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Abstract: Eucommia ulmoides Oliver is a dioecious, pharmaceutically and economically important,
and precious relict tree species endemic to China, and has been listed as a key protected tree species
of national level II. Phenotypic variation in ten natural populations in some key traits is still obscure.
In order to study the relationship between population variation in phenotypic traits and geoclimatic
factors, 15 traits were analyzed in 117 female sampled tree from ten natural populations. The results
showed that the coefficients of variation for all of the 15 traits widely ranged from 9.7% (fruit vertical
diameter) to 49.0% (leaf thickness), with an average of 19.7%. The nested ANOVA revealed plentiful
phenotypic variations within and among populations. The variation within population was the main
source, with an average proportion of 42.8%, greater than that among the population (16.6%). The
15 traits were reduced to four principal components, which collectively accounted for 70.1% of phe-
notypic variation among trees. The ten populations were mainly divided into two groups: Group A
included eight populations throughout the Wuling Mountains occurring in relatively close proximity
to each other, and Group B which comprises two geographically distant populations in mountains
further northern. There were significant level correlations between phenotypic differentiation among
population of E. ulmoides and both geographic (r = 0.65, p < 0.05) and climatic (r = 0.73, p < 0.01)
distance. Step-wise regression indicates average annual temperature and rainfall accounted for most
of the phenotypic variation among populations, and mainly associated with differences in leaf, fruit
and seed size. These results can have an important implication for genetic improvement, diversity
conservation and resource management of the species in the future.

Keywords: Eucommia ulmoides; natural populations; variation; leaf; fruits; morphological traits

1. Introduction

Eucommia ulmoides Oliver is a tertiary period tree that is a monotypic species within
the Eucommiaceae family; it is a dioecious plant, and has been listed as a key protected tree
species of national level II in China [1]. Its leaves, stems, bark, and male flowers have been
used as traditional medicines in China, Japan, and Korea, to treat diseases [2]. Theoretical
and clinical studies were conducted on the pharmacological effects of E. ulmoides. It was
found that E. ulmoides is a non-toxic source of medical health care products with few side
effects and a wide range of pharmacological effects, which include hypoglycemic, hypolipi-
demic, antioxidant, antitumor, antibacterial, anti-inflammatory, etc. [2–4]. In addition, E.
ulmoides produces a type of rubber called eucommia rubber, which could potentially be
used as an industrial raw material [5]. It has been well known that Hevea brasiliensis is the
most important source of natural rubber, but limited acreages have hindered the develop-
ment of rubber tree plantations in China. Xishuangbanna prefecture, in Yunnan province,
is the largest distribution region of H. brasiliensis, where most rubber trees are planted on
sloping land of up to 24◦ incline and 900 m elevation, and rubber production is considered
unprofitable [5,6]. The fruit and bark of E. ulmoides are rich in rubber, making it an excellent
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alternative to H. brasiliensis [7]. In published studies of E. ulmoides, the active constituent
and rubber were correlated with phenotypic traits, such as a positive correlation between
leaf perimeter and geniposide acid of iridoid, and a negative correlation between leaf area
and eucommia rubber [8–10]. In general, environmental stresses cause plants to accumulate
secondary metabolites [11,12], and their phenotypic traits are usually influenced by the
environment. Therefore, the study of phenotypic traits could lay the foundation for the
selection of species rich in secondary metabolites. There was an urgent need for phenotypic
variation in E. ulmoides.

E. ulmoides was widely distributed in Europe, America and Asia before the Neo-
gene, and the fossil of E. ulmoides fruits are found in Japan, China and the western and
southeastern United States [13–15]. However, after the Quaternary Period, only a few
E. ulmoides in central China have survived, protected by the complex topography [16].
Now E. ulmoides is extensively cultivated in China (24◦50′–41◦50′ N, 76◦00′–126◦00′ E),
mainly distributed in Shaanxi, Sichuan, Guizhou, Hubei, Hunan and other provinces
south of the Qinling Mountains [17,18]. Due to its high medicinal and ornamental po-
tential, E. ulmoides was introduced into France, Japan, Russia and America in 1896, 1899,
1906 and 1952, respectively [19]. Currently, E. ulmoides is listed as an endangered species
by the IUCN (IUCN. 2022. The IUCN Red List of Threatened Species. Version 2022-1.
https://www.iucnredlist.org, accessed on 25 October 2022), but the variation of natural
populations of E. ulmoides is unclear and further research is urgently needed. The study
of the variation of economically and ecologically important traits is important for genetic
improvement and reasonable conservation of germplasm resources of E. ulmoides.

Phenotypic variation reflects the result of genetic variation and phenotypic plasticity
in response to environmental variation. It is the expression of plant adaptation to different
environmental conditions [20], so phenotypic variation is important in investigating en-
vironmental adaptation and evolution of plants [21]. The study of phenotypic variation
can help to understand the response mechanisms and variation patterns of plants to the
environment, which is important for the collection, conservation, and evaluation of plant
germplasm resources. Existing studies on the phenotypic and genetic diversity of E. ul-
moides based on morphological markers have mainly focused on traits such as staminate
flowers [22], fruits [23,24], leaves [25,26], and branches [27], and the germplasm sampling
areas were concentrated in Beijing and Henan. However, a large amount of natural E.
ulmoides populations are preserved in three major forests in remote mountainous areas of
Jiang Ya in Hunan (P4), Zunyi in Guizhou (P8), and Lueyang in Shaanxi (P9), of which the
phenotypic diversity has not been adequately studied (P4, P8, P9 shown in Figure 1). The
dynamic evolution of E. ulmoides communities in diverse natural environments was one
of the important factors leading to the expression of rich phenotypic variation. Therefore,
more comprehensive information on phenotypic variation and their relationships with
geoclimatic factors at the population level is needed.

In this study, we sampled 117 female individuals from 10 natural populations, based
on a survey of the main distribution regions of E. ulmoides in China, and measured 15 pheno-
typic traits of leaves, seeds, fruits. Our main objectives were to (1) quantify the phenotypic
variation in the traits assessed; (2) determine the proportion of phenotypic variation be-
tween and within populations; and (3) examine the pattern of population variation and its
association with geoclimatic factors. The results of the study will provide a basis for genetic
improvement, diversity conservation, silviculture and resource management of E. ulmoides.

https://www.iucnredlist.org
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Figure 1. Locations of the ten populations sampled of E. ulmoides. Left panel: A map of China with 
grey indicating the range of natural populations of E. ulmoides. Right panel: The enlarged studied 
area, where solid black dots indicate the studied populations. 

2. Materials and Methods 
2.1. Plant Materials 

The materials were collected from 117 female trees in 10 natural populations (Figure 
1) throughout September and October of 2020. Basic information on the populations, such 
as sampling sites, is shown in Table 1. Within each population, samples were collected 
from 5 to 36 trees. The distances between the sample trees were greater than 40 m to re-
duce their relatedness; an exception was P7, which has a modest population size, so the 
distance between sample trees was set to 10 m. Leaves were collected only from short 
shoots on the outer, sunlit part of the tree’s crown, as those are generally considered to be 
the most uniform leaves. This sampling strategy will minimize seasonal and ontogenetic 
differences among sampled trees. Approximately 1 kg of fruit and leaf was collected from 
each tree, transported to the laboratory, and then pressed and fully dried for further mor-
phometric analysis. Finally, 30 randomly selected leaf and fruit samples were taken from 
each tree for subsequent analysis.  

The geographic locations of collection sites were determined using GPS, consisting 
of latitude, longitude and altitude. Annual mean temperature, annual mean rainfall and 
relative humidity of each population were obtained from the National Meteorological 
Data of China (http://data.cma.cn/; 1981–2010, accessed on 20 February 2021). All climate 
factor information is shown in Table 1. 
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Cljy (P1) 36 110.70 29.16 212–808 16.3 1340.4 75.8 
Clylp (P2) 14 110.17 29.57 96–590 15.6 1349.2 74.4 
Clgfq (P3) 8 110.18 29.43 243–588 16.4 1396.9 78.6 
Cljylc (P4) 19 110.77 29.52 71–370 16.6 1301.7 75.8 
Cldx (P5) 9 110.78 29.12 450–778 15.0 1430.9 80.2 

Ydtms (P6) 5 110.49 29.10 179–621 18.0 1411.7 73.4 
Tyrs (P7) 5 111.25 29.37 250–253 16.4 1431.6 70.8 
Hcgq (P8) 6 106.88 27.72 924–978 15.2 1059.8 80.5 
Lyjjh (P9) 7 106.26 33.55 696–705 9.6 754.8 74.4 

Wxgjz (P10) 8 111.37 35.60 468–481 13.2 524.9 65.6 

  

Figure 1. Locations of the ten populations sampled of E. ulmoides. Left panel: A map of China with
grey indicating the range of natural populations of E. ulmoides. Right panel: The enlarged studied
area, where solid black dots indicate the studied populations.

2. Materials and Methods
2.1. Plant Materials

The materials were collected from 117 female trees in 10 natural populations (Figure 1)
throughout September and October of 2020. Basic information on the populations, such as
sampling sites, is shown in Table 1. Within each population, samples were collected from
5 to 36 trees. The distances between the sample trees were greater than 40 m to reduce
their relatedness; an exception was P7, which has a modest population size, so the distance
between sample trees was set to 10 m. Leaves were collected only from short shoots on
the outer, sunlit part of the tree’s crown, as those are generally considered to be the most
uniform leaves. This sampling strategy will minimize seasonal and ontogenetic differences
among sampled trees. Approximately 1 kg of fruit and leaf was collected from each tree,
transported to the laboratory, and then pressed and fully dried for further morphometric
analysis. Finally, 30 randomly selected leaf and fruit samples were taken from each tree for
subsequent analysis.

Table 1. Population, sample size and geoclimatic factors for ten natural populations E. ulmoides.

Population
Sample Size

(Number of Trees
Sampled)

Longitude
(◦E, LON)

Latitude
(◦N, LAT)

Altitude
(m, ALT)

Average
Annual

Temperature
(◦C, AAT)

Average
Annual

Precipitation
(mm, AAP)

Average
Annual

Humidity
(%, AAH)

Cljy (P1) 36 110.70 29.16 212–808 16.3 1340.4 75.8
Clylp (P2) 14 110.17 29.57 96–590 15.6 1349.2 74.4
Clgfq (P3) 8 110.18 29.43 243–588 16.4 1396.9 78.6
Cljylc (P4) 19 110.77 29.52 71–370 16.6 1301.7 75.8
Cldx (P5) 9 110.78 29.12 450–778 15.0 1430.9 80.2

Ydtms (P6) 5 110.49 29.10 179–621 18.0 1411.7 73.4
Tyrs (P7) 5 111.25 29.37 250–253 16.4 1431.6 70.8
Hcgq (P8) 6 106.88 27.72 924–978 15.2 1059.8 80.5
Lyjjh (P9) 7 106.26 33.55 696–705 9.6 754.8 74.4

Wxgjz (P10) 8 111.37 35.60 468–481 13.2 524.9 65.6

The geographic locations of collection sites were determined using GPS, consisting
of latitude, longitude and altitude. Annual mean temperature, annual mean rainfall and
relative humidity of each population were obtained from the National Meteorological Data
of China (http://data.cma.cn/; 1981–2010, accessed on 20 February 2021). All climate
factor information is shown in Table 1.

http://data.cma.cn/
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2.2. Morphometric Analysis

Thirty seeds and leaves were randomly selected from each tree and measured using a
vernier caliper (in mm). Twelve phenotypic traits were measured on each tree (Figure 2):
leaf length (LL), leaf width (LW), leaf thickness (LT), petiole length (PL), leaf perimeter
(LP); fruit vertical diameter (FVD), fruit horizontal diameter (FHD), fruit lateral diameter
(FLD), fruit stalk length (FSL), seed vertical diameter (SVD), seed horizontal diameter (SHD)
and seed lateral diameter (SLD) [28]. Leaf thickness measurements avoided all leaf veins
and were repeated three times to obtain the average. The weight of 100 fruits (FrW) was
determined using an electronic balance. The following indexes were calculated from the
measured characteristics: fruit shape index (FVD/FHD) and seed shape index (SVD/SHD).
The complete leaf was placed on a A4 paper, covered with a transparent acrylic plate and
photographed using a Sony α6000 perpendicular to the leaf. Leaf perimeter (LP) was
calculated by Auto CAD 2020 (Autodesk, San Rafael, CA, USA).
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Figure 2. (A) Visual representation of sampled fruit and measured morphometric traits: FVD—
Fruit vertical diameter; FHD—Fruit horizontal diameter; FLD—Fruit lateral diameter. (B) Visual
representation of sampled seed and measured morphometric traits: SVD—Seed vertical diameter;
SHD—Seed horizontal diameter; SLD—Seed lateral diameter. (C) Visual representation of sampled
leaf and measured morphometric traits: LL—Leaf length; LW—Leaf width; PL—Petiole length.

2.3. Statistical Analysis

Descriptive statistics, including maximum, minimum, average value (X), standard
deviation (SD) and coefficient of variation (CV), using all the data (includes the repeated
measurements within a tree). CV was calculated as:

CV =
SD
X
× 100%

The population differentiation coefficient Vst was calculated as:

Vst =
σ2

i
σ2

i + σ2
j(i)
× 100%

where σ2
i is the variance between populations and σ2

j(i) is the variance within the popula-

tion. σ2
i and σ2

j(i) were obtained from nested ANOVA method (tree factors nested within
population factors), which used the following linear model:

Yijk = u + αi + β j(i) + e(ij)k,

where Yijk is the kth observation value of the jth tree in the ith population, u is the overall
average, αi is the random effective value of the ith population, βi(j) is the random effective
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value of the jth tree in the ith population and e(ij)k is the experimental error of the ijkth
observation value, which is the variation within trees [20,29].

In order to investigate the correlation between phenotypic traits, Pearson correlation
coefficients and statistical significance were obtained using the function ‘cor.test’ in R
version 4.1.3 [30]. Tree means of 15 traits was carried out and using the Z-score method
to standardization the data prior to Correlation analysis. Principal component analysis
(PCA) was used to condense phenotypic traits into several principal components and
exploring the continuum of trait variation. PCA was carried out using a correlation matrix
constructed from standardized (Z-score method) tree means. Using the above descriptive
statistics, principal component analysis were conducted using the R package MorphTools2
in R Version 4.1.3 [30] following the manual of Koutecký [31].

The Mantel tests and Partial Mantel tests were performed to evaluate the correlation
between multivariate differences among populations [32,33] and implemented with the R
package “Vegan” [34,35]. Dissimilarity matrices were calculated to test correlations between
geographic (latitude and longitude), climate factors (average annual temperature, average
annual precipitation, average annual humidity) and phenotypic variation (all studied leaf,
fruit and seed variables). Climate and morphometric distance matrices were assessed as the
Euclidian distances between the populations. Geographic distances were calculated as the
Euclidian distance between the population sites. The significance level was assessed after
10,000 permutations. Pearson correlation coefficients were obtained between climate factors
and PCs the function ‘cor.test’ in R version 4.1.3 at tree-level. A dendrogram of the closest
Euclidean distances on the basis of the unweighted pairgroup method using arithmetic
means (UPGMA) was constructed to check the structure between the studied populations.
The Euclidean distances was produced by the R function ‘dist’ using population means
standardized by the Z-score method, and then was subjected to a clustering procedure
(UPGMA method) using the ‘clust’ function in the R package MorphTools2.

Stepwise regression was carried out to investigate whether the climate variables could
be used as predictors of the population variation in morphological traits (here we use
the data in population level) and was conducted using the SPSS Statistic 26.0. In order
to investigate the correlation between PCs and climate factors (here we use the data in
population level), Pearson correlation coefficients and statistical significance were obtained
using the function ‘cor.test’ in R version 4.1.3 [30].

3. Results
3.1. Phenotypic Variation of Traits

The results of the performed statistical analysis are shown in Table 2. For all measured
traits, the coefficient of variation (CV) ranged from 9.7% to 49.0%, with an average of 19.7%.
The highest CV was in leaf thickness (LT) (49.0%), followed by fruit stalk length (FSL)
(24.6%), and petiole length (PL) (24.4%), and the lowest was in fruit vertical diameter (FVD)
(9.7%). The average coefficient of variation of traits was greatest in the leaves (28.2%),
followed by the fruits (16.1%), and lowest in the seed (14.7%). The results showed that
among E. ulmoides traits studied, the leaf traits were more phenotypically variable overall
than the fruit and seed traits.

3.2. Phenotypic Variation among and within Populations

The variation for the 15 phenotypic traits could be divided into 2 levels: among popu-
lations and within populations. The phenotypic traits of leaves and fruits were significantly
(p < 0.05) different within and among populations, except fruit vertical diameter (FVD),
fruit shape index (FSI), seed horizontal diameter (SHD) and seed shape index (SSI), which
were not significantly different among populations (Table 3). The mean value of the popu-
lation differentiation coefficient was 28.3%. The population differentiation for specific traits
was generally less than 50%, except for leaf perimeter (LP), fruit lateral diameter (FLD)
and seed lateral diameter (SLD). Most of the variation among trees in most traits occurs
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mainly within populations, yet there were still statistically significant differences among
populations in 11 of the 15 traits studied (Table 3).

Table 2. Summary statistics of the 15 morphological characters studied in the 117 trees of E. ulmoides
distributed in the 10 natural populations of China.

Traits Min Max Mean SD CV (%)

Leaf length (LL) (mm) 44.80 239.80 118.02 28.32 23.99
Leaf width (LW) (mm) 21.70 120.10 59.90 12.56 20.96

Leaf thickness (LT) (mm) 0.04 1.64 0.27 0.13 49.00
Petiole length (PL) (mm) 5.50 38.20 15.49 3.78 24.41
Leaf perimeter (LP) (mm) 59.20 295.30 145.10 33.10 22.81

Fruit vertical diameter (FVD) (mm) 16.15 41.36 32.22 3.13 9.72
Fruit horizontal diameter (FHD) (mm) 6.87 19.96 11.66 1.39 11.94

Fruit lateral diameter (FLD) (mm) 0.16 5.44 2.40 0.46 19.14
Fruit stalk length (FSL) (mm) 1.26 10.21 4.85 1.19 24.60

Fruit shape index (FSI) 1.35 4.79 2.79 0.31 11.03
Seed vertical diameter (SVD) (mm) 7.51 18.74 13.05 1.48 11.30

Seed horizontal diameter (SHD) (mm) 1.66 4.60 2.94 0.36 12.25
Seed lateral diameter (SLD) (mm) 0.22 2.12 1.17 0.24 20.51

Seed shape index (SSI) 2.26 7.59 4.49 0.65 14.52
100-fruit weight (FrW) (g) 4.24 13.42 8.41 1.67 19.84

Note: SD—standard deviation; Min—minimal value; Max—maximal value; CV—coefficient of variation (%).
Calculated using all the data (includes the repeated measurements within a tree).

Table 3. The proportion of variance components, population differentiation coefficients and F values
of 15 traits based on all the data (includes the repeated measurements within a tree) in 10 natural
populations of E. ulmoides in China.

Traits

Proportion of Variance Components (%)
Population

Differentiation
Coefficient (%)

F Value

Among
Populations

Among Trees
within

Populations

Within Trees
(Residual)

Among
Populations

Among Trees
within

Populations

Leaf length (LL) (mm) 9.81 21.66 68.53 31.17 4.0 *** 10.5 ***
Leaf width (LW) (mm) 16.15 25.33 58.52 38.94 5.0 *** 13.9 ***

Leaf thickness (LT) (mm) 5.88 52.94 41.18 10.00 2.4 *** 42.6 **
Petiole length (PL) (mm) 9.33 39.69 50.98 19.02 2.8 ** 23.4 **
Leaf perimeter (LP) (mm) 19.07 18.47 62.46 50.80 7.8 *** 9.9 ***

Fruit vertical diameter (FVD) (mm) 3.02 71.11 25.87 4.07 1.2 84.8
Fruit horizontal diameter (FHD) (mm) 2.19 67.04 30.77 3.17 1.5 65.2

Fruit lateral diameter (FLD) (mm) 53.75 20.16 26.09 72.73 19.9 *** 24.3 ***
Fruit stalk length (FSL) (mm) 10.55 47.29 42.15 18.25 2.6 ** 34.7 **

Fruit shape index (FSI) 12.38 51.43 36.19 19.40 1.4 42.9
Seed vertical diameter (SVD) (mm) 13.17 61.78 25.06 17.57 2.5 *** 75.8 ***

Seed horizontal diameter (SHD) (mm) 3.05 53.44 43.51 5.41 1.4 38.3
Seed lateral diameter (SLD) (mm) 37.10 22.58 40.32 62.16 14.3 *** 17.6 ***

Seed shape index (SSI) 13.42 47.62 38.96 21.99 1.9 * 38.4 *
100-fruit weight (FrW) (g) 40.10 41.49 18.41 49.15 6.7 *** 7.8 ***

Mean 16.60 42.80 40.6 28.26

* p < 0.05; ** p < 0.01; *** p < 0.001.

3.3. Correlations among the 15 Traits

The Pearson correlation coefficient was used to examine the correlations among the
15 phenotypic traits at tree means and depicted in Figure 3. All of the five leaf traits, LL,
LW, LT, PL and LP, showed highly significant and positive correlations with each other,
indicating that these five morphological traits covaried. In particular, leaf size (LL and LW)
was most strongly correlated with LP. The larger the leaf, the larger the leaf perimeter. FVD
was highly significantly and positively correlated with FHD, FLD, FSL, FSI, SVD and SHD,
indicating that fruit size and seed size were correlated. The FSL was positively correlated
with SVD but not with FSI and SSI, indicating that the longer the seed, the greater the
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proportion of seed wing. SVD was positively correlated with SHD and SSI, while SHD
was negatively correlated with SSI, with a correlation coefficient of −0.55. Overall, among
the significant correlations, most traits were positively correlated, except for the negative
correlations between FSI and FHD, SLD and LT, FSI and SHD, SHD and SSI, and FSI
and FrW.
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3.4. Principal Components and Cluster Analysis of the 15 Traits

Principal component analysis was used to summarize the among-tree variation in the
15 morphological traits into independent directions of variation (Table 4). The eigen values
of the first five principal components were greater than 1, and together these accounted
for 76.6% of the variation. The main direction of variation (PC1, 28.6%) was associated
with plant organ size, having positive weights for all traits except FSI. The second principal
component (PC2, 16.5%) represented a contrast of leaf size traits against fruit and many
seed size traits, with positive values arising from smaller leaves and larger reproductive
traits. The third principal component (PC3, 14.9%) was dominated mainly by a contrast of
seed morphology (SSI, SHD) and fruit morphology (FSI, FHD). The biplot constructed by
the first two principal components is presented in Figure 4. The continuous nature of the
tree–tree variation is evident and there is overlap between all the studied populations in
the two-dimensional space.
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Table 4. Principal component vectors, eigenvalues, contribution rate and cumulative contribution
rate of first 5 principal components based on tree means for the 15 traits.

Traits PC1 PC2 PC3 PC4 PC5

Leaf length (LL) (mm) 0.707 −0.535 0.238 −0.124 0.049
Leaf width (LW) (mm) 0.717 −0.508 0.218 −0.034 −0.011

Leaf thickness (LT) (mm) 0.163 −0.354 0.329 0.488 −0.491
Petiole length (PL) (mm) 0.207 −0.393 0.183 0.463 0.486
Leaf perimeter (LP) (mm) 0.784 −0.509 0.230 −0.115 −0.021

Fruit vertical diameter (FVD) (mm) 0.548 0.558 0.082 0.323 0.416
Fruit horizontal diameter (FHD) (mm) 0.613 0.136 −0.508 0.456 0.088

Fruit lateral diameter (FLD) (mm) 0.700 0.106 −0.097 −0.392 −0.144
Fruit stalk length (FSL) (mm) 0.535 0.190 0.072 0.043 0.214

Fruit shape index (FSI) −0.185 0.390 0.689 −0.206 0.308
Seed vertical diameter (SVD) (mm) 0.552 0.661 0.146 −0.015 −0.222

Seed horizontal diameter (SHD) (mm) 0.308 0.116 −0.727 −0.026 −0.009
Seed lateral diameter (SLD) (mm) 0.324 −0.114 −0.155 −0.692 0.222

Seed shape index (SSI) 0.228 0.467 0.751 0.009 −0.197
100-fruit weight (FrW) (g) 0.744 0.426 −0.201 0.031 −0.229

Eigen value 4.295 2.475 2.232 1.473 1.012
Contribution rate 28.636 16.500 14.877 9.822 6.746

Cumulative Contribution rate 28.636 45.136 60.013 69.835 76.581
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Figure 4. Biplot of the principal component (PC) analysis based on tree means of 15 morphometric
traits in 10 studied E. ulmoides populations. The PC means of the populations are shown in the
figure. Acronyms of populations: P1—Cljy; P2—Clylp; P3—Clgfq; P4—Cljylc; P5—Cldx; P6—Ydtms;
P7—Tyrs; P8—Hcgq; P9—Lyjjh; P10—Wxgjz.

The P9 and P10 are located in the north of China and were in colder and drier condi-
tions. As shown in Figure 4, the PC means of P9 and P10 were highly negative in PC1. It
means that their leaves, fruits and seeds are significantly smaller than other populations.
Based on the standardized population means for the 15 morphological traits, the 10 pop-
ulations could be divided into two clusters using UPGMA method (Figure 5). The first
cluster consisted of P1 to P8, and the second cluster included P9 and P10. Cluster analysis
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has a tendency to group according to geographical distance, indicating that geographical
segregation exists in E. ulmoides.
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Figure 5. Cluster relationship of the 10 E. ulmoides populations based on UPGMA method and
the 15 morphological traits. The Euclidean distance was used to define the phenotypic distance
between the studied populations (morphological data using population means and standardized by
the Z-score method). The sampled tree number of each population and population abbreviations are
shown in Table 1.

3.5. Correlations among the Morphological and Geographical or Climate Distances

The Mantel tests were performed to determine whether the observed phenotypic
variance was better associated with climate than geographic distances among the stud-
ied populations. The results identified significant correlations between the phenotypic,
geographical and climate distance matrices (Figure 6). Correlations were higher between
phenotypic and climate distance matrices (r = 0.73, p = 0.003), and slightly smaller, but
still statistically significant, correlations between phenotypic and geographical distance
matrices (r = 0.66, p = 0.009). The geographic distance is highly correlated with climate
distance (r = 0.90; p < 0.001), and the Partial Mantel test indicated that only the partial effect
of climate was significant (Table 5).
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Table 5. Effect of climate dissimilarity and geographic distance on morphological distance between
populations of E. ulmoides. Partial Mantel test was used to identify the independent effects of
geographic distance and climate.

Independent Effect of Climate Independent Effect of Geography

Morphological distance r = 0.31, p = 0.034 r = 0.16, p = 0.214

3.6. Associations among Principal Components and Climatic Factors

Figure 7 shows the correlations between all the five principal components and the
climatic factors, Average Annual Temperature (AAT), Average Annual Precipitation (AAP)
and Average Annual Humidity (AAH) at the population level. PC1, representing organ
size, was significantly and positively correlated with the three climatic factors; PC4 was
significantly and negatively correlated with AAH; PC5 was significantly and negatively
correlated with both AAT and AAP. Stepwise regression was used to examine the con-
tributions of the three climatic factors on PCs. The results showed that PC1 was mainly
determined by the AAT and AAP rather than AAH (Table 6) (Figure 7). The model of the
two variables explained 84.5% of the total variance in the PC1. In addition, PC3, PC4 and
PC5 showed relatively good predictability with climate factors. PC3 was similar to PC1,
mainly influenced by AAT and AAP, indicating that organ size and fruit shape were mainly
influenced by AAP and AAH. PC4 and PC5 were affected by AAH and AAT, respectively,
indicating that fruit plumpness was mainly influenced by AAH, and the traits closely
related to resource utilization ability, such as LT and PL, were mainly influenced by AAT.
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Table 6. Summary of multiple-regression models for predicting population-level variation in the 15
morphological traits (PCs in Figure 7).

Models

Fit Statistics

Standardized Coefficients
R2 AIC RMSE p

AAT AAH AAP

PC1 0.454 0.459 0.845 −18.05 0.36 p < 0.001
PC2 −0.226 0.456 −0.351 0.246 −18.51 0.34 p = 0.219
PC3 −0.330 0.447 0.636 −28.62 0.21 p = 0.012
PC4 −0.49 0.477 −12.71 0.48 p = 0.016
PC5 −0.453 0.626 −19.88 0.94 p = 0.003

R2 = determination coefficient; RMSE = root mean square error; AIC = Akaike information criterion.

4. Discussion

The phenotypic variation of plants is the result of the combined action of genes and the
environment over a long period of evolution [36]. The abundance of phenotypic variation
may reflect, to a certain extent, its genetic diversity. Phenotyping of traits is the most direct
method to survey and evaluate the diversity of forest germplasm resources, which is crucial
for their reasonable breeding and conservation [34]. In this study, we comprehensively
assessed the variation of 15 phenotypic traits in leaves, fruits and seeds of E. ulmoides from
10 natural populations. We also investigated the relationships between these traits and
geoclimatic factors and the effects of these factors on phenotypic variation.

The coefficient of variation (CV) reflects the amount of variation discovered in E.
ulmoides germplasm resources for each trait. In this study, for leaf traits, the mean CV was
29.23%, nearly twice as high as that for fruit and seed traits (15.48%). Besides their funda-
mental biological functions, leaves are essential for long-term adaptation, survival, and evo-
lution, which most likely result in their most abundant variation among the traits of interest
in natural populations [37–39]. The multi-site experiments on E. ulmoides also confirmed
that leaf traits had the greatest amount of variation [40]. The mean CV of leaf traits in natu-
ral populations was much higher than those in common gardens (11.41%~17.78%) [9,26]
with homogeneous environmental conditions, showing the leaf traits were more suscep-
tible to environmental factors, although this was partly due to the difference in genetic
backgrounds. For fruit and seed traits, more stable variation characteristics were observed,
in agreement with previous reports of E. ulmoides [22] and other forest tree species such
as Malania oleifera Chun et S.K. Lee [34]. Therefore, fruit and seed morphological traits
were more reliable to perform plus tree selection for the following breeding programs.
Subsequently, we will establish multi-site multi-provenance trials with open-pollinated
progeny from these trees to dissect the genetic and phenotypic plasticity for these traits
using pedigree or kinship information generated by molecular markers. In addition, from
the prospective of protection of genetic resources, it is necessary to conduct genetic diversity
evaluation in these trees with molecular techniques.

The phenotypic differentiation coefficient reflects the differentiation of the species on
traits, and a higher coefficient indicates that population differentiation is more likely to
occur. In the present study, we found that the phenotypic differentiation coefficients of
fruit lateral diameter, seed lateral diameter and 100-fruit weight were higher than other
traits. The maturation of E. ulmoides fruits and seeds reaches a plateau in close of August,
then shifts towards accumulating secondary metabolite and increasing in size, with a slow
increase in longitudinal diameter [41]. Our sampling was carried out from September
to October, and we found that fruits from later collected populations were more mature
and plumper than the earlier ones, which could partly explain most of the differentia-
tion observed between populations for fruit lateral diameter, seed lateral diameter and
100-fruit weight. In addition, previous studies using molecular markers shown that within-
population differentiation accounts for most of the total genetic variation [42–44], suggest-
ing that the traits with higher phenotypic differentiation coefficients may be susceptible
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to environmental or developmental factors, or to inaccurate measurement. Furthermore,
Mantel test results showed that the phenotypic differentiation in E. ulmoides was strongly
associated with geographic distance and, in particular, climate (Figure 6 and Table 5), which
was also supported by previous studies [45,46]. Additionally, the PCA and cluster analysis
were consistent with the results of the Mantel test. Overall, the geographical distribution
of the 15 phenotypic traits of E. ulmoides reflects, to some extent, a pattern dominated by
latitudinal changes, demonstrating the influence of latitude on the traits’ distribution. With
increasing latitude, temperature and precipitation decreased, and the size of leaves, fruits
and seeds in E. ulmoides tended to become smaller. These results highlight the importance of
considering temperature and precipitation when introducing E. ulmoides into new regions,
especially in northern China.

Based on the results of this research and the current situation of indiscriminate de-
forestation in E. ulmoides resources, the following strategies are proposed for its plus tree
selection, protection and management: (1) the trait with higher CV and lower phenotypic
differentiation coefficient is more reliable to use as a selection target; (2) it is crucial to
minimize human activity to preserve current resources and habitats; (3) establishing natural
reserves and ex situ germplasm conservation through artificial propagation are advisable.

5. Conclusions

The leaves, fruits and seeds of natural populations of E. ulmoides were highly signif-
icantly different between and within populations, with abundant phenotypic diversity.
The fruit traits were more stable than the leaf traits. Most of the phenotypic variation
among trees of E. ulmoides occurred within populations. Therefore, when collecting and
preserving germplasm resources, representative populations should be selected and the
sample size should be increased, in order to ensure that the collected and preserved sample
populations have sufficient genetic variation. In the cluster analysis, two populations of
northern E. ulmoides with similar geographical environment (low temperature and dry envi-
ronment) and phenotypic traits were clustered into one group, which is consistent with the
objective rule that the same species has similar phenotypes in similar environments. Corre-
lation and cluster analyses showed that geographical environment and climatic conditions
were important factors influencing phenotypic variation in E. ulmoides, with mean annual
temperature and mean annual precipitation being the dominant factors. Populations of
E. ulmoides growing under the harsh climatic conditions of low temperature and drought
had smaller leaves, fruits and seeds than other populations, but these conditions may facili-
tate the biosynthesis and accumulation of plant secondary metabolites. In future research,
we should systematically reveal the genetic basis of the phenotypic variation among and
within natural populations of E. ulmoides using common garden trials in combination with
molecular biology techniques. Such information is required to advance the study of genetic
diversity of E.ulmoides and the conservation, evaluation and utilization of its germplasm
resources.
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