45].
Our results support this hypothesis, as we found evidence that soluble sugars (especially in leaves)
were prioritized during drought. This suggests that the poplar saplings used in our experiments used
storage C for osmoregulatory, and that the storage of NSC may be a complex active process regulated
by a variety of mechanisms, or a process of alternating changes in active and passive storage under
different environmental conditions [61,62].

After rewatering, the NSC in the leaves of the fast-growing genotype changed little, while the
NSC in the slow-growing genotype was significantly reduced by rewatering. It is likely that stomatal
regulation in the leaves of the slow-growing genotype played a critical role in recovery after rewatering,
resulting in more NSC production for leaf recovery and plant respiratory metabolism. Simultaneously,
we observed that the leaves of the slow-growing genotype showed greater defoliation in order to
reduce water consumption during drought; hence, fewer leaves consumed carbon for growth recovery
during the rehydration treatment.

Generally, over shorter time scales, the decrease in photosynthetic rate lags behind the decrease
in growth rate, which leads to the accumulation of starch and NSC [63]. The NSC assimilation of
fast-growing genotype under drought is significantly lower than that of slow-growing genotype, but
when combined with these height increments, it is found that the former growth value is significantly
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higher than the latter, and we speculate that this may because the slow-growing genotype has reduced
the carbon distribution used for growth due to drought. Thus, a certain amount of stored C has been
accumulated to maintain hydraulic safety.

It is speculated that NSC depletion will occur more frequently due to long-term drought and less
severe droughts, where hydraulic damage will dominate short and severe periods of water stress. [8,46].
Our experimental saplings were subjected to a month of different water stress, which made plants
more susceptible to hydraulic damage, while study shows the probability of carbon failure increases
with increasing drought intensity [64]. Our data also support this hypothesis, as a lower NSC during
severe drought indicates more severe carbon failure. (While long-term mild drought conditions seem
to be more responsive to the relationship with NSC depletion, we lack the necessary data on such
conditions to test this mechanism.) Reductions of other C sinks such as growth or respiration may
result in static NSC pools, especially during severe drought when growth may be limited by turgor.
Studies show that the discrepancy between C sinks and sources could still occur [40,65-67]. Consistent
with the results described above, the significant increase in leaf NSC is due to relatively high g, which
is the result of maintaining a safer hydraulic threshold.

5. Conclusions

The isohydric and near-anisohydric behaviors in poplar with different growth rates under water
stress can be explained by the differences in stomatal regulation and leaf water potential; however,
these behaviors are not closely related to hydraulic properties. Furthermore, in poplars with different
growth rates, the effects of carbon distribution and stomatal regulation should be considered. The total
NSC pool (soluble sugars + starch) of the fast-growing genotype across various tissues was static, while
the slow-growing genotype mobilized carbon to maintain hydraulic safety. Therefore, fast-growing
genotype poplars are more likely to suffer hydraulic damage under water deficit. This is the first study
to report isohydric and anisohydric behaviors within the same species with different growth rates.
During rehydration, the fast-growing poplars have a greater capacity to recover from embolism than
the slow-growing poplars. In addition, analyzing the individual components of soluble sugars also
explained the role of the water—carbon balance in the drought-rehydration cycle. Considering climate
change predictions and the multifaceted effects of the drought recovery cycle on species productivity,
survival rates and so forth, the iso/anisohydry strategies of species and genotypes should be considered.
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