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Abstract. Populus pruinosa Schrenk. (P. pruinose) has the biological characteristic of heteromorphic 

leaves, which is related to growth and adaptation to extreme arid environments. The present study aimed 

to clarify whether carbohydrate and endogenous hormone content had an effect on the morphological 

structure of P. pruinose heteromorphic leaves on canopy height during ontogenesis. Petiole length, upper 

epidermal cell length, upper epidermal cell number, lower epidermal cell length, palisade tissue cell 

number, palisade tissue thickness, palisade tissue cell width and palisade tissue/spongy tissue ratio were 

very significantly positively correlated with diameter at breast height (DBH) and canopy height. Spongy 

tissue thickness is significantly negatively correlated with diameter at breast height and canopy height, 

with advancements in the developmental stage and increase in canopy height, the heterophil xerophytic 

structure is more and more obvious. Zeatin-riboside content and zeatin-riboside/abscisic acid ratio 

positively correlated with diameter at breast height, while gibberellin/abscisic acid ratio negatively 

correlated with canopy height. Soluble sugar and soluble protein contents significantly positively 

correlated with diameter at breast height and canopy height, starch contents significantly negatively 

correlated with diameter at breast height and canopy height. Regression analysis showed that soluble 

sugar content had positive effects on petiole length, leaf width, leaf area, leaf circumference, leaf 

thickness, upper epidermal cell length, lower epidermal cell number, palisade tissue thickness and spongy 

tissue thickness. The soluble protein content had a positive effect on leaf index and palisade tissue/spongy 

tissue ratio, starch content had a positive effect on upper epidermal cell width and palisade tissue 

thickness. It was concluded that the endogenous hormone and carbohydrate content could enhance the 

xerophytic structure of heteromorphic leaves during ontogenesis. 

Keywords: heteromorphic leaf, morphological anatomy, physiological characteristics, developmental 

stage, canopy height 

Abbreviations. LL = Leaf length; LW = Leaf width; LI = leaf index; LA = leaf area; LT = leaf thickness; 

LC = leaf circumference; PL = petiole length; UECN = upper epidermal cell number; LECN = lower 

epidermal cell number; UECL = upper epidermal cell length; LECL = lower epidermal cell length; 

UECW = upper epidermal cell width; LECW = lower epidermal cell width; PN = palisade tissue cell 

number; PTT = palisade tissue thickness; PTCL = palisade tissue cell length; PTCW = palisade tissue cell 

width; STT = spongy tissue thickness; PSR = palisade tissue/spongy tissue ratio; SS = soluble sugar; 

S = starch; SP = soluble protein; IAA = indole acetic acid; ZR = zeatin-riboside; GA3 = gibberellin; 

ABA = abscisic acid; CH = canopy height; DBH = diameter at breast height 
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Introduction 

The heteromorphic foliage of plants refers to the various shapes of leaves at different 

growth stages or changes in environmental conditions, which reflects the greater 

plasticity and variability of leaves (Bai, 2003). Heteromorphic leaves play an important 

role in the adaptation of plants to environmental changes (Winn, 1999; Wells and 

Pigliucci, 2000), changes in leaf morphology of aquatic plants, for example, promote 

gas exchange under underwater conditions (Kuwabara and Nagata, 2002; Mommer and 

Visser, 2005). Leaf morphology and physiological function show considerable plasticity 

within the canopy, and in very tall trees a distinct vertical gradient is usually shown for 

various leaf traits (Cai and Song, 2001; Burgess et al., 2007). Kenzo et al. (2015) 

showed that there was a significant linear relationship between leaf morphology and 

biochemical characteristics and tree height. With the increase of tree height, the leaf 

structure of Parashorea chinensis showed more obvious xerophytic characteristics (He 

et al., 2008). In addition, some studies have found that the morphology, structure and 

physiological characteristics of the heteromorphic leaves of Populus euphratia Oliv. are 

more obvious with the increase of ontogenetic stage and tree height (Zhai et al., 2020). 

Studies have pointed out that plant hormones such as abscisic acid and gibberellin are 

closely related to the regulation of profiled leaves (Nakayama et al., 2017; Li et al., 

2020), Abscisic acid (ABA) is mainly involved in the establishment and maintenance of 

morphological characteristics of heterophyllous plants (Wanke, 2011). Nakayama et al. 

(2014) showed that the difference of gibberellin content in leaf primordium also 

determined the leaf shape changes of plants, and the content and distribution of auxins 

(IAA) regulated the leaf shape changes of Arabidopsis thaliana, Cardamine hirsuta and 

other plants (Barkoulas et al., 2008; Ben-gera et al., 2012). Many studies have shown 

that starch, soluble sugar and soluble protein are involved in the growth and 

development of plants, and these soluble substances can maintain cell turgor and protect 

the integrity of cell membrane when plants are stressed by drought, salt and alkali and 

other environmental conditions (Kuang et al., 2017; Liu et al., 2017; Liu et al., 2020). A 

few studies on herbaceous plants suggest that starch, or the ratio of soluble sugar to 

starch, is a major integrator of plant growth regulation (Selbig et al., 2009; Purdy et al., 

2015). 

P. pruinosa is an important tree species in arid desert areas with biological 

characteristics of heteromorphic leaves. It has three different leaf shapes: long oval, 

round, and broad oval (Wei, 1990). The long elliptic leaves, round leaves, and broad 

ovoid leaves on the crown of P. pruinosa appear regularly in different stages of 

individual development (Liu et al., 2016), and with the increase of ontogenetic stages, 

the heteromorphic leaves of P. pruinosa show more obvious xerophytic structural 

characteristics (Zhai et al., 2019). At present, the research on P. pruinosa in the world 

focuses on stress-resistant physiology (Zhang et al., 2014; Wang et al., 2017; Li, 2020), 

However, the relationship between the morphological and structural changes of 

P. pruinosa heteromorphic leaves and the endogenous hormones and carbohydrate in 

leaves has not been reported, which is of great significance to reveal the physiological 

regulation mechanism of the enhanced drought-resistant structure of P. pruinosa 

heteromorphic leaves. 

In this study, P. pruinosa growing on the same site at different stages of development 

was selected as the research object. Through studying the change rules and their 

relationships of morphological structure, carbohydrate content, endogenous hormone 

content and their ratio of heteromorphous leaves of P. pruinosa at different stages of 
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development and vertical spatial changes of tree crown, the study aim to clarify the role 

of endogenous hormones and carbohydrate content in the morphological and structural 

changes of P. pruinosa heteromorphic leaves, and to lay a foundation for revealing the 

regulatory mechanism of morphological and structural changes of heteromorphic leaves 

at molecular level. 

Materials and Methods 

Study site 

The study area is located in P. pruinosa forest in the northwest margin of Tarim 

Basin, Xinjiang, China (81°17′56.52″ E, 40°32′36.90″ N, 980 m above sea level). The 

study area has a hot and dry climate, with an average annual rainfall of about 50 mm, an 

average annual temperature of 10.8 ℃, a potential evaporation of 1900 mm and an 

average annual sunshine duration of 2900 h. It is a typical temperate desert climate. In 

the study area, the artificial P. pruinosa forest covers an area of 180.6 hm2, and there are 

293 P. pruinosa individuals at different development stages (different tree ages) in the 

forest. The accompanying species in the study area were Tamarix chinensis Lour., 

Glycyrrhiza uralensis Fisch., Phragmites australis (Cav.) trin.ex Steud, and Aeluropus 

pungens (M. Bieb.) C. Koch. 

Experimental design and sampling 

P. pruinosa with different diameters represented different developmental stages. 

Using the diameter at breast height (DBH) and 2 cm as class distance, the 293 

P. pruinosa trees in the study area were divided into 9 diameter steps (2, 4, 6, 8, 10, 12, 

14, 16 and 18), representing 9 developmental stages of P. pruinosa (Table 1). Three 

sample plants were selected in each diameter class. During the leaf maturity period, the 

sampling canopy height (CH) was divided into 5 equal parts (total stations (GTS-2002, 

TOPCON) 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). At each sampling layer, 

three one-year-old branches were collected from each of the four directions (east, south, 

west, and north). Sixty branches were collected from each sampling tree. 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. 

 
Table 1. Basic information of P. pruinosa 

Diameter classes 2 4 6 8 10 12 14 16 18 

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

Number of plants 6 15 36 44 40 58 40 37 17 

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

Mean breast diameter（cm） 2.2 4.1 6.1 8.2 10.5 11.8 13.9 15.8 17.8 

Average tree height（m） 4.4 4.6 4.9 5.4 5.7 6.3 7.5 7.5 7.4 

Average crown height（m） 4.4 5.7 7.1 8.5 10.7 11.6 12.2 12.7 13 

Average tree age（year） 4.4 5.7 7.1 8.5 9.7 10.7 11.6 12.2 12.7 
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Leaf morphological and anatomical structure index determination 

The leaves at the third node from the base of the current branch were selected as the 

sample leaves, leaf length (LL), leaf width (LW), leaf area (LA), leaf circumference 

(LC), leaf thickness (LT) and petiole length (PL) were measured using a scanner (MRS-

9600TFU2) and LA-S plant image analysis software. The leaf shape index (LI) was 

calculated according to the ratio of leaf length to width. 

The sample leaf was crosscut from the widest part and fixed with formalin-acetic 

acid-alcohol (FAA) solution. We used the paraffin section method to make tissue 

sections, the thickness of the sections was 8 μm, and the sections were stained with 

double saffron and solid green, and the sections were sealed with neutral resin. The 

upper epidermal cell number (UECN), lower epidermal cell number (LECN), upper 

epidermal cell length (UECL), lower epidermal cell length (LECL), upper epidermal 

cell width (UECW), lower epidermal cell width (LECW), palisade tissue thickness 

(PTT), palisade tissue cell number (PN), palisade tissue cell length (PTCL), palisade 

tissue cell width (PTCW) and spongy tissue thickness (STT) were measured under a 

Leica microscope (Leica DM4 B, Wetzlar, Germany). The palisade tissue/spongy tissue 

ratio (PSR) was calculated. Each blade has 5 fields of observation and 20 values of 

observation in each field. The average value of blade structure parameters in 5 fields of 

observation is taken as the parameter value of each blade structure. 

Leaf physiological and biochemical index determination 

The mixed sample of the leaves at the third node of the current branch in the same 

canopy of the sample plant was taken as the test sample, the soluble sugar content (SS) 

was determined by anthrone-sulfuric acid method, the starch content (S) was determined 

by anthrone-colorimetric method, and the soluble protein content (SP) was determined 

by Coomassie bright blue G-250 method (Gao, 2006). 

Leaf hormone content determination 

Stem tips of current shoots in the same canopy on the sample plant were mixed as 

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

indole acetic acid (IAA), zeatin-riboside (ZR), gibberellin (GA3) and abscisic acid 

(ABA) were determined by enzyme linked immunosorbent assay (ELISA) (Duan et al., 

2009; Li et al., 2019). 

Data processing method 

A one-way ANOVA was used to compare the differences in the morphological 

structure and physiological characteristics of heteromorphic leaves. In SPSS 23.0, 

Duncan’s new multiple range method was used for data analysis of variance. The 

significance of differences was determined at a = 0.05. Pearson correlation coefficient 

was used to test the correlation between each index, and stepwise regression analysis 

was conducted. 
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Results 

Changes of morphological characteristics and structure of heteromorphic leaves with 

developmental stage and canopy height 

Leaf index of heteromorphic leaves decreased with the increase of diameter class 

(Figure 1A,C), while leaf width, leaf area, leaf circumference, leaf thickness and petiole 

length increased with the increase of diameter class and canopy height 

(Figure 1B,D,E,F,G), and the changes of leaf index, leaf area and leaf thickness were 

more obvious. 

 

Figure 1. Variation of heteromorphic leaf morphology with developmental stages and canopy 

height of P. pruinose. (A) leaf length, (B) leaf width, (C) leaf index, (D) leaf area, (E)Leaf 

circumference, (F) leaf thickness, (G) petiole length. Lowercase letters indicated significant 

differences, the same letters indicated not significant (P >0.05), and different letters indicated 

significant differences (P<0.05) 
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The upper and lower epidermal cell number of leaves increased with the increase of 

diameter class and canopy height (Figure S1E,F), while the upper and lower epidermal 

cell number increased more obviously with the increase of diameter class from 2 to 10. 

In addition, the upper and lower epidermal cell length increased slowly with the 

increase of diameter class and canopy height, while the upper and lower epidermal cell 

width had no significant difference with the increase of diameter class and canopy 

height. The palisade tissue cell number, palisade tissue thickness and palisade 

tissue/spongy tissue ratio of leaves increased with the increase of diameter class and 

canopy height (Figure S2A,D,F), the spongy tissue thickness decreased with the 

increase of diameter class (Figure S2E), and the palisade tissue cell length increased 

with the increase of canopy height (Figure S2B). There were significant differences in 

the palisade tissue cell width between 2 and 4 diameter class. 

Correlation analysis showed that (Table S1), petiole length, upper epidermal cell 

length, lower epidermal cell number, upper epidermal cell length, palisade tissue cell 

number, palisade tissue thickness, palisade tissue cell width and palisade tissue/spongy 

tissue ratio with DBH and canopy height was very significantly positively correlated, 

spongy tissue thickness with DBH and canopy height showed a significantly negative 

correlation. These results indicated that the morphological and structural changes of 

P. pruinosa heteromorphic leaves were closely related to the increase of diameter class 

and canopy height, and the xerophytic structural characteristics of heteromorphic leaves 

became more and more obvious with the increase of development stages and canopy 

height. 

Changes of endogenous hormone content and their ratios in heteromorphic leaves 

with developmental stages and canopy height 

We studied that the GA3 content, IAA/ABA, GA3/ABA, ZR/ABA, GA3/IAA ratio of 

heteromorphic leaves in the 4 diameter were significantly lower than those in other 

diameters (Figure 2 and Figure S3A,B,C,D), while ZR/GA3 ratio was significantly 

higher than those of other diameter classes (Figure S3F). The ratios of IAA/ABA, 

GA3/ABA and ZR/ABA in 4-12 diameter classes increased, while in 12-16 diameter 

classes decreased. In addition, the contents of GA3, IAA and ZR in the 16 diameter 

special-shaped leaves were significantly higher than those in other diameter classes 

(Figure 2A,B,D), while the contents of ABA and IAA in the 18 diameter special-shaped 

leaves were lower than those in other diameter classes (Figure 2B,C). 

From the vertical space of tree crown, the content of GA3 in leaves basically 

decreased with the increase of canopy height at diameter classes 2, 12 and 14, but 

basically increased with the increase of CH at diameter classes 4 to 10, 16 and 18 

(Figure 2A). The ratios of ZR/GA3 and ZR /IAA of leaves basically increased with the 

increase of canopy height (Figure S3E,F), and there were significant differences 

between the first layer and the fifth layer. The content of IAA in leaves basically 

decreased with the increase of canopy height (Figure 2B), and the content of ZR in 

leaves basically increased with the increase of diameter classes, but the difference 

between tree crown levels was not significant (Figure 2D). The content of ABA in leaf 

of diameter classes 2, 6 and 8 showed a decreasing trend with the increase of CH, but 

the content of ABA in diameter classes 4 and 10 to 18 basically showed an increasing 

trend with the increase of canopy height (Figure 2C). The IAA/ABA ratio of leaves 

decreased with canopy height from 12 to 18 diameter classes, and the 3rd layer of 

individual canopies from 6 and 18 diameter classes had significant differences with 
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other canopies (Figure S3A). The ratios of GA3/ABA and ZR/ABA in leaves were the 

highest in the third layer of the 6th diameter step, and there were significant differences 

with those in other canopy layers (Figure S3B,C). 

 

Figure 2. Changes of endogenous hormone content in heteromorphic leaves with developmental 

stages and canopy height. (A) leaf GA3 content, (B) leaf IAA content, (C) leaf ABA content, (D) 

leaf ZR content. Lowercase letters indicated significant differences, the same letters indicated 

not significant (P >0.05), and different letters indicated significant differences (P<0.05) 

 

 

Correlation analysis showed that (Table S2), ZR content and ZR/ABA ratio 

positively correlated with DBH, while GA3/ABA ratio negatively correlated with 

canopy height, it shows that they are closely related to the Ontogenetic stage and 

canopy height where the heteromorphic leaves are located. 

Changes of carbohydrate content in heteromorphic leaves with developmental stages 

and canopy height 

It was found that the contents of SS and SP in leaves increased with the increase of 

diameter classes and canopy height (Figure 3A,C), while the content of starch in leaves 

decreased with the increase of diameter classes, but increased with the increase of 

canopy height (Figure 3B). In 2 - 6 diameter classes leaf soluble sugar, soluble protein, 

and starch content in the canopy layers between there was no significant change, but in 
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8 to 18 diameter classes there was a significant difference between the canopy height in 

each diameter class. 

 

Figure 3. Changes of soluble sugar, starch and soluble protein contents in heteromorphic leaves 

with developmental stages and canopy height. (A) leaf soluble sugar content (SS), (B) leaf 

starch content (S), (C) leaf soluble protein (SP). Lowercase letters indicated significant 

differences, the same letters indicated not significant (P >0.05), and different letters indicated 

significant differences (P<0.05) 

 

 

Correlation analysis showed that the soluble sugar and soluble protein contents 

significantly positively correlated with DBH and canopy height, starch contents 

significantly negatively correlated with DBH and canopy height (Table S2). These 

results indicated that the changes of the contents of soluble sugar, soluble protein and 

starch in heteromorphic leaves were closely related to the ontogenetic stage and canopy 

height. 

Relationship between content and ratio of endogenous hormones in leaves and 

morphological structure of heteromorphic leaves 

Correlation analysis was conducted on the contents and ratios of endogenous 

hormones and morphological structure of four kinds of P. pruinosa heteromorphic 

leaves (Table 2), indicating that the content of GA3 and the ratio of ZR/IAA in 

P. pruinosa heteromorphic leaves significantly positively or negatively correlated with 

the lower epidermal cell width and lower epidermal cell length. The IAA content and 

IAA/ABA ratio significantly positively correlated with the palisade tissue cell length. 

ZR content and ZR/ABA ratio significantly positively correlated with Leaf width, leaf 

circumference, leaf area, leaf thickness, petiole length, upper epidermal cell length, 

palisade tissue thickness and palisade tissue/spongy tissue ratio, but negatively 
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correlated with leaf length and leaf index. ABA content significantly positively 

correlated with the Leaf length, but negatively correlated with the upper epidermal cell 

length. The GA3/ABA ratio significantly positively correlated with leaf index, and 

significantly or negatively correlated with Leaf width, leaf area, leaf circumference, leaf 

thickness, petiole length, palisade tissue thickness, palisade tissue cell width and 

palisade tissue/spongy tissue ratio. The ratio of GA3/IAA significantly negatively 

correlated with the upper epidermal cell number, lower epidermal cell width and lower 

epidermal cell number, and positively correlated with the spongy tissue, while the ratio 

of ZR/GA3 negatively correlated with the leaf area, leaf thickness, leaf length and 

petiole length. The results indicated that the changes of morphological structure of 

heteromorphic leaves of P. pruinosa were closely related to the changes of contents and 

ratios of these 4 endogenous hormones. 

 
Table 2. The morphological and structural parameters of heteromorphic leaves correlated 

with Pearson's endogenous hormone content and ratio 

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

LL 0.65 0.02 -0.97* 1.00** 0.01 0.86 -0.95* 0.37 -0.63 -0.74 

LW -0.34 0.33 0.99** -0.9 0.34 -0.98* 1.00** -0.67 0.32 0.93 

LI 0.31 -0.36 -0.99* 0.88 -0.37 0.99** -1.00** 0.7 -0.28 -0.94 

LA -0.09 0.56 0.93 -0.75 0.57 -1.00** 0.95* -0.84 0.06 0.99** 

LC -0.34 0.33 0.99** -0.9 0.34 -0.99* 1.00** -0.68 0.31 0.93 

LT -0.21 0.46 0.97* -0.83 0.47 -1.00** 0.98* -0.77 0.18 0.97* 

PL -0.2 0.46 0.97* -0.82 0.47 -1.00** 0.98* -0.77 0.18 0.97* 

UECL -0.47 0.19 1.00** -0.95* 0.2 -0.95 1.00** -0.56 0.45 0.87 

UECW 0.97* 0.6 -0.65 0.86 0.6 0.4 -0.59 -0.24 -0.97* -0.21 

UECN 0.17 0.76 0.8 -0.56 0.76 -0.94 0.84 -0.95* -0.2 0.99* 

LECL -0.99* -0.67 0.57 -0.81 -0.67 -0.31 0.52 0.33 0.99* 0.12 

LECW 0.18 0.76 0.8 -0.55 0.77 -0.94 0.84 -0.96* -0.21 0.99* 

LECN 0.18 0.76 0.8 -0.55 0.77 -0.94 0.84 -0.96* -0.21 0.99* 

PN 0.03 0.17 0.5 0.07 -0.03 -0.12 0.11 -0.2 0.09 0.14 

PTT -0.35 0.32 0.99** -0.9 0.33 -0.98* 1.00** -0.67 0.33 0.93 

PTCW 0.06 0.68 0.86 -0.65 0.69 -0.97* 0.9 -0.91 -0.09 1.00** 

PTCL 0.74 1.00** 0.27 0.07 1.00** -0.53 0.33 -0.94 -0.76 0.69 

STT -0.18 -0.76 -0.8 0.55 -0.77 0.94 -0.84 0.95* 0.2 -0.99* 

PSR -0.15 0.51 0.95* -0.79 0.52 -1.00** 0.97* -0.81 0.13 0.98* 

* p<0.05, ** p<0.01 

 

 

The content and ratio of endogenous hormones in leaves were taken as independent 

variables, and the leaf morphology was taken as dependent variable for stepwise 

regression analysis. The results showed that there was an extremely significant linear 

relationship between dependent variable Y and independent variable X (Table S3). 

The results showed that the increase of ZR content had positive effects on leaf 

length, leaf circumference, leaf thickness, upper epidermal cell length, palisade tissue 

thickness and palisade tissue/spongy tissue ratio. The increase of ZR/ABA and ZR/GA3 

ratio had a positive effect on petiole length. The increase of GA3/IAA ratio had a 

positive effect on the lower epidermal cell width, indicating that ZR content, ZR/ABA, 

ZR/GA3 and GA3/IAA ratio played an important role in the enhancement of xerophytic 

structure in heteromorphic leaves. 



Li et al.: Effects of carbohydrate and endogenous hormone content on morphological structural of heteromorphic leaves of Populus 

pruinosa Schrenk. 
- 5068 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 19(6):5059-5081. 

http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/1906_50595081 

© 2021, ALÖKI Kft., Budapest, Hungary 

Relationship between leaf carbohydrate content and morphological structure of 

heteromorphic leaves 

Correlation analysis showed (Table 3) that the soluble sugar and soluble protein 

content in heteromorphic leaves significantly or extremely significantly positively 

correlated with Leaf width, leaf area, leaf circumference, leaf thickness, petiole length, 

length of upper and lower epidermal cells, number of upper and lower epidermal cells, 

lower epidermal cell width, palisade tissue thickness, palisade tissue cell width and 

palisade tissue/spongy tissue ratio. There was a significant or extremely significant 

negative correlation between leaf index and spongy tissue thickness, while the starch 

content showed the opposite, namely an extremely significant positive correlation with 

Leaf length, indicating that the change of leaf morphology and structure was closely 

related to the significant increase of leaf soluble sugar and soluble protein and the 

significant decrease of starch content. 

 
Table 3. The morphological and structural parameters of heteromorphic leaves correlated 

with the carbohydrate content of leaves by Pearson 

 Soluble sugar Starch Soluble protein 

LL -0.63 0.90** -0.53 

LW 0.69* -0.95** 0.67* 

LI -0.78** 0.99** -0.76* 

LA 0.74* -0.93** 0.81** 

LC 0.71* -0.94** 0.72* 

LT 0.79** -0.96** 0.80** 

PL 0.80** -0.87** 0.82** 

UECL 0.78** -0.85** 0.71* 

UECW -0.14 0.23 -0.08 

UECN 0.93** -0.86** 0.94** 

LECL 0.08 -0.09 -0.02 

LECW 0.93** -0.88** 0.96** 

LECN 0.93** -0.88** 0.96** 

PN 0.69* 0.6 0.94** 

PTT 0.80** -0.85** 0.68* 

PTCW 0.76* -0.88** 0.83** 

PTCL 0.14 -0.11 0.14 

STT -0.94** 0.65* -0.88** 

PSR 0.92** -0.83** 0.82** 

* p<0.05, ** p<0.01 

 

 

Stepwise regression analysis was conducted with leaf carbohydrate as the 

independent variable and leaf morphology as the dependent variable, and the results 

showed that there was an extremely significant linear relationship between the 

dependent variable Y and the independent variable X (Table S4). 

The results showed that the increase of soluble sugar content had positive effects on 

petiole length, leaf width, leaf area, petiole length, leaf thickness, upper epidermal cell 

length, upper epidermal cell number, palisade tissue thickness and spongy tissue 

thickness. The increase of soluble protein content had a positive effect on leaf index and 

palisade tissue/spongy tissue ratio. The increase of starch content had a positive effect 

on the lower epidermal cell width and palisade tissue thickness, indicating that the 

increase of carbohydrate content played an important role in the enhancement of 

xerophytic structure of heteromorphic leaves. 
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Discussion 

The relationship between the morphological structure of heteromorphic leaves and 

the developmental stage and canopy height of P. pruinosa 

To adapt to dry conditions, plants in desert areas try their best to change their 

morphological characteristics, such as stomatal depression and leaf thickening, so as to 

resist the adverse effects of drought stress on plants (Mendes et al., 2001). Thicker 

leaves can maintain a higher water content, and at the same time avoid the burning of 

mesophyll caused by intense light in arid areas. In addition, scattered light can be 

effectively used for photosynthesis, which is conducive to the improvement of time-

concordant efficiency of leaves under water stress (Chartzoulakis et al., 2002; Velikova 

et al., 2020), therefore, trees adapt to the environment by adjusting their leaf 

morphology and biochemical characteristics (Kenzo et al., 2006). However, with the 

increase of ontogenetic stage and tree height, the demand for nutrients and water will 

continue to increase, and at the same time, a stronger ability to adapt to the environment 

such as drought resistance is required. On one hand, it is possible to increase the 

photosynthetically available area of leaves by increasing leaf area, leaf perimeter and 

leaf thickness, and further improve photosynthesis (Oikawa et al., 2016; Wang et al., 

2017). On the other hand, increasing petiole length, palisade tissue thickness and 

palisade to sea ratio of leaves can effectively reduce leaf temperature, reduce 

transpiration, and water loss, and maintain high water content (Bridge et al., 2013; 

Velikova et al., 2020). Studies have shown that with the increase of ontogenetic stage 

and tree height, leaf thickness, epidermal cell number, palisade tissue cell number, 

palisade tissue thickness and palisade tissue/spongy tissue ratio of heteromorphic leaves 

increase, and their drought resistance is gradually enhanced (Zhang et al., 2017; Zhai et 

al., 2019, 2020). 

In this study, the morphological and structural differences of P. pruinosa 

heteromorphic leaves during ontogeny reflect the synergistic or trade-off strategy 

between different traits and functions of leaves during ontogeny (Pan et al., 2018). 

Studies have found that the morphological and structural differences of P. pruinosa 

heteromorphic leaves are closely related to the increase of developmental stage and 

canopy height. From sapling to mature leaves, leaf thickness, leaf area, leaf quality and 

other traits showed significant changes with the DBH of trees (Martin et al., 2013), 

which was consistent with our research results. In addition, studies showed that the 

xerophytic structural characteristics of heteromorphic leaves became more and more 

obvious with the increase of development stage and canopy height, such as the 

enlargement of leaf area, the thickening of leaves, the increasingly developed palisade 

tissue, and the degeneration of spongy tissue in the cross section of leaves (Figure 1 and 

Figure S1,2). England and Attiwill (2006) found that the leaf shape of eucalyptus 

changed significantly with the increase of tree age and height, for example, the leaf 

length became shorter, the leaf thickness increased, and the leaf area index and specific 

leaf area decreased. Some studies showed that the palisade tissue thickness, palisade to 

sea ratio and epidermal thickness of leaves increased with the increase of tree height. 

The more obvious xerophytic structure is adapted to the water stress caused by arid 

environment and the increase of tree height (He et al., 2008; Zhai et al., 2020), water 

stress may eventually limit leaf expansion and photosynthesis to further increase tree 

height (Koch et al., 2004), and at the same time, the trend of changes in leaf structural 

traits is often interpreted as an adaptive response to light availability (Lusk et al., 2008). 
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Therefore, it is speculated that the obvious xerophytic structure of the heteromorphic 

leaves of P. pruinosa is a self-protection to adapt to the water stress caused by the 

growth stage and the increase of tree height and to avoid the intense light. 

Effect of carbohydrate on morphological structure of heteromorphic leaves of P. 

pruinose 

Many studies have shown that starch, soluble sugar, and soluble protein are closely 

related to plant growth and development (Kuang et al., 2017; Liu et al., 2017, 2020). 

Starch is a key factor in mediating plant responses to abiotic stresses such as drought, as 

it compensates for changes in carbon assimilation to maintain levels of soluble sugars 

(Thalmann and Santelia, 2017). Previous studies have shown that the growth of trees 

under drought stress depends on the relationship between soluble sugar and starch, and 

there is a negative correlation between starch concentration and growth, and a positive 

correlation between soluble sugar/starch ratio and growth (Liu et al., 2017). In this 

study, it was found that the contents of soluble sugar, soluble protein and starch in 

heteromorphic leaves were closely related to the stage of ontogeny and canopy height. 

Göttlicher et al. (2006) found that the starch content of leaves gradually increased from 

the lower canopy to the higher canopy. Some studies showed that the starch content of 

leaves significantly negatively correlated with the diameter at breast height (Li et al., 

2015). However, it showed an increasing trend with the increase of canopy height 

(Figure 3B), which was consistent with the results of our study. Some authors found 

that the higher photosynthetic capacity was related to the increase of leaf carbohydrates 

(Aspinwall et al., 2016). Kenzo et al. (2006) found that the photosynthetic capacity of 

dipterocarp species depends on the height of the tree, and the trees adapt to the light 

environment by changing their leaf morphology and biochemical characteristics. The 

results showed that the content of osmotic regulatory substances such as soluble sugar 

could improve the photosynthetic capacity of heteromorphic leaves with the increase of 

canopy height. 

Leaves mainly reduce osmotic potential and maintain turgor pressure through soluble 

osmotic regulatory substances, so that physiological processes related to turgor in plants 

can proceed normally (Patakas et al., 2002). In some studies, it has been found that the 

down-regulation of photosynthesis will offset the accumulation of starch in leaves in the 

long term (Quentin et al., 2013; Hagedorn et al., 2016). Soluble sugar produced by 

photosynthesis in leaves is exported from source leaves to phloem and is directly used 

for leaf growth (Lemoine et al., 2013). Some studies have found that soluble protein can 

be used as the main nitrogen source for leaf growth (Gonçalves et al., 2016; Liu et al., 

2018). We found that the increase of soluble sugar and soluble protein and the decrease 

of starch content played an important role in enhancing the xerophytic structure of 

heteromorphic leaves. Drought stress results in the degradation of starch reserves in 

plant leaves into soluble sugars (Svensk et al., 2020), which can be used directly in 

physiological activities, including maintaining leaf turgor to resist drought 

(Martínez-Villata et al., 2016). Woodruff et al. (2011) found that leaf cell turgor 

pressure decreased with the increase of height. Therefore, with the increase of canopy 

height, leaves need to maintain turgor pressure by increasing the content of soluble 

substances to further drive leaf cell growth (Woodruff et al., 2015). Therefore, it can 

adapt to water stress caused by tree height and improve drought resistance ability. It was 

preliminarily speculated that the increase of soluble sugar and soluble protein and the 
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decrease of starch content might regulate the enhancement of drought resistance ability 

in heteromorphic leaves of P. pruinose. 

Effects of endogenous hormone content and ratio on morphological structure of 

heteromorphic leaves of P. pruinose 

Plant hormones play an important role in regulating plant growth and development 

and coping with stress environment. Plant hormones, especially gibberellin (GA3), 

auxin (IAA), abscisic acid (ABA) and corn nucleosides (ZR), can affect the formation 

and development of profiled leaves in many plants (Nakayama et al., 2017; Li et al., 

2019). ZR can promote the cell division of stems and leaves, which is beneficial to the 

formation of leaves (Debnath, 2009). ABA controls the growth and development of 

plants, such as leaf shedding, fruit ripening and drought stress response (Nakayama et 

al., 2017). Studies on various plants show that osmotic stress induces ABA production, 

and ABA plays a controlling role in the stress response and tolerance of plants 

(Yamaguchi-Shinozaki and Shinozaki, 2006; Nakashima and Yamaguchi-Shinozaki, 

2013), and ABA accumulation in leaves helps to improve drought resistance (He et al., 

2020). Some studies have found that IAA affects leaf morphology and development 

(Barkoulas et al., 2008; Koenig et al., 2009). In this study, it was found that the changes 

of ZR content and ZR/ABA ratio in leaves were closely related to the increase of DBH, 

and the ZR content in leaves basically increased with the increase of diameter class, but 

there was no significant difference among crown levels (Figure 2D). Li et al. (2017) 

found that the contents of ZR and ABA in leaves showed an overall trend of increase 

with the increase of tree age (diameter class). Our study showed that ZR content and 

ZR/ABA ratio significantly or extremely significantly positively correlated with leaf 

width, leaf circumference, leaf area, leaf thickness, petiole length, upper epidermal cell 

length, palisade tissue thickness and gate to sea ratio. It was preliminarily speculated 

that ZR content and ZR/ABA ratio of heteromorphic leaves of P. pruinose were 

involved in the regulation of leaf morphology and structure changes with the increase of 

diameter step. 

When plants suffer from adversity stress, they can balance the growth regulation 

substances by changing the way of synthesis, conduction, and metabolism of 

endogenous hormones to improve the stress resistance of plants. In this study, it was 

found that ZR content, ZR /ABA, ZR /GA3, and GA3/IAA ratios played an important 

role in the structure enhancement of heteromorphic leaves. Some studies have shown 

that the number of upper and lower epidermal cells, the width of upper epidermal cells, 

the length of palisade tissue and the ratio of gate to sea of leaves reflect the drought 

resistance of plants (Chartzoulakis et al., 2002; Zhang et al., 2017), our study showed 

that leaf ZR content had significant positive effects on leaf length decrease, leaf 

circumference increase, leaf thickness increase, upper epidermal cell length increase, 

palisade tissue thickness increase and gate sea ratio increase, and ZR/ABA and ZR/GA3 

ratios had significant positive effects on petiole length increase. In addition, GA3/IAA 

ratio had a significant positive effect on the decrease of lower epidermal cell width. It 

was suggested that the increase of ZR content, the ratio of ZR/ABA and ZR/GA3 and 

the decrease of GA3/IAA might play an important regulatory role in improving the 

drought resistance in heteromorphic leaves of P. pruinose. 
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Conclusion 

This study shows that P. pruinose in different developmental stages and different 

shaped leaf canopy height in different forms, and the xerophytic structure of 

heteromorphic leaves increased obviously with the developmental stage and canopy 

height. The increase of soluble sugar and soluble protein content and the decrease of 

starch content may enhance the xerophytic structure of heteromorphic leaves by 

improving photosynthetic capacity and osmotic regulation ability. In addition, the 

increase of ZR content, ZR/ABA, ZR/GA3 ratio and the decrease of GA3/IAA ratio may 

play an important regulatory role in the enhancement of xerophilous structure of 

heteromorphic leaves. The results indicated that the formation of heteromorphic leaves 

was regulated by the synergistic changes of leaf morphology, structure and 

physiological characteristics during the individual growth and development of P. 

pruinose and could better adapt to the water stress caused by tree height, which provide 

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

morphological structure and physiological characteristics resist extreme environments 

through coordinated changes. 
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APPENDIX 

 

Plate I. Anatomic structure of long elliptic, round and broadly ovate leaves of P. pruinosa 

(From top to bottom corresponding to the long elliptic (Ⅰ), circular (Ⅱ), broad ovate (Ⅲ) 

anatomical structure; A-C represents A 10X10 times field of view, and D-F represents A 20X20 

times field of view 
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Figure S1. Changes of leaf epidermis with developmental stages and canopy height in cross 

section of heteromorphic leaves of P. pruinose. (A) length of upper epidermal cells, (B) width of 

upper epidermal cells, (C) length of lower epidermal cells, (D) width of upper epidermal cells, 

(E) number of upper epidermal cells, and (F) number of lower epidermal cells. Lowercase 

letters indicated significant differences, the same letters indicated not significant (P >0.05), and 

different letters indicated significant differences (P<0.05) 
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Figure S2. Changes of mesophyll tissue in cross section of heteromorphic leaves of P. pruinose 

with developmental stages and canopy height. (A) tissue thickness of fence, (B) tissue length of 

fence, (C) tissue width of fence, (D) tissue number of fence, (E) tissue thickness of sponge fence, 

(F) ratio of fence to sea. Lowercase letters indicated significant differences, the same letters 

indicated not significant (P >0.05), and different letters indicated significant differences 

(P<0.05) 
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Figure S3. Changes of endogenous hormone ratio in heteromorphic leaves of P. pruinose with 

individual crown height and various developmental stages. (A)IAA/ABA, (B)GA3/ABA, 

(C)ZR/ABA, (D)GA3/IAA, (E)ZR/IAA, (F)ZR/GA3. Lowercase letters indicated significant 

differences, the same letters indicated not significant (P >0.05), and different letters indicated 

significant differences (P<0.05) 
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Table S1. The morphological and structural changes of heteromorphic leaves were related to the Pearson of DBH and crown height of P. pruinosa 

 PL LL LW LI LA LC BT UECL UECW LECL LECW UECN LECN PN PTT PTCL PTCW STT PSR 

DBH 0.89** 0.38 0.54 0.37 0.53 0.67* 0.54 0.89** -0.22 0.64* 0.21 0.91** 0.92** 0.91** 0.89** 0.22 0.85** -0.79** 0.92** 

CH 0.83** 0.34 0.48 0.43 0.48 0.6 0.49 0.81** -0.22 0.5 0.15 0.97** 0.97** 0.96** 0.81** 0.16 0.89** -0.84** 0.89** 

 

 
Table S2. Four endogenous hormones and their ratios and carbohydrate of heteromorphic leaves were related to the Pearson of DBH and crown 

height of P. pruinosa 

 GA3 IAA ZR ABA IAA/ABA GA3/ABA ZR/ABA GA3/IAA ZR/IAA SS S SP 

DBH -0.18 0.48 0.96* -0.81 0.49 -1.00** 0.98* -0.79 0.15 0.90** -0.97** 0.86** 

CH -0.02 0.62 0.9 -0.71 0.63 -0.99* 0.93 -0.88 -0.01 0.94** -0.94** 0.94** 
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Table S3. Optimal regression model for predicting the content and ratio of endogenous 

hormones and leaf morphology of P. pruinosa 

Dependent variable(Y) Regression equation R R2 F Sig. 

Y1 Y1=1.60+0.12X1+10.53X3 0.52 0.27 1.08 0.00 

Y2 Y2=0.10-0.00026X3 0.85 0.72 18.31 0.00 

Y3 Y3=2.14+0.63X1 0.54 0.29 2.89 0.00 

Y4 Y4= -47.64+17.14X1 0.52 0.27 2.54 0.00 

Y5 Y5=5.88-83.70X2+36.50X3-1.72X5 0.77 0.59 2.43 0.00 

Y6 Y6=4.63+0.75X1 0.45 0.20 1.80 0.00 

Y7 Y7=16.16+8.84X4 0.49 0.24 2.21 0.00 

Y8 Y8=-20.13+7.17X1 0.74 0.55 8.58 0.00 

Y9 Y9=-1.85+0.26X1 0.68 0.46 5.99 0.00 

Y1, leaf length; Y2, leaf width; Y3, leaf circumference; Y4, leaf thickness; Y5, petiole length; Y6, length 

of upper epidermal cells; Y7, width of lower epidermal cells; Y8, thickness of palisade tissue; Y9, ratio 

of grid to sea; X1,ZR; X2,GA3/ABA; X3,ZR/ABA; X4,GA3/IAA; X5,ZR/GA3 

 

 
Table S4. Optimal Regression Model for the Prediction of Carbohydrate and Leaf 

Morphological Structure of P. pruinosa Leaves 

Dependent variable(Y) Regression equation R R2 F Sig. 

Y1 Y1=1.08+0.17X3 0.85 0.72 18.45 0.00 

Y2 Y2=2.73+0.10X3 0.53 0.28 2.78 0.00 

Y3 Y3= 1.17+25.41X1 0.62 0.38 4.33 0.00 

Y4 Y4= 7.56+0.57X3 0.52 0.27 2.64 0.00 

Y5 Y5= 10.53+0.50X3 0.59 0.36 3.92 0.00 

Y6 Y6= 185.56+12.69X3 0.53 0.28 2.72 0.00 

Y7 Y7= 13.50+0.93X3 0.78 0.61 10.74 0.00 

Y8 Y8=17.45+19.19X1-7.62X2 0.54 0.29 1.24 0.00 

Y9 Y9= -62.10+89.85X3 0.93 0.87 47.11 0.00 

Y10 Y10= -64.13+94.11X3 0.93 0.87 46.93 0.00 

Y11 Y11= 78.89-154.87X2+7.25X3 0.89 0.81 12.42 0.00 

Y12 Y12= 13.33+0.40X3 0.76 0.57 9.37 0.00 

Y13 Y13= 50.37-2.46X3 0.94 0.89 57.96 0.00 

Y14 Y14=1.51-4.44X2+0.30X3 0.97 0.94 47.55 0.00 

Y1, long petiole; Y2, blade width; Y3, leaf shape index; Y4, leaf area; Y5, leaf circumference; Y6, leaf 

thickness; Y7, length of upper epidermis; Y8, width of lower epidermis; Y9, number of upper epidermis; 

Y10, number of lower epidermis; Y11, thick fence tissue; Y12, wide fence organization; Y13, spongy 

tissue is thick; Y14, ratio of grid to sea; X1, soluble protein content; X2, starch content; X3, soluble sugar 

content 

 

 


