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Abstract. Populus euphratica Oliv. exhibits heterophylly, which is regarded as a manifestation of 

evolutionary adaptation to extremely arid environments. To clarify the relationship between 

Morphological and structure changes of P. euphratica (Populus euphratica Oliv) and its physiological 

characteristics, we studied the changes in the morphological structures, carbohydrates, endogenous 

hormone levels and their ratios, as well as their relationships during the developmental stages, and 

heterophylly at crown height. Correlation analysis shows, IAA and GA3 contents, as well as the ratios of 

IAA/ABA, GA3/ABA and ZR/ABA, were negatively correlated with LW and LA and were positively 

correlated with LL and LI. IAA, ZR, IAA/ABA, and ZR/ABA were negatively correlated with LT. GA3, 

IAA, GA3/ABA, and IAA/ABA were significantly or extremely significantly correlated with ECN, 

PTCL, PTT and PSR. The content of soluble sugar, starch and soluble protein were positively correlated 

with the LI and negatively correlated with LA, PL, LW, ECN and PTC. P. euphratica regulates the 

drought resistance at different developmental stages by changing the content and ratio of 4 hormones in 

heterogeneous leaves and the synergistic changes of some anatomical structures, and adapts to arid 

environment. 

Keywords: ecological adaptation strategy, heterophylly, morphological anatomy, physiological 

characteristics 

Introduction 

Plants are constantly subjected to various environmental stresses throughout their 

whole life cycle, especially in desert ecosystems, and plant responses to adverse 

conditions may be complex combinations of physiological, morphological, and long-

term adaptation strategies. Air contact generally do not affect plants leaves negatively 

but its extremes such as very high temperature or very low air humidity could lead to 

stresses, Leaves are extremely sensitive to environmental changes during species 

evolution and individual growth and development, showing strong plasticity (Yang et 

al., 2019a). Leaf traits directly affect the basic behaviour and functions of plants, have 

the closest relationship with plant biomass and plant resource acquisition, utilization 

and utilization efficiency, and can reflect the survival strategies formed by plants 

adapting to environmental changes (Huang et al., 2010a). For example, the leaves in 

young plants of Sabina chinensis are needle-shaped, while the old ones are scales. This 

phenomenon of having leaves of different shapes on the same plant is called 

heterophylly. Heterophylly is a genetic mechanism that accumulates during the long-
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term adaptation process of plants to the environment (Zhang et al., 2017) and the leaf 

structure also best reflects the adaptability characteristics of plants in adversity (Cao, 

2005; Xu, 2018). P. euphratica has biological characteristics of heterophylly, which are 

successively manifested in the appearance of strip, lanceolate, ovate, and broad-ovate 

leaves at different developmental stages from seedling and sapling to adult trees 

(Plate 1 in the Appendix). Studies have confirmed that there is a significant negative 

correlation between the age of P. euphratica and the leaf index (LI) and a positive 

correlation between age and leaf area (LA) (Huang et al., 2010a, b). 

More recent studies have also revealed that plant hormones, including abscisic acid 

(ABA), gibberellin (GA), auxins (IAA) and zeatin-riboside (ZR), can affect 

heteromorphic leaf formation in many plant species. For example, analysis of the different 

developmental stages of Ludwigia arcuata showed that ABA played an important role in 

the changes in leaf morphology in underwater and above water conditions (Hokuto et al., 

2017). The increased levels or responses of the plant hormone gibberellin (GA) in tomato 

leaves also led to the simplification of leaf shape (Yanai et al., 2011). Homologous 

members of the AUX/indole-3-acetic acid (IAA) gene family mediate the action of auxin 

in determining leaf shape by repressing the growth of regions with low auxin 

concentrations during simple and complex leaf development (Koenig et al., 2009). The 

growth and development of different types of leaves are also the result of the combined 

action of multiple hormones (Kalve et al., 2014; Morillon and Chrispeels, 2001). 

Previous studies showed that the hormone contents in leaves of P. euphratica also change 

with the age of the tree and morphological changes of heteromorphic leaves, however, it 

has not been reported how the changes in the hormone content and ratio of the 

heteromorphic leaves coordinate with the morphological structure to adapt to drought. 

Leaf structure is sensitive and adaptable to the environment, and the change of leaf 

structure is an important mechanism for plants to adapt to environmental changes (He et 

al., 2018) For example, the leaves of plants grown in arid environments for a long time 

usually exhibit increased leaf thickness, thickened cuticle, increased thickness of palisade 

tissue, decreased or degraded sponge tissue thickness. (Li et al., 2016). Leaf morphology 

is formed by plants constantly adapting to changing environments in the process of 

evolution and selection, which can better reflect the adaptability of plants and affect the 

functions and performance of plants. (Yang et al., 2019b; Leigh et al., 2011), 

heteromorphic leaves that differ in their morphology exhibit various functional 

characteristics to adapt to environmental stress; thus, heteromorphic leaves may play a 

crucial role in plant adaptations to environmental changes. For example, the size of the 

leaves directly affects the degree to which plants receive light resources. Generally, larger 

leaves can enable plants to obtain more light energy. At the same time, leaf area affects 

leaf heat and water balance by affecting leaf temperature and transpiration rate (Wright et 

al., 2017). Several studies showed that from the base of the trunk to the top of the same 

individual of P. euphratica, the number of epidermal cells of heteromorphic leaves 

increased, the mesophyll cells were more closely arranged, the palisade tissues were 

increasingly developed, the sponge tissues were increasingly degenerate (Ding et al., 

2010; Li et al., 2005), the xeric structure of broad-ovate leaves was more developed than 

that of lanceolate leaves, and stronger resistance was shown (Yang et al., 2005; Wang et 

al., 1997). During different developmental stages, there are gradual increases in the LA, 

leaf thickness (LT), number of leaf epithelial and hypodermal cells, epidermal cell length 

(ECL), and palisade tissue thickness (PTT) in P. euphratica from the base to the top of 

the crown, but there are gradual decreases in the leaf length (LL), LI, and sponge tissue 



Han et al.: The relationship between the morphological and structural changes of Populus euphratica Oliv. and endogenous 

hormone contents 
- 2261 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 19(3):2259-2280. 

http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online) 
DOI: http://dx.doi.org/10.15666/aeer/1903_22592280 

© 2021, ALÖKI Kft., Budapest, Hungary 

thickness (STT) from the base to the top of the crown. Additionally, there is a significant 

correlation between morphological characteristics and anatomical structures (Zhao et al., 

2016). Studies have shown that the contents of soluble sugar, starch and soluble protein in 

heteromorphic leaves are closely related to the morphological formation and ontogenetic 

stage of heteromorphic leaves (Li et al., 2015). The levels and ratios of endogenous 

hormones of heteromorphic leaves of P. euphratica were significantly different at 

different canopies (Li et al., 2017). However, studies on the changes in these 

morphological characteristics, anatomical structures, and carbohydrate and hormone 

levels, as well as their relationship during the development of heteromorphic leaves and 

how these ecological adaptation strategies are formed, are lacking. 

P. euphratica was researched during different developmental stages in the same 

ecological environment. We studied the changes in the morphological characteristics, 

anatomical structure, carbohydrate, soluble protein and endogenous hormone levels and 

their ratio in different developmental stages and the vertical spatial distribution of the 

same individual crowns. The current study aims to clarify the relationship between 

various endogenous hormones, soluble sugars and the morphological and structural 

changes of P. euphratica heteromorphic leaves and establish a foundation to further 

reveal the regulatory mechanism of the morphological and structural changes of 

heteromorphic leaves at the molecular level. 

Materials and methods 

To minimize the environmental effects, we selected P. euphratica at different 

developmental stages but under the same site conditions. The conditions of the test site 

were introduced in previous studies (Zhai et al., 2019). The study site was located in the 

Populus euphratica forest (81°17’56.52” E, 40°32’36.90” N, 980 m above sea level) in 

the upper reaches of the Tarim River on the northwestern margin of the Tarim Basin, 

Xinjiang, China. This region has a hot, dry summer with little rainfall all year round. 

The average annual precipitation, potential evaporation and temperature are 50 mm, 

1900 mm, and 10.8 °C, respectively, with average annual sunshine of 2900 h, 

representing a typical temperate desert climate (from the local meteorological bureau). 

The P. euphratica forest at the study site covered an area of 180.6 ha, with 355 

individual P. euphratica trees. 

 

Experimental design and sampling 

Using the diameter at breast height (DBH) and 2 cm as the interval, the forest was 

divided into nine diameter classes, indicating nine developmental stages of P. 

euphratica. Three sample trees with uniform crowns were selected from each diameter 

class, with 27 trees in total. During the leaf maturity period, the sampling canopy height 

was divided into 5 equal parts (total stations to measure the tree heights and under 

branch heights of trees in the different diameter classes from base to top was defined as 

1 to 5 layers) (Table A1). At each sampling layer, twelve one-year-old branches were 

collected from the four directions of east, south, west and north. Sixty branches were 

collected from each sampling tree, and sample leaves were taken at the third node from 

the base of the branch. A total of 60 leaves per sampling were used to measure the leaf 

morphological, anatomical and physiological characteristics. The leaves used for the 

physiological characteristics were immediately stored in liquid nitrogen after collection. 
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Measurements of leaf morphological and anatomical parameters 

The leaf length (LL), leaf width (LW), leaf area (LA) and petiole length (PL) were 

measured using a scanner (CanoScan LiDE 700F, Canon) and LA-S plant image 

analysis software. The leaf index (LI) was calculated from the blade length/blade width 

ratio. 

We used the paraffin section method to observe the leaf lamina anatomy. The blade 

was cut transversely at its widest part (Slicer:RM2135, Leica Instruments GmbH). The 

material that retained the primary vein and leaf margin was selected and fixed in a 

formalin-acetic acid-alcohol (FAA) solution. Tissue sections were prepared as 8-μm-

thick paraffin sections, double-stained with sarranine-fast green, and mounted with 

neutral resin. The epidermal cell number (ECN), epidermal cell length (ECL), 

epidermal cell width (ECW), palisade tissue thickness (PTT), palisade tissue cell 

number (PTCN), palisade tissue cell length (PTCL), palisade tissue cell width (PTCW) 

and spongy tissue thickness (STT) were determined. The palisade tissue/sponge tissue 

ratio (PSR) was calculated. Five fields of view were observed for each leaf, and 20 

values were obtained for each field of view (Digital stereo microscope, SMZ1500, 

Nikon). The average values for the leaf structural parameters in five fields of view were 

collected as the anatomical parameters of each leaf. 

 

Determination of carbohydrate and soluble protein contents 

The content of soluble sugar was determined by the anthrone-sulfuric acid method as 

described previously, starch content was determined by the anthrone-colorimetric 

method, and soluble protein content was determined by the Coomassie blue G-250 

method (Juan et al., 2015; Song et al., 2017; Zhou et al., 2014). 

 

Determination of endogenous hormone content changes 

The stem tips of the same layer of branches in the sampled tree canopy were mixed 

as test samples. Test samples were accurately weighed to 200 mg, and the contents of 

indoleacetic acid (IAA), zeatinriboside (ZR), gibberellin (GA3) and abscisic acid (ABA) 

were determined by enzyme-linked immunoassay as described previously (Duan et al., 

2009; Li et al., 2019). 

 

Statistical analysis 

One-way ANOVA was used to compare the differences in the morphological, 

anatomical and physiological characteristics of the heteromorphic leaves. In SPSS 20.0, 

Duncan’s new multiple range method was used for data analysis of variance, and the 

significance level was 0.05. 

Results 

Morphological characteristics of heteromorphic leaves change with development 

stage and tree height 

As shown in Figure 1, with the increase in diameter and crown level, the leaf length 

and leaf shape index showed a decreasing trend, while the leaf width, leaf thickness, 

petiole length and leaf area showed an increasing trend. The results showed that the 

morphology of the heteromorphic leaves varied with changes in diameter and canopy 
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level. The heteromorphic leaves were distributed in the first to fifth layers of the crown 

of each diameter of P. euphratica, the leaf area was obviously larger, the leaves were 

thicker and the petioles became longer. 
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Figure 1. Variations of heteromorphic leaf morphology with developmental stage and tree 

height. (A) leaf length/cm,(B) leaf width/cm,(C) leaf index,(D) leaf area/cm2,(E) petiole 

length/cm,(F) leaf thickness/μm. Lowercase letters represent significant differences, the same 

letters indicate that the differences are not significant, and different letters indicate significant 

differences. Same below 

 

 

Variation in anatomical structure of heteromorphic leaves with development stage 

and tree height 

The epidermal structure of the widest transverse section of the heteromorphic leaves in 

each diameter class and crown level was observed, and the results showed that the number 

of epidermal cells and the width of epidermal cells significantly increased with the increase 

of diameter class and canopy levels, and the first layer of the crown in each diameter class 

was significantly smaller than the fifth layer (P < 0.05) (Figs. 2 and A1), suggesting that 

the number of epidermal cells and the width of epidermal cells of P. euphratica 

heteromorphic leaves increase with increasing diameter class and canopy level. 

The cell number, cell length and palisade tissue thickness in the cross section of P. 

euphratica heteromorphic leaves increased with increasing diameter class and canopy 

layer, and the spongy tissue thickness showed a decreasing trend. They all showed 

significant differences between the 2 diameter class and the 18 diameter class. 

(P < 0.05). The width of palisade tissue cells in the 12-18 diameter class increased with 

increasing canopy level, and the fifth layer of the canopy was significantly larger than 

the first layer (P < 0.05) (Figs. 2 and A1), indicating that the anatomical structure of 

heteromorphic leaves changed significantly with the increase in diameter class and 

canopy levels. Specifically, the palisade tissues were increasingly developed, and the 

sponge tissues were increasingly degenerated. 
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Figure 2. Variation in epidermal tissue structure of P. euphratica heteromorphic leaves with 

developmental stage and tree height. (A) epidermal cell number,(B) palisade tissue cell 

number,(C) palisade tissue thickness/μm,(D) spongy tissue thickness/μm 
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Variation in endogenous hormone content and ratio of heteromorphic leaves with 

development stage and tree height 

Figure 3 shows, the levels of GA3 and IAA demonstrated a decreasing trend with 

increasing diameter class. Among them, the levels of GA3 in the fifth layer of the 2 

diameter class crown were significantly higher than those in the other layers. The 

levels of IAA were higher in the first layer than in the fifth layer of the 10-18 diameter 

class. The levels of ZR increased from the 2 to 6 diameter classes. The level of ZR 

was not significantly different between the 2 diameter class and other diameter 

classes, and there was no significant difference among different levels of the crown of 

each diameter class. The levels of ABA gradually increased from the 2 to 6 diameter 

classes, with no obvious difference from the 8 to 18 diameter classes, and there were 

differences between the different levels of the crowns of the 10 and 14 diameter 

classes, indicating that the levels of 4 endogenous hormones in P. euphratica 

heteromorphic leaves showed different variations with increasing diameter class and 

crown level. 

The hormone ratio of heteromorphic leaves was determined, and the results showed 

that IAA/ABA, GA3/ABA, and ZR/ABA showed a decreasing trend with increasing 

diameter class, and IAA/ABA significantly decreased with increasing canopy levels in 

the 12-14 diameter class (Fig. A2). GA3/ABA showed an increasing trend with 

increasing canopy level in the 2 diameter class, while the 14 diameter class showed a 

decreasing trend. ZR/ABA showed an increasing trend with the increase in the canopy 

layer in the 10 diameter class, and the 14 diameter class showed a decreasing trend. 

ZR/IAA gradually increased with increasing diameter class and increased with 

increasing canopy layers in the 4, 6, 12 and 18 diameter classes. There was a significant 

difference between the fifth or fourth layer and the first layer. GA3/IAA showed a trend 

of first decreasing and then increasing with increasing diameter class, and it increased 

with the increase of crown level in the 2 diameter class. ZR/GA3 increased first and then 

decreased with increasing diameter class, while it only showed a decreasing trend with 

increasing crown layer in the 2 diameter class, and there was significant difference 

between the fifth layer and the first layer. The results demonstrated that the hormone 

ratio of heteromorphic leaves also showed different variations with increasing diameter 

class and canopy level. 

 

Variation in carbohydrate and soluble protein of heteromorphic leaves with 

developmental stage and tree height 

Figure A3 shows, the contents of soluble sugar and starch decreased with increasing 

diameter class. Among them, the content of starch in the 10-18 diameter class increased 

with increasing crown layer. The first layer of the crown was significantly larger than 

the fourth and fifth layers. The soluble protein contents significantly decreased in the 2-

6 diameter class, and there was no significant difference in the 8-18 diameter class, but 

in the 6-18 diameter class, the protein contents showed a decreasing trend with the 

increase in the canopy layer. The first layer of the canopy was significantly larger than 

the fifth layer. This suggests that the contents of soluble sugar, starch and soluble 

protein in heteromorphic leaves tended to be stable during the later stage of growth, and 

the contents of starch and soluble protein showed obvious differences in the vertical 

space of the crown. 
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Figure 3. Variation in the endogenous hormone content of heteromorphic leaves with 

developmental stage and tree height. (A) GA3 content, (B) IAA content, (C) ZR content, (D) ABA 

content 



Han et al.: The relationship between the morphological and structural changes of Populus euphratica Oliv. and endogenous 

hormone contents 
- 2268 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 19(3):2259-2280. 

http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online) 
DOI: http://dx.doi.org/10.15666/aeer/1903_22592280 

© 2021, ALÖKI Kft., Budapest, Hungary 

Correlation analysis between morphological structure parameters and hormone 

content and ratio of heteromorphic leaves 

Correlation analysis between Morphological structure parameters and hormone 

contents and ratios of heteromorphic leaves was conducted (Table 1). The results 

showed that the IAA content, IAA/ABA, ZR/ABA and GA3/ABA were significantly 

negatively correlated with diameter class or crown height (P < 0.01). IAA content and 

IAA/ABA, GA3/ABA, ZR/ABA, and ZR/IAA were significantly or extremely 

negatively correlated with petiole length, leaf width, leaf thickness and leaf area and 

were significantly or extremely positively correlated with leaf length and leaf shape 

index. In addition, the GA3 content was significantly positively correlated with leaf 

length (P < 0.01), and the ZR content was significantly negatively correlated with leaf 

width and leaf thickness and significantly positively correlated with the leaf shape index 

(P < 0.05). The ABA content of leaves was only significantly positively correlated with 

leaf width and leaf area (P < 0.01) 

GA3, IAA and GA3/ABA, IAA/ABA were significantly negatively correlated with 

palisade tissue cell length, palisade tissue thickness, palisade tissue cell number, and 

palisade tissue/sponge tissue ratio. IAA and IAA/ABA were also significantly negatively 

correlated with palisade tissue cell width and epidermal cell width, while GA3 and 

IAA/ABA were significantly positively correlated with sponge tissue thickness (P < 0.05) 

The results demonstrated that the Morphological structure parameters of heteromorphic 

leaves was closely related to the hormone content and ratio with increasing diameter step 

and crown height. The relationship between Morphological structure parameters and 

hormone contents and ratios of heteromorphic leaves reflects the consistency of the 

morphological changes and physiological changes of P. euphratica. 

 
Table 1. Correlation analysis between Morphological structure parameters and hormone 

content and ratio of heteromorphic leaf 

 GA3 IAA ZR ABA IAA/ABA GA3/ABA ZR/ABA GA3/IAA ZR/IAA ZR/GA3 

DC -0.75* -0.94** -0.63 0.4 -0.97** -0.73* -0.77** 0.54 0.71* 0.04 

CH -0.88** -0.88** -0.47 0.52 -0.97** -0.87** -0.69* 0.32 0.76* 0.3 

PL -0.72* -0.96** -0.52 0.31 -0.93** -0.68* -0.63 0.58 0.83** 0.13 

LL 0.77** 0.87** 0.42 -0.44 0.92** 0.76* 0.64* -0.43 -0.76* -0.22 

LW -0.70* -0.94** -0.64* 0.35 -0.95** -0.68* -0.75* 0.59 0.70* -0.02 

LI 0.75* 0.96** 0.64* -0.36 0.97** 0.71* 0.76* -0.57 -0.73* -0.04 

LA: -0.68* -0.87** -0.59 0.38 -0.90** -0.68* -0.71* 0.52 0.65* -0.01 

LT -0.63 -0.92** -0.74* 0.23 -0.89** -0.58 -0.77** 0.64* 0.6 -0.15 

ECN -0.79** -0.88** -0.39 0.43 -0.92** -0.77** -0.56 0.85** 0.4 0.29 

ECL -0.4 0.14 -0.21 0.55 -0.17 -0.51 -0.47 -0.41 -0.55 0.21 

ECW -0.45 -0.72* -0.61 0.29 -0.75* -0.48 -0.73* 0.43 0.59 -0.23 

PTCN -0.81** -0.85** -0.34 0.45 -0.90** -0.79** -0.52 0.85** 0.33 0.36 

PTCL -0.74* -0.74* -0.34 0.41 -0.80** -0.73* -0.51 0.72* 0.3 0.26 

PTCW -0.58 -0.95** -0.56 0.09 -0.83** -0.48 -0.56 0.79** 0.70* 0 

PTT -0.78** -0.88** -0.58 0.5 -0.97** -0.79** -0.79** 0.65* 0.44 0.1 

STT 0.63* 0.6 0.41 -0.25 0.63* 0.59 0.53 -0.46 -0.26 -0.13 

PSR -0.72* -0.78** -0.57 0.38 -0.84** -0.71* -0.74* 0.54 0.4 0.05 

*P < 0.05, **P < 0.01. PL: petiole length. LL: leaf length. LW: leaf width. LI: leaf index. LA: leaf area. LT: leaf 

thickness. DC: diameter class. CH: crown height. ECN: epidermal cell number. ECL: epidermal cell length. ECW: 

epidermal cell width. PTCL: palisade tissue cell length. PTCW: palisade tissue cell width. PTT: palisade tissue 

thickness, PTCN: palisade tissue cell number. STT: sponge tissue thickness. PSR: palisade tissue/sponge tissue ratio 
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Correlation analysis of morphological structure parameters and physiological and 

biochemical parameters of heteromorphic leaf 

Correlation analysis between the morphological structure parameters and 

carbohydrate and soluble protein levels of heteromorphic leaves was conducted 

(Table 2). The results showed that the contents of soluble sugar, starch and soluble 

protein were significantly or extremely negatively related to diameter at breast height, 

crown height, petiole length, leaf width and leaf area and significantly or extremely 

positively correlated with the leaf shape index. In addition, the starch content and 

soluble protein content were significantly or extremely positively correlated with leaf 

length. 

The contents of soluble sugar, starch and soluble protein were significantly or 

extremely negatively correlated with epidermal cell number, epidermal cell length, and 

palisade tissue thickness. The contents of soluble sugar and starch were significantly or 

extremely negatively correlated with palisade tissue cell width. The starch content was 

significantly negatively correlated with the palisade tissue/sponge tissue ratio 

(P < 0.05). The results showed that the morphological structure of heteromorphic leaves 

was closely related to carbohydrate and soluble protein levels with increasing diameter 

steps and crown height. 

 
Table 2. Correlation analysis between morphological structure parameters and 

physiological and biochemical parameters of heteromorphic leaf 

 Soluble sugar Starch Soluble protein 

DC -0.79** -0.87** -0.72* 

CH -0.81** -0.96** -0.87** 

PL -0.88** -0.88** -0.74* 

LL 0.62 0.82** 0.75* 

LW -0.78** -0.85** -0.67* 

LI 0.83** 0.85** 0.70* 

LA: -0.77** -0.84** -0.68* 

LT -0.75* -0.76* -0.55 

ECN -0.93** -0.95** -0.85** 

ECL 0.19 -0.11 -0.26 

ECW -0.33 -0.47 -0.37 

PTCN -0.92** -0.96** -0.87** 

PTCL -0.65* -0.82** -0.79** 

PTCW -0.84** -0.73* -0.54 

PTT -0.64* -0.83** -0.72* 

STT 0.26 0.53 0.54 

PSR -0.46 -0.69* -0.63 

*P < 0.05, **P < 0.01. PL: petiole length. LL: leaf length. LW: leaf width. LI: leaf index. LA: leaf area. 

LT: leaf thickness. DC: diameter class. CH: crown height. ECN: epidermal cell number. ECL: 

epidermal cell length. ECW: epidermal cell width. PTCL: palisade tissue cell length. PTCW: palisade 

tissue cell width. PTT: palisade tissue thickness, PTCN: palisade tissue cell number. STT: sponge tissue 

thickness. PSR: palisade tissue/sponge tissue ratio 
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Discussion 

P. euphratica heteromorphic leaf morphological structure change and ecological 

adaptation 

Plants have the ability to change their shape according to environmental conditions, 

and this phenomenon is called phenotypic plasticity (Alpert et al., 2002; Zotz et al., 

2011). Phenotypic plasticity manifests as changes in leaf morphology in response to 

environmental conditions, such as light intensity and quality, environmental 

temperature, and water utilization (Hokuto et al., 2017). Studies have shown that P. 

euphratica exhibits different leaf shapes at different developmental stages or different 

leaf shapes at different levels of the same plant and at different leaf nodes on the same 

branch, and they all demonstrate typical heteromorphic leaf characteristics related to 

individual developmental stages. To adapt to the arid environment, plants in desert areas 

try their best to change their own morphological characteristics, such as reduced leaf 

area or leaf degradation to assimilated branches, stomatal sinking, and leaf thickening, 

to resist the adverse effects of drought stress on plants. A previous study found that 

compared with lanceolate leaves, the xerophytic structure of broad-ovate leaves was 

more obvious, characterized by a thicker stratum corneum, a denser arrangement of 

mesophyll cells, developed palisade tissue, and more mucus cells among mesophyll 

cells (Yang et al., 2005). Broad-ovate leaves with a larger leaf area on the same adult 

plant had a more developed xerophytic structure than ovate and lanceolate leaves with a 

smaller leaf area (Ding et al., 2010; Li et al., 2005; Yang et al., 2005; Wang et al., 

1997). The anatomical structure of heteromorphic leaves changes with increasing breast 

diameter at different developmental stages of P. euphratica (Zhao et al., 2016). 

Our study showed that the morphological characteristics and anatomical structure of 

heteromorphic leaves changed regularly with increasing diameter class, such as larger 

leaf areas, longer petioles and thicker leaves. The anatomical structure of heteromorphic 

leaves coordinated with development in the direction of more developed palisade tissue, 

more degraded sponge tissue, and a larger palisade tissue/sponge tissue ratio, which was 

consistent with previous studies. A longer petiole is more conducive to the movement of 

the petiole, which receives more light to improve the photosynthetic efficiency. Thicker 

leaves have a better ability to store water and resist drought than thinner leaves. In 

addition, Levitt (Levitt et al., 1980) believed that the palisade tissue/sponge tissue ratio 

(PSR) was one of the important indicators to evaluate drought resistance (Zhang et al., 

2017). The PSR was greater than 1 at different diameter classes, indicating that the 

drought resistance of P. euphratica was enhanced with increasing diameter class and 

crown height. The synergetic changes between leaf morphology and anatomical 

structure of heterotypic leaves not only met the energy needs of individual development, 

but also gradually enhanced the stress resistance of P. euphratica and improved the 

adaptability of the species to the growth environment. 

 

The role of endogenous hormones in the morphological and structural changes of 

heteromorphic leaves 

More recent studies have also revealed that plant hormones, including abscisic acid 

(ABA), gibberellin (GA), auxins (IAA) and zeatin-riboside (ZR), can affect 

heteromorphic leaf formation in many plant species (Hokuto et al., 2017; Li et al., 

2019). For example, GA is thought to be a key factor in the regulation of heterophylly 

in Rorippa aquatica (Nakayama et al., 2014), and GA can reduce leaf complexity in S. 
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lycopersicum (Yanai et al., 2011) and induce cell length growth of hydrophytes 

(Rijnders et al., 1997). Several studies have demonstrated that auxins affect leaf 

morphology and development (Barkoulas et al., 2008), regulate the cell wall structure, 

promote stem cell elongation, increase cell volume and affect the formation of veins and 

vascular tissue (Donner et al., 2009; Avsian et al., 2002). ABA can induce the formation 

of heterophylly in P. octandrus (Kuwabara et al., 2003). ZR can promote cell division 

of stems and leaves and is beneficial to the formation of leaves (Debnath et al., 2009). 

Macroscopically, the morphology of the heteromorphic leaves of P. euphratica 

changed with the ontogenetic developmental stage—with the increase in tree age, 

heteromorphic leaves with a smaller leaf index and larger leaf area gradually appeared on 

the plant (Huang et al., 2010a, b; Li et al., 2017, 2015; Zhao et al., 2016). Our research 

shows that the 4 hormone contents and ratios of heteromorphic leaves varied with 

increasing diameter class and crown levels, they have different roles in the morphological 

and structural changes of P. euphratica, in terms of morphological changes of 

heteromorphic leaves, IAA, GA3, IAA/ABA, GA3/ABA and the ZR/ABA ratio were 

significantly negatively correlated with petiole length, leaf width and leaf area and 

positively correlated with leaf length and the leaf index. The ZR/IAA ratios showed 

significant positive correlations with leaf width, leaf area and petiole length and extremely 

significant negative correlations with leaf length and the leaf index. The contents of IAA, 

ZR and IAA/ABA decreased with increasing leaf thickness, and the content of ZR 

decreased with increasing leaf width. In terms of anatomical structure changes of 

heteromorphic leaves, GA3, IAA, GA3/ABA, and IAA/ABA have a significant or 

extremely significant negative correlation with the palisade tissue cell number, epidermal 

cell number, palisade tissue cell length, palisade tissue thickness and palisade 

tissue/sponge tissue ratio. GA3 and IAA/ABA were significantly positively correlated 

with sponge tissue thickness, and ZR/IAA was significantly positively correlated with 

epidermal cell number, palisade tissue cell number, palisade tissue cell width and palisade 

tissue thickness. The changes in the number of epidermal cells, palisade tissue thickness, 

palisade tissue cell number, palisade tissue/sponge tissue ratio and sponge tissue thickness 

represented the drought resistance of plants (Zhang et al., 2017; Li et al., 2017). For 

example, as the DBH and height gradient of the profiled leaves increase, palisade tissue 

thickness, sponge tissue thickness, and cuticle thickness also become thicker, indicating 

that the leaf anatomical structure has become more xerophyte (Zhai et al., 2019). ABA of 

P. euphratica heteromorphic leaf has long been considered a plant stress hormone and is 

considered a signaling molecule for drought stress in plants. ABA induction can increase 

a plant’s ability to resist drought stress, for example, by increasing waxy deposits on the 

cuticle (Jana et al., 2013; Cui et al., 2016), But in our research, leaf ABA was not related 

to changes in the morphological structure of heteromorphic leaf, but the ratio of it to the 

hormones GA3, IAA, and ZR participates in the changes in the morphological structure of 

heteromorphic leaf. According to the analysis, the content of GA3, IAA, ZR and ABA and 

the ratio of IAA/ABA GA3/ABA, ZR/ABA, and ZR/IAA of P. euphratica heteromorphic 

leaf play a role in petiole length, leaf width, leaf area, leaf thickness, leaf length and the 

leaf index changes, P. euphratica regulates the drought resistance of P. euphratica at 

different developmental stages through the synergistic changes of the content and ratio of 

GA3, IAA, ZR and ABA in the heteromorphic leaves with the number of epidermal cells, 

palisade tissue thickness, sponge tissue thickness and other anatomical structures to adapt 

to the drought environment. 
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The role of soluble sugar, starch and soluble protein in the changes of morphological 

structure of heteromorphic leaves 

Plants under adverse stress can maintain their osmotic balance to address damage by 

accumulating various osmotic regulatory substances that have a regulatory role in the 

growth, development, maturation and senescence of plants (Shen et al., 2016). Starch, 

as a nutritive polysaccharide, is hydrolyzed into soluble sugar under the action of 

amylase. The soluble sugar content reflects the supply basis of available substances and 

energy in plants (Jiang et al., 2011). Studies have shown that the contents of 

carbohydrates and soluble proteins change regularly to adapt to environmental changes 

with changes in leaf morphology and ontogenetic stage (Yue, 2009). A study on the 

developmental process of heteromorphic leaves in P. euphratica found that the content 

of soluble sugar was always higher than that of starch, except at the initial stage of leaf 

development, which may be an adaptation to the arid environment (Xu et al., 2007). 

Other studies on the relationship between the leaf carbohydrate and soluble protein 

levels and leaf morphology of P. euphratica at different developmental stages showed 

that the changes in leaf morphology were closely related to the soluble sugar and 

soluble protein contents (Li et al., 2015). Correlation analysis results show that the 

contents of soluble sugar and starch in heteromorphic leaves decreased with increasing 

leaf width and decreasing leaf index, while the content of soluble protein decreased with 

decreasing leaf index and leaf length. Meanwhile, the contents of carbohydrates and 

soluble protein decreased with increasing palisade tissue cell number, epidermal cell 

number, palisade tissue cell length and palisade tissue thickness. We speculate that the 

metabolism of soluble sugar and soluble protein may play a regulatory role in changes 

in leaf length and width, as well as changes in the number of palisade tissue cells, cell 

length and palisade tissue thickness. In summary, P. euphratica regulated drought 

resistance during different ontogenetic stages through synergistic changes between 

soluble sugar and soluble protein levels and the morphological structures of 

heteromorphic leaves. 

Conclusions 

P. euphratica exhibited different heteromorphic leaves in different developmental 

stages and canopy heights. The xerophyte structural characteristics of heteromorphic 

leaves were obviously increased during the process. The close relationship between the 

4 endogenous hormones and ratios, carbohydrate and soluble protein contents of 

heteromorphic leaves and the morphological characteristics and anatomical structure of 

heteromorphic leaves reflected the consistency of the morphological changes and 

physiological changes of P. euphratica. P. euphratica forms an ecological adaptation 

strategy that can cope with environmental pressure through the coordinated changes of 

its leaf morphology, anatomy and physiological characteristics, which provides a 

theoretical basis for further research on the molecular mechanism of how leaf 

morphology, anatomy and physiological characteristics can resist extreme environments 

through coordinated changes. 
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APPENDIX 

 

Plate 1. Anatomical structure and epidermal stomata of Populus euphratica in strip, lanceolate, 

ovate, broad ovate leaves. From top to bottom are the first to fifth layers of the crown of 

Populus euphratica heteromorphic leaf D stage, corresponding to the anatomical structures of 

striped leaves, lanceolate leaves, ovate leaves, and broad-ovate leaves; The magnification and 

leaf shape photos are respectively 10X10 times, 10X20 times, and leaf shape photos 
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Figure A1. Variation in heteromorphic leaf anatomical structure with development stage and 

tree height. (A) epidermal cell length/μm, (B) epidermal cell width/μm, (C) palisade tissue cell 

length/μm, (D) palisade tissue cell width/μm 
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Figure A2. Variation in the endogenous hormone content ratio of heteromorphic leaves with 

developmental stage and tree height. (A) IAA/ABA, (B) GA3/ABA, (C) ZR/ABA, (D) ZR/IAA (E) 

GA3/IAA, (F) ZR/GA3 
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Figure A3. Variation in the carbohydrate and soluble protein of heteromorphic leaves with 

developmental stage and tree height. (A) content of soluble sugar%, (B) starch content%, (C) 

soluble protein content% 

 

 
Table A1. Basic information of P. euphratica 

Diameter classes 2 4 6 8 10 12 14 16 18 

Breast diameter range 0-2cm 2-4cm 4-6cm 6-8cm 8-10cm 10-12cm 12-14cm 14-16cm 16-18cm 

Number of plants 20 78 67 59 48 43 29 8 3 

Mean breast diameter (cm) 2.3 3.9 5.9 7.9 9.8 12 14.1 15.7 17.4 

Average tree height (m) 6.3 8.8 8 8.1 8.7 9.7 10 9.6 11.1 

Average crown height (m) 2.4 3.9 5.7 6.8 7.2 7.5 8.4 8.6 9.4 

Average tree age (year) 4.1 5.2 6.6 7.6 8.6 10.3 10.5 11.3 11.6 

Number of samples (pcs) 9 31 23 21 20 19 11 4 3 
 


