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Abstract

Stomata are important indexes in studies of plant origin, evolution, and classification and
are important organs in plant phylogenetic relationship studies. Nine Aleurites montana
provenances were used in this study to examine stomatal density, stomatal area, stomatal
perimeter, long axis length, and short axis length. The correlation and cluster analyses were
conducted among the morphological parameters of the pores. The results showed that
there were significant differences in different A. Montana provenances in terms of stomatal
morphology parameters. The average stomatal density, stomatal area, stomatal perimeter,
stomatal long axis length, and stomatal short axis length of each provenance was between
224.16-307.10 stomata/mm?, 80.42-99.76 um, 36.39-41.32 um, 15.89-18.44 um, and
6.53-7.46 um, respectively, and the coefficient of variation was between 9.18%—20.15%,
17.57%—33.77%, 9.31%—18.79%, 9.71%—18.48%, and 10.26%—-21.57%, respectively. Cor-
relation analysis shows that there was a significant negative correlation between stomatal
density and stomatal shape parameters (stomatal area, stomatal perimeter, stomatal long
axis, stomatal short axis) and there was a significant positive correlation between stomatal
parameters. There was no significant correlation between geographical environment factors
and stomatal characteristics. There is a close relationship between stomatal morphology
and stomatal conductance whereby dense small stomata can quickly adapt to changes in
the environment; considering the characteristics A. montana stomata in terms of stomatal
stability and ability to adapt to the environment, the Jianyang, Zhenghe, Fuding, Shaxian
provenances were identified as being more suitable for planting at different sites. This study
provides a theoretical basis for the genetic improvement and breeding of high quality A.
montana provenances.

Introduction

Stomata are the main channels for plants to exchange water and gas with the environment
within the main photosynthetic organs and are closely correlated with plant physiological
activities such as photosynthesis, respiration, and transpiration [1,2]. Stomata are easily
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affected by external environmental conditions. The micromorphological characteristics of
plant leaves have been commonly used for plant classification [3,4]. Leaf stomata in different
plants possess significantly different characteristics such as density, size, and shape [5]; stomata
in plants from the same genus or from different germplasm resources of the same species also
differ [6,7]. Plant epidermis stomata characteristics represent an important area in plant germ-
plasm resource diversity studies. Stomata are important organs in plant phylogenetic relation-
ship studies and their characteristics are important indexes in studies of plant origin,
evolution, and classification [8,9,10].

Aleurites montana is a genus of deciduous trees in the Euphorbiaceae. As a native tree spe-
cies with high economic value, A. montana has been cultivated for more than 1000 years in
southern parts of China, with cultivation mainly distributed in Guangdong, Guangxi, Fujian,
Jiangxi, Zhejiang, Taiwan, Yunnan, and Guizhou provinces [11]. The straight trunk of A. mon-
tana makes it a satisfactory building and furniture production material. Furthermore, A. mon-
tana is also a good material for edible fungi cultivation. Dry seeds of A. montana contain 60—
70% oil; this tung oil is a promising raw material for new environmental chemical products
and could be used in areas such as agriculture, industry, fishery, medicine, and military, and as
a promising biological substitute for diesel [12,13]. Thus, regional A. montana provenance
tests have been conducted by our group since 2008 [14,15].

Studies on A. montana mainly focused on seedling growth, seedling physiological indexes,
and exploration and utilization of biological resources. Studies comparing A. montana from
different regions have previously focused on leaf characteristics and chlorophyll fluorescence
[14,15]. Studies of stomatal characteristics in different provenances have not, however, previ-
ously been reported. In this study, the characteristics of foliar surfaces were examined in nine
A. montana provenances from Fujian Province using a stereo microscope. Stomatal character-
istic differences were analyzed and cluster analysis was conducted in the nine A. montana
provenances to provide a basis for A. montana resource utilization.

Materials and methods
Test areas

Nine A. montana provenances were used with seeds selected from Fu’an, Fuding, Jiaocheng,
Putian, Shaxian, Shunchang, Youxi, Jianyang, and Zhenghe in 2008 used to generate seedlings
(Table 1). For provenance tests, one-year-old seedlings were planted in the Jiaoxi forest farm
(Jianyang) that is located in the northwest of Fujian Province and south Wuyi Mount at the
geographic coordinates 118°21°35"E and 27°06'20"N. Located in the subtropical monsoon cli-
mate zone, the annual temperature difference of this test field is small, with higher tempera-
tures and more precipitation during summer and a generally warm and humid climate during
autumn and winter. The test area is heavily forested with a variety of plants.

Material collection and analysis

Sampling plots and material collection. Provenance tests were conducted in random
blocks; a total of 12 blocks were set with each block consisting of nine minor blocks of 100 m”
that contained 25 A. montana from each provenance, respectively, and were separated by isola-
tion belts [16]. A. montana leaves from different provenances were collected in late September
2017. Three normally growing sample plants from each provenance were selected and three
pieces of healthy mature leaves on the lower part of newly grown branches were collected from
each plant. Five replicates were taken for each sample. In total, 45 leaves were collected for
each provenance and the collected leaves were preserved immediately in formalin-acetic acid-
alcohol (FFA) fixative solution.
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Table 1. Site information for Aleurites montana provenances.

Species
FA
FD
JC
PT
SX
SC
YX
JY
ZH

Longitude Latitude Rainfall/ml Temperature/°C
119.43 26.83 1646.3 19.3
120.01 26.89 1661.6 18.5
119.15 26.46 1949.1 19.8
119.25 25.78 1523.2 20.2
117.84 26.39 1657.7 19.1
117.75 26.81 1691.4 18.5
118.15 26.14 1603.6 18.9
118.15 27.04 1696.5 18.1
118.94 27.36 1624.3 18.3

FA-Fuan, FD-Fuding, JC-Jiaocheng, PT-Putian, SX-Shaxian, SC-Shunchang, YX-Youxi, JY-Jianyang, ZH-Zhenghe.

https://doi.org/10.1371/journal.pone.0208899.t001

Stomata slice making. For the same plants, leaf stomata characteristics such as density
and size were determined. These factors are known to be affected by maturity of the leaf
[17,18,19], leaf position in plant [20,21], and stoma position in leaf [22]. Therefore, leaves of
similar size and maturity were used to avoid experimental errors. Leaves were removed from
the FAA fixative solution and washed using distilled water. Small leaf segments were then
taken from the middle part of these leaves near the vein (adaxial sides) and placed in 20%
sodium hypochlorite solution for segregation. After turning translucent, leaf segments were
removed from the segregation solution, washed on slides, and their epidermis was isolated.
The isolated epidermis was stained by sarranine for 1 min, washed with distilled water, and
then sealed using neutral balsam.

Stomata observation. Slides were observed using a stereomicroscope (Nikon SMZ18)
and the stomatal characteristics were analyzed and pictured using NIS Element 7.0. The mea-
sured stomatal indexes included density, area, perimeter, long axis length, and short axis
length. For each provenance, 10 slides were selected and three random pictures were obtained
from each slide. Next, the area, perimeter, long axis length, and short axis length of 7-10 ran-
domly selected stomata were measured in each picture. The number of stomata in each picture
was counted and the area of each picture was measured using Image-Pro Plus to calculate the
stomatal density. Stomatal characteristics are shown in Fig 1.

Data analysis. Data were processed using Excel 2016 and the variance analysis, correla-
tion analysis, and cluster analysis of featured indexes of stomata were conducted using
SPSS19.0. In order to further cluster provenances based on stomata density, multidimensional
scaling of different A. montana stomatal characteristic parameters was done using Hierarchical
Cluster Analysis Between Groups Linkage available in SPSS. In this method Euclidean dis-
tance, which was set to 5, was used to create a dissimilarity matrix.

Results and analysis
Characteristic analysis of stomata and stomatal apparatus

Microscopic observation of stoma morphology in different A. montana provenances is shown
in Fig 1. In terms of stoma distribution, leaf stomata in all nine A. montana provenances were
irregularly arranged with no fixed direction, stomata occurred infrequently in veins, and
stoma distribution was sparser on both sides of veins when compared with other areas.
Regarding stoma morphology, leaf stomata in all nine A. montana provenances were long and
oval shaped with obvious sinks. Ridges could be observed through the stoma, with stoma
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Fig 1. Leaf epidermis stomatal morphology for nine A. montana provenances. FA-Fuan, FD-Fuding, JC-Jiaocheng, PT-Putian, SX-Shaxian,
SC-Shunchang, YX-Youxi, JY-Jianyang, ZH-Zhenghe.

https://doi.org/10.1371/journal.pone.0208899.g001

ridges of stomata from different provenances or of different openness found to be different.
Stomata and epidermal cells were in the same plane. Guard cells were regularly arranged, kid-
ney-shaped, arranged symmetrically on both sides of stomata, and protruded relative to epi-
dermal cells; the thickness of guard cell inner walls also differed. Finally, in terms of stomatal
apparatus characteristics, oval stomatal apparatus were irregularly arranged and were sur-
rounded by 3-5 epidermal cells. Epidermal cells were mainly long quadrilateral shapes with
wave-like bending anticlinal walls; epidermal cell anticlinal walls were more obviously bent in
Jiaocheng, Jianyang, and Zhenghe provenances.

Analysis of stoma morphological parameters

Analysis results (Table 2) showed that the stomatal densities of tested provenances ranged
from 224.16-307.10 stomata per mm?, with Jianyang provenance showing the highest density
followed by Zhenghe provenance, and Jiaocheng provenance showing the lowest density.
Meanwhile, stomatal densities differed significantly between Jiaocheng, Putian, Youxi, Jia-
nyang, and Zhenghe provenances (P<0.05), with Jiaocheng provenance showing the highest
variation coefficient of 20.15%. Stomatal densities of tested provenances differed significantly
(P<0.05).
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Table 2. Comparison of average and coefficient of variation (CV) stoma parameters of A. montana leaves.

Species Density

Average/mm”
FA 282.43+30.12b
FD 266.21+25.44b
JC 224.16+45.17a
PT 276.40£26.73b
SX 303.01+37.52¢
SC 281.68+37.61bc
YX 264.66+26.63b
JY 307.10+29.97¢
ZH 303.43+27.86¢

https://doi.org/10.1371/journal.pone.0208899.t002

Area Perimeter Long Axis Short Axis Average CV/%
CV/% | Average/um® | CV/% | Average/um | CV/% | Average/um | CV/% | Average/um | CV/%
10.66 99.03+28.25d 28.79 41.32+5.36f 12.97 18.44+2.30d 12.49 7.46+1.29d 17.38 16.46
9.55 89.90+17.69¢c 19.68 39.21+3.78d 9.63 17.48+1.71b 9.78 7.23+0.92cd 12.71 12.27
20.15 97.18+29.70d 30.56 | 40.53£6.07ef | 14.98 | 18.05%2.69cd 14.9 7.36+1.28d 17.45 19.6
9.67 98.88+33.39d 33.77 | 39.96+7.51de | 18.79 | 17.53+3.24bc | 18.48 7.39%1.59d 21.57 20.46
12.38 | 83.08£16.95ab 20.4 37.024#3.78ab | 10.21 16.28+1.69a 10.41 6.90+0.85b 12.35 13.15
13.35 99.76+26.46d 26.52 | 41.06£5.27ef | 12.83 18.21+2.34d 12.85 7.35+1.05d 14.28 15.97
10.06 90.38+19.26¢ 21.31 | 39.07£4.05cd | 10.37 17.30+1.81b 10.48 7.07+0.85bc 12.07 12.86
9.76 88.44+19.73bc | 22.31 | 37.84+4.34bc | 11.47 16.46+1.96a 11.88 7.03+0.84bc 11.95 13.47
9.18 80.42+14.13a 17.57 36.39+3.39a 9.31 15.89+1.54a 9.71 6.53£0.67a 10.26 11.21

Average stomatal area of the tested provenances was 91.83 mm?. Shunchang provenance
showed the largest stomatal area of 99.76 mm” with a variation coefficient of 26.52% while
Zhenghe provenance showed the smallest stomatal area of 80.42 mm” with a variation coeffi-
cient of 17.57%. The stomatal areas of Fu’an, Jiaocheng, Putian, and Shunchang provenances
differed only slightly.

Ranging from 36.39 to 41.3 pm, stomatal perimeters differed significantly between tested
provenances (P<0.05). Fu’an and Zhenghe provenances showed the largest and smallest sto-
matal perimeters, respectively, while Fuding and Youxi provenances showed similar stomatal
perimeters of 39.21 and 39.07 um, respectively. Putian and Zhenghe provenances showed the
largest and smallest variation coefficients of 18.79% and 9.31%, respectively.

In tested provenances, Fu’an provenance showed the longest long and short axis lengths,
which were 18.44 and 7.46 um, respectively while Zhenghe provenance showed the shortest
long and short axis lengths, which were 15.89 and 6.53 pm, respectively. The variation coeffi-
cients of stomatal long axis ranged from 9.71-18.48% and the variation coefficients of stomatal
short axis ranged from 10.26-21.57%.

Correlation analysis of stomatal characteristic parameters

The correlation analysis of leaf stomatal characteristic parameters in different A. montana
provenances is shown in Table 3. Pearson correlation analysis of leaf stomatal characteristic
parameters (density, area, perimeter, long axis, and short axis) in nine A. montana prove-
nances showed that leaf stomatal density was significantly negatively correlated with stomatal
area, perimeter, long axis length, and short axis length (P<0.01); that stomatal area was signifi-
cantly positively correlated with stomatal perimeter and long axis length (P<0.01); and that
stomatal long axis length was significantly positively correlated with stomatal short axis length
(P<0.01).

Table 3. Correlation analysis of stoma parameter of A. Montana leaves.

https://doi.org/10.1371/journal.pone.0208899.t003

Parameter

Density
Area
Perimeter
Long
Short

Density
1
-0.301**
-0.348**
-0.388**
-0.262**

Correlation coefficient between various characteristic parameters

Area Perimeter Long Axis Short Axis
1
0.960"* 1
0.912** 0.987** 1
0.927* 0.831** 0.754*" 1
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FA

SC

PT

FD

YX

Provenance

SX

ZH

JY

JC

Cluster analysis based on stomatal characteristic parameters

Taking five A. montana stomatal characteristic parameters as variables, cluster analysis was
conducted for nine different A. montana provenances using the method of Hierarchical Clus-
ter Analysis Between Groups Linkage (Fig 2). Results showed that, when Euclidean distance
was set to 5, nine A. montana provenances could be classified into four groups. The first
group, which included Fu’an, Shunchang, and Putian provenances, had similar average leaf
stomatal densities, areas, and perimeters (276.40-282.43 per mm?, 98.88-99.76 um’, and
39.96-41.32 um, respectively), representing medium densities and large areas and perimeters.
The second group, which included Fuding and Youxi provenances, had low stomatal densities
ranging from 264.66 to 266.21 per mm?, and medium areas and perimeters. The third group,
which included Jianyang, Zhenghe, and Shaxian provenances, had the smallest stomatal areas
and perimeters (80.49-88.44 pm and 36.39-37.84 um, respectively) and the highest densities
(303.01-307.10 per mm?). With the lowest stomatal density (224.16 per mm?) and relatively
high other parameters, Jiaocheng alone comprised the fourth group.

Discussion and conclusions

Many factors modulate foliar stomata including abiotic factors such as temperature, moisture,
radiation, carbon dioxide in the atmosphere and humidity and nutrient in the soil, as well as

Euclidean distance

0 5 10 15 20 25
I | | | | |

Fig 2. Cluster analysis of nine kinds of A. montana based on stomata parameters.

https://doi.org/10.1371/journal.pone.0208899.9002
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plants’ morphological and anatomical factors such as foliar architecture and position, plants’
photosynthetic and transpiration traits [23,24,25,26,27]. In our study, different A. montana
provenances were planted in the same site to reduce environmental variation. Also, leaves
from generally the same position of the plants were sampled and stomata distributing in con-
sistent areas of adaxial sides were examined to reduce sampling errors. It’s true that the relative
positions might still slightly differ because of the individual morphological differences in
plants and leaves, however, the difference was minor.

Significant differences existed in stomatal characteristic parameters from different A. mon-
tana provenances, consistent with conclusions drawn by Shanna Wen et al. regarding Manglie-
tia conifer Dandy leaf micromorphological characteristics (stomatal density, area, width, and
length) [28]. Yanhua Zhu et al. found that growth environment significantly affected micro-
morphological features of plant leaves [29], suggesting that the stomatal characteristic parame-
ter differences between different A. montana provenances might be affected by both genetic
variation and environmental factors. A study by Rongbo Jiang showed that the wider a tree
species was distributed, the bigger their genetic variation was, as well as their phenotypic and
physiological differences. Furthermore, genetic variation was closely correlated with the com-
plexity of their growth environment [30]. In this study, the variation coefficients of the leaf sto-
mata of different A. montana provenances differed significantly, with a comparison of the
average variation coefficient of each characteristic showing that the Putian provenance had the
highest average stomatal characteristic variation coefficient of 20.46% and the Zhenghe prove-
nance the lowest coefficient of 11.21%. These indicated that different provenances of the same
plant species had different stomatal adaptability under the same growth environment. In
terms of environmental changes, low variability means the plant has stronger self-regulation
and environmental adaptability and better leaf stomata density stability. The Zhenghe, Fuding,
Youxi, Shaxian, and Jianyang provenances, therefore, possessed better stomatal density stabili-
ties that might be associated with genetic factors.

Casson [31] showed that stomatal density and size directly affected the transpiration and
photosynthesis rates of plant leaves and that the key factors associated with plant environmen-
tal adaption were two contradictory characteristics; the adjustment of stomatal movement and
optimization of stomatal density and size. Thus, correlation analysis of stomatal characteristics
was of great importance. According to several studies, stomatal area, perimeter, long axis
length, and short axis length are closely related to stomatal density. Observation of wheat leaf
stomata by Weiyue Chen[32] showed that leaf stomatal density was significantly negatively
correlated with the stomatal long axis and short axis length. In this study, consistent with other
reports, stomatal density was significantly negatively correlated with stomatal perimeter, area,
long axis length, and short axis length.

Comparison of five stomatal characteristics (stomatal density, area, perimeter, long axis
length, and short axis length) in leaves of nine different A. montana provenances and cluster
analysis based on those characteristic parameters showed that, when the Euclidean distance
was set to 5, these nine A. montana provenances could be classified into four groups. Most had
high stomatal densities that were generally accompanied by smaller stomatal sizes. In terms of
environmental changes, smaller stomata had shorter reaction times and faster open/close
times compared with larger ones, meaning that the combination of high density and small
size improved the stomatal conductance under benign environments and optimized the CO,
diffusion rate to decrease the stomatal conductance under adverse environments [33,34]. This
indicated that most A. montana provenances had strong environmental adaptabilities, in par-
ticular, the Jianyang, Zhenghe, and Shaxian provenances.

To summarize, analysis of stomata showed the A. montana, Jianyang, Zhenghe, Fuding,
and Shaxian provenances were better transplant choices when considering their stomatal
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stabilities and stomatal environmental adaptabilities, thereby facilitating the selection of better
A. montana provenances. Currently, there is no information about the effect of stomatal fea-
tures on some other foliar functional traits such as photosynthesis, water balance, and con-
struction cost. This might be a future challenge.
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