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Relationship between distribution of snags and canopy structure
of subtropical evergreen broad-leaved forest

ZHANG Lu JING Xiaoli SU Zhiyao CAI Linying ZHANG Xingyuan
( College of Forestry and Landscape Architecture South China Agricultural University Guangzhou Guangdong 510642 China)

Abstract: Forest canopy structure effects understory environment factors and then affects tree growing. Base on plot survey and
hemispherical photography technology the abundance diameter at breast height( DBH) distribution of snag and its controlling
factors were studied to explore the formation and maintenance mechanism of community biodiversity of subtropical evergreen
broaddeaved forest in the 10 hm”permanent plot. The result showed that the snags mainly consist of small trees which the DBH and
height were relatively small. Abundance of snags decreased with increasing canopy openness ( CO)  transmitted total light ( Ttot)
transmitted diffused light ( Tdif) and transmitted direct light ( Tdir) while DBH of snags increased with increasing CO Tiot and
Tdir. Understory light played an important role in the formation of snags. The snags prefer to cluster together under the habitat with
weak understory light and small CO. The abundance and DBH of snags were affected by Tdir while the distribution of snags were
closely related to Tdif and Ttot.

Key words: snag; understory light; hemispherical photography; canonical correspondence analysis; canopy layer

1

4 5
1
23°44- ~23°537 115°04"~115°097,
1 2017-06-22 1 2017-09-18
(2015A030313403) ; (2017KJCX037)
(1973 -) o Email: zhanglu@ scau.edu.cn.

60



o65.

21.1 C

( Hemsl.) Hay. .

( Schima superba Gardn. et Champ.) .

2 142.6 mm

o Castanopsis carlesii

( Castanopsis fargesii Franch.) |

Cunninghamia lanceolata ( Lamb.) Hook. . ( Itea chinensis Hook. et Arn.) .,
2
2.1
10 hm’ ( Nikon DTM-310 ) 250 20 m x 20 m
4 10mx10m o
=2 cm =13 m 7 N N N
2.2
( Nikon 4500 CoolPix )
( Nikkor FCES 183° ) 1.2~1.5m
Fisheyel
. (2272 x 1704 ) IPEG (
1:4) 1 000 .
2.3
Sidelook
GLA2.0 0
GLA2.0 : ( canopy openness CO) . ( leaf area
index LAI) | ( transmitted direct light Tdir) . ( transmitted diffused light Tdif)
( transmitted total light Ttot) o ( importance value 1V) IV=A, +F, + P, o
DA O v Py o
Statistica 8.0 N N
Kruskal -Wallis . 2
( ) 5
( ) o CANOCO 4.5
3
3.1
10 hm? 1 480 1 080 400 .
63 54 33 3 3 3 30 51 60 o
47 74.6%; 16 25.4% o
( Lauraceae) 6 8 ( Theaceae)
( Fagaceae) 4 5 1 4 ( Leguminosae) . ( Apocynaceae) ( Rubiaceae)
3 3 . ( Castanopsis chinensis Hance) 52.58
(G

(6.06£0.17) cm  (4.930.09) m.

61



° 66 ° 38

1

Table 1  Quantitative characteristic of dominant species of snags in subtropical evergreen broaddeaved forest

Species DBH/cm Height/m Abundance ~ Number of plot Important value
Castanopsis chinensis 8.80+0.43 5.78+0.24 277 195 52.58
Schima superba 9.08+1.67 4.40+0.31 72 58 17.05
Cunninghamia lanceolata 7.07+0.54 6.19+0.39 82 57 16.55
Cinnamomum porrectum ( Roxb.) Kosterm. 6.33+0.70 5.63+0.41 63 54 14.04
Pinus massoniana Lamb. 15.55+3.55 8.82+1.26 11 9 11.74
Sapium discolor ( Champ. ex Benth.) Muell. Arg 15.46+4.31 9.96+1.44 8 8 11.22
Machilus chinensis ( Champ. ex Benth.) Hemsl. 5.16+0.48 4.57+0.32 53 41 10.98
Camellia oleifera Abel. 2.50+0.06 2.88+0.15 68 30 10.22
Ziziphus jujube Mill 15.60 24.00 1 1 9.89
Castanopsis fargesii 9.27+1.68 6.19+0.69 35 22 9.35
4.45+0.37 3.18+0.09 410 342 136.38
5.07+0.28 3.66+0.18 400 233 -
3.2
N N o Kruskal-Wallis
( P<0.05) .
. (1.
O ${# 75l Numerical range [ JEZ#¥{H Non-outlier o ZS#¥{H Outlier
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( P<0.05) . Note: different small letters indicate significant difference at 0.05 level.
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Figure 1  Snag abundance in different canopy structure parameters
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Figure 2 Diameter at breast height of snag in different canopy structure parameters
34
( P<0.05)
( 2. 4 ( P<0.05) .
2
Table 2 Weighted correlation matrix of axis
Paramter TAxis 1 2Axis 2 3Axis 3 4Axis 4
Eigenvalue 0.163 0.089 0.046 0.035
- Species-environment correlation 0.513 0.379 0.286 0.248
. . . . 0.5 0.8 1.0 1.1
Cumulative percentage variance of species data
o , . . 48.9 75.5 89.4 100.0
Cumulative percentage variance of species-environment relation
Sum of all canonical eigenvalues 30.999
Sum of all eigenvalues 0.333
P P-value of first canonical axis 0.024
P P—alue of all canonical axes 0.020
( 3
o 3
. (CACH) . ( SADI) . ( DAHA) . ( FIVA) ( CAHY)
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o ( CRCH) . ( HOCO) 1

42 Axis 2

=
L
:

08 06 -04 -02 0 02 04 06 08 10
$1 Axis 1

ACLA. Actinidia latifolia ( Gardn. & Champ.) Merr.; GNPA. Gnetum parvifolium ( Warb.) C. Y. Cheng ex Chun; ADMI. Adinandra
millettii ( Hook. et Arn.) Benth. et Hook. f. ex Hance; HOCO. Homalium cochinchinense ( Lour.) Druce; AICA. Aidia canthioides ( Champ. ex Benth.)
Masam.; ILPU. llex pubescens Hook. et Am.; ALSC. Alstonia scholaris ( L.) R. Br.; ITCH. Itea chinensis Hook. et Am.; ARQU. Ardisia
quinquegona Bl.; IXCH. Ixonanthes chinensis Champ.; BETS. Beilschmiedia tsangii Merr.; LICO. Lindera communis Hemsl.; BRFO.
Bridelia fordii Hemsl.; LICR. Litsea coreana Levl.; CABA. Casearia balansae Gagn.; LIFO. Liquidambar formosana Hance; CACA. Carya
cathayensis Sarg. Pl. Wils.; LIRO. Litsea rotundifolia Hemsl.; CACH.  Castanopsis chinensis Hance; LOCH. Loropetalum chinense ( R. Br.) Oliver;
CAFA. Castanopsis fargesii Franch; MACH. Machilus chinensis ( Champ. ex Benth.) Hemsl.; CAHY. Castanopsis hystrix Miq.; MAVE.
Machilus velutina Champ. ex Benth.; CAKA. Castanopsis kawakamii Hay.; ORSE. Ormosia semicastrata Hance; CAOL. Camellia oleifera Abel.;
0SCO. Osmanthus cooperi Hemsl.; CETE. Cephalanthus tetrandrus ( Roxb.) Ridsd. et Bakh. f.; PHPR. Photinia prunifolia ( Hook. et Arn.)
Lindl.; CHAX. Choerospondias axillaris ( Roxb.) Burtt et Hill.; PICL. Pithecellobium clypearia ( Jack) Benth.; CIPO. Cinnamomum, porrectum
( Roxb.) Kosterm.; PIMA. Pinus massoniana Lamb.; CRCH. Cryptocarya chinensis ( Hance) Hemsl.; PTHE. Pterospermum  heterophyllum
Hance; CRCO. Cratoxylum cochinchinense ( Lour.) Bl.; PYCA. Pyrus calleryana Dcne. var. calleryana; CULA. Cunninghamia lanceolata ( Lamb.)
Hook.; RHEU. Rhododendron eudoxum Balf. f. et Forrest; DACA. Daphniphyllum calycinum Benth.; SADI. Sapium discolor ( Champ. ex
Benth.) Muell. Arg.; DAHA. Dalbergia hancei Benth.; SCSU. Schima superba Gardn. et Champ.; DAOL. Daphniphyllum oldhami ( Hemsl.)
Rosenth.; STDI. Strophanthus divaricatus ( Lour.) Hook. et Arn.; DIKA.  Diospyros kaki Thunb.; STOD. Styrax odoratissimus Champ.; DIMO.

Diospyros morrisiana Hance; STSU. Styrax suberifolius Hook. et Am.; ECRO. Ecdysanthera rosea Hook. et Am.; SYGR. Syzygium
grijsii ( Hance) Merr. et Perry; ELCH. Elaeocarpus chinensis ( Gardn. et Chanp.) Hook. f. ex Benth.; TAMO. Tarenna mollissima ( Hook. et Arn.)
Rob.; EMRU. Embelia rudis Hand. Mazz; TOSY. Toxicodendron sylvestre ( Sieb. et Zucc.) O. Kuntze; ENRO. Engelhardiia roxburghiana
Wall. Pl As. Rar.; TUMO. Turpinia Montana ( Bl.) Kurz. var. montana; EUAC. Eurya acuminatissima Merr. et Chun; VINE. Vitex negundo L.;
EVLE. Evodia lepta ( Spreng.) Merr.; ZIJU. Ziziphus jujube Mill.; FIVA. Ficus variolosa Lindl. ex Benth. .

3

Figure 3 Canonical correspondence analysis between snags and canopy structure parameters
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RHODODENDRONS IN THE SOUTHERN SLOPE OF THE
NANLING MOUNTAINS, SOUTH CHINA

LU ZHANG", DING MA, XIAO-LI JING AND ZHI-YAO SU

College of Forestry and Landscape Architecture, South China Agricultural University, Guangzhou 510642, China
“Corresponding author’s e-mail: zhanglu@scau.edu.cn

Abstract

Rhododendrons, one of the traditional flowering plants in China and overseas, are famous for their beautiful flowers.
However, only a few indigenous Rhododendron plants are used for landscaping in China. To determine the ecological role of
distribution of Rhododendrons, and analyse whether and how major topographic factors influence the distribution and
growth of indigenous Rhododendrons, a total of one hundred and two plots (10 m x 10 m, 100 m?) were laid out in the
southern slope of the Nanling Mountains, South China (700-1900 m a.s.l.). We found that the topography affecting the
Rhododendron species, i.e., Rhododendron simiarum, R. cavaleriei, R. bachii, R. championae, R. kwangtungense R. fortune,
R. chunii., and there are different patterns among species. The richness and abundance of the seven indigenous
Rhododendrons depaned on topographical gradient, greater higher elevation, intermediate slope steepness, convex slopes
and shady aspect. By contrast, sunny habitats and habitat at low positions in the slope had fewer rhododendron plants. Non—
parametric Kruskal-Wallis test and canonical correspondence analysis showed that altitude, position in the slope, slope
shape and slope aspect had significant effects on the total abundance of Rhododendrons (p<0.05) compared with slope
steepness. Indicator species analysis identified were indicative of altitude (four species), slope aspect (one species), position
in the slope (one species), and slope shape (two species), respectively. The spatial heterogeneity of indigenous
Rhododendron plants to topographic factors has significant implications for species conservation and potential for use in

landscaping.

Key words: Indigenous Rhododendrons, Indicator species, Topographic, Landscaping.

Introduction

Determination of the environmental gradients that
influence species richness, composition and biomass of
plant communities is one of the most important issues in
ecology (Korner, 2007). Topography is one of the most
important factors affecting the tree growth performance
(Sattler et al., 2014) and distribution of trees in
mountainous forests (Enoki, 2003), which also has been
proven to be a strong regional predictor of above ground
biomass accumulation in tropical forests (Alves et al.,
2010). The availability of accurate topographic information
at different spatial scales is a limiting factor for relating to
forest productivity (Laamrani et al., 2014), and as a driver
of cryptic speciation (Britton et al., 2014).

Ericaceae are widely distributed in temperate and
subarctic regions, also at high elevations in tropical regions.
There were 22 genera and 826 species (524 endemic) have
been found in China (Fang, 2005). The genus
Rhododendron is the largest genus of Ericaceae that are
widely spread in Asia, Europe, and North America. Sino-
Himalaya Region is the largest centre of distribution for
modern Rhododendron (Min & Fang, 1979). George
Forrest collected large numbers of living and herbarium
specimens of hitherto unknown species in Yunnan, China,
to introduce to the western world (Geng, 2010). The
genetic relationships among Rhododendron species were
partially related to their taxonomic position, geographic
distribution and morphological classification (Zhao et al.,
2015). Tree Rhododendron adapts to a wide range of
habitats with different environmental conditions (Ranjitkar
et al, 2013). However, Rhododendron plants, are also
serious invasive alien plants, can inhibit forest regeneration
in several systems worldwide (Wurzburger & Hendrick,
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2007). Using invasive shrub rhododendron as a case study,
Harris et al., (2011) integrated information on both the
demographics and spatial dynamics within an individual—
based, spatially—explicit model to investigate the invasion
potential of shrub Rhododendrons in different habitats.
Moreover, Rhododendron toxins was degraded during
composting (Hough et al., 2010). Rhododendrons are
increasingly recognized as a keystone element in the
Himalayan region, which provides the ecological stability,
associated niche and community continuum (Singh et al.,
2009). Biodiversity conservation was recognised as a
globally serious subject at the United Nations Conference
on Environment and Development Earth Summit in June
1992 in Rio de Janeiro, Brazil (Hsu et al., 2013).
Biodiversity has become a major concern in landscape
planning in the recent years (Morimoto & Yoshida, 2005).
Hybrid Rhododendron plants, such as Rhododendron
pulchrum, Rhododendron pulchrum var. phoeniceum, and
Rhododendron simsii, are widely applied in parks,
residential areas and street—side green spaces in China, with
versatile application patterns presenting excellent landscape
effects. However, indigenous Rhododendron plants are
seldom applied in landscaping in China.

The spatial distribution of high—elevation tropical
forest patches is controlled by landscape—scale topographic
characters (Coblentz & Keating, 2008). Topography can
significantly alter microclimates and resource availability
(Simonson et al., 2014). Moreover, community—scale
topographic factors, which also have great impact on
species composition and diversity patterns of forest
communities (Palmer & Dixon, 1990), significantly
influence the distribution of understory species in the
Nanling Mountains, with the magnitude of influence in the
following order: elevation > slope aspect > slope steepness
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(Ou et al., 2009). The distribution of species play a key
ecological role in forest communities. Understanding the
relationship between topographic factors and species
patterns is important for forest conservation and sustainable
management.

In this study, we analyzed the ecological relationships
between the distribution of Rhododendron plants and five
topographic factors in the southern slope of the Nanling
Mountains. The objectives of this study were to: 1) to
reveal whether the topography affect the richness and
abundance of Rhododendron species; 2) to ascertain the
major topographic factors influence the distribution of
indigenous Rhododendron; and 3) to determine whether
the abundance of each species of Rhododendron vary in
topographical gradient or not?.

Materials and Methods

Study area: The Nanling mountain (24°37-24°57'N,
112°30"-113°04'E) range is located in southern China,
straddling from west to east across the borders of Guangxi,
Guangdong, Hunan, and Jiangxi provinces for more than
1000 km. It is a natural dividing line in southern China
that separates the Yangtze River from the Zhujiang River.
The Nanling National Nature Reserve, the largest Nature
Reserve in Guangdong province (58400 ha), is located in
the southern slope of the Nanling Mountains, with rugged
topography and altitude ranging from 300 m to 1902 m at
the summit of Shikengkong in Ruyang. On the average,
annual temperature is 17.7 C, annual relative humidity is
84%, and annual precipitation is 1705 mm mainly
occurring between March and August. The Nanling
Mountains are the refugium of ancient tropical flora and
the origin and key belts of temperate and subtropical
plants in East Asia. A huge reservoir of biodiversity exists
in the Nanling Mountains, with a record of 3760 vascular
plant species (including subspecies levels), belonging to
268 families and 1306 genera (Xing, 2012).

Sampling design and plant census: Community
monitoring plots were set along the elevation gradient
based on the relative distribution of the indigenous
Rhododendron plants in the southern slope of the Nanling
Mountains. We studied the Rhododendron community in
102 plots (10 m x 10 m, 100 m?) which were set along
thirteen 120 m transects (700-1900 m a.s.l.) (Fig. 1). The
total inventoried area was 1.02 ha. The plots were
distributed over a 120 x 1200 m’ area (=14.4 ha). We
identified all indigenous Rhododendron species in each
sample plot using the available literature (Fang, 2005), and
counted the number of stems, height, percentage cover or
diameter at breast height (DBH) of all individuals including
seedlings, juveniles and adults (Hao et al., 2002).

We recorded the topographic factors on each plot.
Slope steepness and slope aspect were measured using a
professional forest compass (DQL-1, Harbin Optical
Instrument Factory, China), whereas position in the slope
and slope shape were determined by visual estimation.
According to a general classification system from gentle
to very steep, the slope degree of the sample plots ranged
from 6.0° to 59.8° and were classified into five slope
steepness groups. Where as slope aspect was initially
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divided into eight groups from the starting point of due
north, namely, north aspect (338°-22°), northeast aspect
(23°-67°), east aspect (68°—112°), southeast aspect (113°—
157°), south aspect (158°-202°), southwest aspect (203°—
247°), northwest aspect (248°-292°) and west aspect
(293°-337°) in a clockwise direction (Olivero & Hix,
1998). As shown in Table 1, slope aspect was divided into
sunny slope, semi—sunny slope, semi—shady slope and
shady slope. The sunny slopes are south aspect, south
west aspect and south east aspect, semi-sunny slopes are
east aspect and west aspect, semi-shady are northwest
aspect and northeast aspect, shady slopes are north aspect,
respectively.

N

0 12525 5
T iometers

Fig. 1. Nanling National Nature Reserve. The light grey shaded
rectangle on the inset indicates the location of the study area,
and the black shaded rectangle indicates the location of transects.

Statistical data analysis: Two datasets were constructed
based on data collected from the 102 plots. The first dataset
consisted of Rhododendron plants. The second dataset
comprised a quantitative environmental data matrix,
including five topographical factors, (i.e. altitude, slope
steepness, slope aspect, position in the slope and slope
shape). Non—parametric Kruskal-Wallis test were used to
analyse the differences in Rhododendron plant distribution
between groups. Kruskal-Wallis test was carried out using
Statistica version 8.0. All tests were performed at p<0.05.
Canonical correspondence analysis (CCA) was performed to
investigate the relationships between Rhododendron plants
distribution and topographical factors. A Monte Carlo
permutation test based on 999 random permutations was
conducted to test the significance of the eigenvalue of the
first canonical axis. CCA was carried out using CANOCO
4.5. Indicator species of indigenous Rhododendron in the
Nanling Mountains were sieved using indicator species
analysis (ISA). It was computed using the Dufrene and
Legendre method to calculates the IV values (Su et al., 2012).
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Table 1. Measurements and variables of the study.

Measurement and variable Variable coding

Altitude

Slope steepness
Slope aspect
Position in the slope
Slope shape

1 =700-900 m, 2 = 1000-1200 m, 3 = 1300-1600 m, 4 = 1700-1900 m

1 =5.0°-15.0°, 2 =15.1°-25.0°, 3 =25.1°-35.0°, 4 =35.1°-45.0°, 5 =45.1°-59.8°
1 = Sunny, 2 = Semi—sunny, 3 = Semi—shady, 4 = Shady

1 = Upper, 1 = Middle, 1 = Lower

1 = Convex, 1 = Flat, 1 = Concave

Table 2. Number of stems in plots of seven indigenous Rhododendrons, and mean (+ S.E.) of average basal area
and average height of these species at the southern slope of the Nanling Mountains in South China.

: No. of No. of Average basal area  Average height
Species >
stems plots (cm?) (m)

Rhododendron simiarum Hance 205 24 44.7+3.2 3.740.1
Rhododendron cavaleriei Levl. 173 42 39.6+3.1 6.5+0.2
Rhododendron bachii Levl. 154 35 24.1+2.5 5.7+0.2
Rhododendron championae Hook. 57 26 67.5£10.7 5.7+0.4
Rhododendron kwangtungense Merr. et Chun 27 5 23.543.4 6.1+0.3
Rhododendron fortunei Lindl. 13 5 9.7£1.0 2.440.1
Rhododendron chunii Fang 3 3 35.2+4.8 4.7+0.7
Results abundance than plots at lower position in the slope (Fig.

Species composition and distribution: In our 102 plots,
we found 1,149 Rhododendron individuals, including 632
stems (Diameter at Breast Height, DBH> 3 cm),
belonging to seven species (Table 2). Rhododendron
simiarum had the highest abundance, whereas
Rhododendron cavaleriei, Rhododendron bachii and
Rhododendron championae were more widely distributed.
All the Rhododendron plants in our plots were perennial
evergreen woody plants, shrubs or small trees, in which
the tallest tree (R. championae) was 16 m, whereas the
shortest tree (R. fortunei) was only 1.8 m. In terms of the
average height of rhododendron individuals, R. cavaleriei
was the highest, whereas R. fortunei was the shortest.
Regarding average basal area, R. championae was the
biggest, whereas R. fortunei was the smallest. Basal area
had significantly positive correlations with tree height (r =
0.4012, p<0.001). The species richness and abundance of
Rhododendrons were greater in higher -elevations,
whereas fewer individuals were found at lower elevations
(Fig. 2a). Moreover, species richness and abundance of
Rhododendrons peaked at intermediate slope steepness
(Fig. 2b). By contrast, sunny habitat and habitat at lower
position in the slope and concave slope had fewer
rhododendron individuals (Figs. 2c, 2d and 2e).

Relationship between topographic and Rhododendrons:
Our study revealed that the total abundance of
Rhododendrons was affected by altitude, position in the
slope, slope shape, slope aspect, but not by slope steepness.
Altitude had a significant effect on the total abundance of
Rhododendrons. Total abundance was increased with
elevation (Kruskal-Wallis test, p<0.001) (Fig. 3a). Multiple
comparisons showed that the total abundance of
Rhododendrons at 700-900-m was significantly lower than
that at higher elevation. Similarly, the position in the slope
had significant effect on the total abundance as well
(Kruskal-Wallis test, p<0.001). Plots at the upper and
middle positions in the slope had the higher total

3b). Besides, slope shape had a significant effect on the
total abundance of rhododendron (Kruskal-Wallis test,
p<0.001), in which the concave slope had significantly
lower total abundance as compared to convex slope and flat
slope (Fig. 3c). In general, slope aspect had a significant
effect on the total abundance of Rhododendrons (Kruskal—
Wallis test, p<0.001). Plots at the sunny aspect had the
lowest total abundance than plots at semi-sunny aspect and
shady aspect (Fig. 3d). However, slope steepness did not
significantly affect the total abundance of rhododendron in
our plots (KW-H (4, 102) = 7.3135, P = 0.1202 for
steepness).

In this study, the CCA results show the relationship
between the abundance of seven rhododendron species and
topographical variables (p<0.001) (Fig. 4). A Monte Carlo
test based on 999 permutations found four significant
canonical axes (p<0.001), in which the aggregate explained
24.8% variance in the species data and 99.6% variance of
the species—environmental relation (Table 3). The first
canonical axis had an eigenvalue of 0.636, and represented
the topography—stand structure gradient. This canonical
axis was significantly negatively correlated with altitude (r
= —0.3185, p<0.05), and significantly positively correlated
with slope steepness (r = 0.3123, p<0.05) and slope aspect
(r = 0.2770, p<0.05). The second canonical axis had an
eigenvalue of 0.402 and was significantly negatively
associated with slope shape (r = —0.6499, p<0.01), altitude
(r = —0.6129, p<0.01), and position in the slope (r = —
0.5431, p<0.01) (Table 3).

ISA identified that indicator species that were indicative
of altitude (four species), slope aspect (one species), position
in the slope (one species), and slope shape (two species),
respectively (Table 4). No indicator species was found for
slope steepness (p>0.05). R. kwangtungense was indicative
of middle—elevation, shade—tolerant slope aspect and flat
slope shape. Similarly, the strongest indicator species of high
elevation, R. championae, grew well in the concave slope. R.
fortunei was an indicator species of the upper position in the
slope (Table 4; Fig. 4).
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5.0-15.0 15.1-25.0 25.1-35.0 35.1-45.0 45.1-59.8

Slope steepness

Middle

Position in the slope

Upper Lower

I R championae Hook.

1 R cavaleriei Levl.

[ R kwangtungense Merr. et Chun
I R chunii Hance

I R simiarum Fang

I R bachii Levl.
I R fortune Lindl

Fig. 2. Relationship between abundance of Rhododendrons and altitude (a), slope steepness (b), slope aspect (c), position in the slope
(d), slope shape (e) in the Nanling Mountains, South China. The error bars represent the standard error.
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Fig. 3. Boxplots showing the Kruskal-Wallis test results for total abundance of Rhododendrons and altitude(a), position in the slope(b),
slope shape (c), slope aspect(d) in the southern slope of the Nanling Mountains, South China. Different letters (a and b) in the graph
show significant differences at the level of 0.05. The total abundance of Rhododendrons in our plots did not differ significantly with
changes in slope steepness (p>0.05). The horizontal line in each box indicates the median, and the box endpoints indicate the 25th and
75th percentile values. The whiskers represent the non—outlier range. The circles and asterisks indicate the outliers and extreme values
of rhododendron abundance, respectively.

1
M. R hwangtungense
R.cavaleriei
SlopeA steepness
o R.championae M
& ""Slope aspect
™ R_simiarum R.bachii
R.chunii
o
: R fortunei
] Position /1n the slope
, shape
-1 Altitude

-1 Axis 1

Fig. 4. Two—dimensional ordination diagram of canonical correspondence analysis (CCA) for seven species of Rhododendrons on 102
plots as constrained by five topographic variables in a subtropical mountain in Nanling, South China. The arrows represent the
environmental variables. The length of an arrow indicates the strength of the correlation between the variable and axis.
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Table 3. Summary and weighted correlation matrix of canonical correspondence analysis (CCA) for
Rhododendrons in the southern slope of the Nanling Mountains, South China.

Attribute

Eigenvalue

Species—environment correlations
Cumulative % variance of species data
of species—environment relation
Intra—set correlations

Altitude

Slope steepness

Slope aspect

Position in the slope

Slope shape

AXIis
1 2 3 4

0.636 0.402 0.035 0.012
0.835 0.676 0.233 0.117

14.5 23.7 24.5 24.8

58.4 95,4 98.6 99.6
-0.3185* —0.6129%** 0.0230 -0.0025
0.3123* 0.0830 0.0280 —0.0884
0.2770* 0.0338 -0.2101 -0.0115
-0.2358 —0.5431* 0.0442 —0.0461
0.1850 —0.6499%** 0.0271 —0.0050

Values at each treatment group followed by different letters are significantly different (*p<0.05, **p<0.01)

Table 4. Indicator Species Analysis (ISA) for Rhododendrons in the southern slope of the Nanling Mountains, South
China based on topographic grouping variables. The topographic indicator species, Rhododendron kwangtungense,
Rhododendron championae, Rhododendron chunii and Rhododendron fortunei were identified
indicative of altitude, slope aspect, position in the slope and slope shape, respectively.

Grouping variable Species name v P

1300-1600 Rhododendron kwangtungense 14.3 0.0210

. 1700-1900  Rhododendron championae 31.0 0.0010
Altitude (m) .

1700-1900  Rhododendron chunii 16.7 0.0090

1700-1900  Rhododendron fortunei 20.8 0.0020

Slope aspect Shady Rhododendron kwangtungense 13.7 0.0210

Position in the slope Upper Rhododendron fortunei 11.4 0.0480

Slope shape Concave Rhododendron championae 22.4 0.0320

Flat Rhododendron kwangtungense 20.0 0.0020

No indicator species was found to be indicative of slope steepness (p>0.05)

Discussions

Topographic influence of rhododendron plants:
Altitudinal belts are one of the most basic methods used
in mountain vegetation research (Beals, 1969).
Altitudinal effect on the composition and richness of
montane plant assemblages are complex and involve
different factors, including temperature, air pressure and
precipitation (Kromer et al., 2013). Biodiversity
encompasses multiple levels of biological organisation.
In different levels, species richness along the elevation
gradient exhibits different distribution patterns (Mahdavi
et al.,, 2013; Ghazal, 2015). A consistent ‘altitude
concept’ in comparative ecology is necessary, such as
multivariate analysis of data from altitudinal gradients
replicated across various regions contrasting in moisture
regimes can assist in separating moisture from thermal
effects (Korner, 2007). Studies pointed out that species
richness peaks at lower and intermediate altitudes (Hao
et al., 2002). Our study demonstrated that species
richness and abundance of rhododendron plants were
greater in habitats of higher elevation, intermediate
slope steepness, convex slopes, and shady aspect. By
contrast, sunny habitats and habitat at lower positions in
the slope had fewer rhododendron individuals. Among
seven indigenous Rhododendrons in our study, R.
kwangtungense was indicative of middle—elevations,
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shade—tolerant slope aspect and flat slope shape. R.
championae, the strongest indicator species of high
elevation, was also an indicator species of concave slope.
R. fortunei was an indicator species of the upper position
in the slope. Species used in vegetation restoration
should be carefully selected based on local
environmental characteristics (Zhang, 2013). This
research can lead to a predictive understanding and
potential management strategies for indigenous
Rhododendrons in community—scale.

The ecological role of distribution of Rhododendrons:
An earlier study found that elevation and slope aspect
were important controls of palm species distribution in
the Andes of north-western Ecuador, while small-scale
topography was of little importance (Svenning et al.,
2009). Topographic gradient includes complex variables
such as water, nutrients and disturbances. Species
distributed on steep and concave slopes regenerate
depending on disturbances such as landslides on
unstable topography, whereas species distributed on
ridges and upper slopes regenerate depending on the
canopy gap. The total abundance of Rhododendrons was
high on upper positions and convex slopes in the present
study. Altitude, position in the slope and slope shape had
greater impacts on the distribution patterns of
rhododendron plants than slope steepness and slope
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aspect. This study revealed that a community could be
affected simultaneously by several topographic factors.
Therefore interactions and compensations among
topographic factors should be considered when assessing
the effects of a single topographic factor on the spatial
patterns of rhododendron plants. This finding was
probably due to the fact that ridges or upper positions of
gentle slopes are relatively stable in terms of soil surface
disturbance, as demonstrated previously by Tsujino et al.
(2009), who explained the large basal area found on this
type of topography.

Conclusion

This study demonstrated that the topography
affecting the richness and abundance of indigenous
Rhododendrons. Altitude, position in the slope, slope
shape and slope aspect had greater impacts on the
distribution patterns of rhododendron plants than slope
steepness. The richness and abundance of seven
indigenous Rhododendrons varying in topographical
gradient, and there are different patterns among species.
R. kwangtungense was indicative of middle—elevations,
shade—tolerant slope aspect and flat slope shape. R.
championae, the strongest indicator species of high

elevation, was also an indicator species of concave slope.

R. fortunei was an indicator species of the upper position
in the slope. The spatial heterogeneity of indigenous
rhododendron plants distribution to topographic factors
in the southern slope of the Nanling Mountains reflected
their bioclimatic adaptation and phenology, indicating
significant implications for species conservation and
potentials for use in landscaping.
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Rhododendron plants in Nanling mountains along an altitudinal gradient
and the prospect of landscape greening

ZHANG Lu, JING Xiaoli, SU Zhiyao, DU Weijing
(College of Forestry, South China Agricultural University, Guangzhou 510642, China)

Abstract ; [ Objective ] The objective was to determine the altitudinal pattern of Rhododendron plant distri-
bution and the potential of using indigenous Rhododendron plant resource in landscape greening. [ Meth-
od] The continuous transect sampling method was employed and a total area of 15 600 m” was surveyed.
A horizontal transect (10 m x 120 m) was placed at an 100 m altitudinal interval from 700 m to 1 900 m
a. s. 1., representing the altitudinal range of Rhododendron in Nanling mountains of north Guangdong.
The contiguous grid quadrat sampling method was used for plant census in each transect, which consisted
of 12 quadrats (10 m X 10 m). Correlation analysis and two-way indicator species analysis ( TWINS-
PAN) were used to analyze the altitudinal patterns of Rhododendron species. [ Result and conclusion ]
Seven Rhododendron species were found in the 15 600 m” plot, all of which were perennial evergreen
woody shrubs or small trees. These Rhododendron species were divided into three categories by TWINS-
PAN. The first category was R. championae, R. simiarum and R. chunii; the second was R. cavaleriei,
R. kwangtungense and R. bachii, and the third was R. fortunei. These TWINSPAN results indicated that
environmental factors influenced the distribution and ecological characteristics of Rhododendron species.

The most widely distributed species in an altitudinal spectrum is R. cavaleriei, followed by R. bachii and
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R. championae. The altitudinal patterns of these native Rhododendron species reflect their bioclimatic ad-

aptation and phenology, which have potentials for use in landscape greening.

Key words: altitudinal spetrum; Rhododendron ; landscape greening; Nanling mountains
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Quantitative characters of standing dead trees of the evergreen broadleaved
forest in Nanling National Nature Reserve Guangdong China

ZHANG Lu'® HE LiHing' > OU Yu-duan' SU Zhi~yao'’
(1. College o f Forestry South China Agriculture University Guangzhou Guangdong 510642 China;
China;
3. College of Bioscience and Biotechnology Qiongzhou University Sanya Hainan 572022 China)

2. Key Laboratory of Ecological Agriculture of Ministry of Agriculture Guangzhou Guangdong 510642

Abstract: Using the classic survey method quantitative characters of standing dead trees of 3 forest communities under different

protection regimes i. e. the experimental area the buffer area and core area respectively each represented by 30 plots in
Nanling National Nature Reserve in Guangdong Province were studied. The results showed that: (1) 57 stems 29 species in 23
genera and 15 families of standing dead trees were found in the 0.9 hm® plot. Dominant families of the flora were Theaceae
Lauraceae. The total of important value of Castanopsis fabric Hance Pinus massoniana Lamb.

Fagaceae Euphorbiaceae

Castanopsis fargesii ¥Franch.  Cinnamomum parthenoxylon ( Roxb.) Kost.  Preroceltis tatarinowii Maxim. account for more than
60% of the whole important value. (2) There was significant difference in quantitative characters of standing dead trees under dif—
ferent protection conditions. It is difficult to conclude that quantitative characters of standing dead trees with higher protection are
better. The experimental area with the least protection had the least species richness abundance total basal area and size-class
structure of standing dead trees than the other two. The buffer area and core area with higher protection had uniform size-class struc—
ture of standing dead trees while the total basal area of standing dead trees of buffer area was more than that of core area. (3) The
analysis of multi-response permutation procedures ( MRPP) and indicator species analysis ( ISA) identified that standing dead trees
had a significant influence on the community habitat. There were different indicator species under different protection conditions.

Key words: standing dead trees; species composition; quantitative characters; size-class structure; Nanling National Nature Reserve
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( coarse woody debris CWD) ’
10-11
12 13
14
15 16
1
1.1
24°377 —24°57" 112°30° - 113°04~
58 368.4 hm’ o
500 m 17.4 C (1 ) 7.1 C (7 ) 26.2 C
2108.4 mm "7 . 25° —55° —
o 97 % N
18
Cyclobalanopsis glauca ( Thunb.) Oerst. ( Castanopsis fargesii Franch.) | ( Castanopsis fabric
Hance) . Castanopsis eyrei ( Champ.) Tutch. ( Fagaceae) o
( Theaceae) . ( Euphorbiaceae) . ( Ulmaceae) . ( Pentaphylacace)
( Schima remotiserrata Chang) . ( Croton lachnocarpus Benth.) | ( Eurya chinensis R. Br.) .
( Pteroceltis tatarinowii Maxim. ) | ( Pentaphylax euryoides Gardn. et Champ. ) o
1.2
3
— ( 370 m) . (
600 m) . ( 1 300 m) . 3 30
10 mx10 m 0.9 hm’, ( DBH) =3 c¢m
N N o DBH=5 cm 2m" .
N N o 5 2mx2m
1.3
1.3.1 . N PC-ORD 4.0
1.3.2 2
( multi-response permutation procedures MRPP) o
Sorensen °
1.3.3 ( indicator species analysis [SA)
( indicator value [V) o
MRPP  ISA PC-ORD 4.0 o
2
2.1
0.9 hm’ 59 27 16 23
( Do . ( Pinaceae) ( Pinus massoniana Lamb.)
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* 66 ° 32

( Lauraceae) Cinnamomum parthenoxylon ( Roxb .) Kost o
4 4 (3 3 ) (3 3 ) ( Hamamelidaceae) (2 2 )
o 27 (15 ) 9 28.07%
. . . 12.27.9.24.5.79.5.11 5
60% o
1

Table 1 ~ Species composition of standing dead trees of the evergreen broadleaved forest in Nanling National Nature Reserve

/em %
( Euphorbiaceae) ( Croton lachnocarpus Benth. ) 2 2 5.1 2.55
( Sapium rotundifolium Hemsl.) 1 1 3.3 1.25
Mallotus paniculatus ( Lam.) Muell. -Arg. 1 1 3.0 1.25
( Fagaceae) ( Castanopsis fabric Hance) 9 15 19.7 28.07
( Castanopsis fargesii Franch. ) 3 3 24.5 9.24
( Castanopsis tibetana Hance) 1 1 41.9 3.98
Castanopsis eyrei ( Champ.) Tutch. 1 1 11.7 1.45
( Pinaceae) ( Pinus massoniana Lamb. ) 6 8 12.9 12.27
( Theaceae) ( Hartia sinensis Dunn) 2 3 7.7 3.31
( Schima remotiserrata Chang) 2 2 4.8 2.54
( Eurya distichaophylla Hemsl.) 1 1 4.3 1.26
( Camellia oleifera Abel.) 1 1 8.0 1.33
( Ulmaceae) ( Preroceltis tatarinowti Maxim. ) 4 4 5.1 5.11
( Lauraceae) Cinnamomum parthenoxylon ( Roxb.) Kost. [ 3 3 18.7 5.79
Litsea cubeba ( Lour.) Pers. 1 1 3.0 1.25
Machilus chinensis ( Champ. ex Benth.) Hemsl. 1 1 7.8 1.33
( Hamamelidaceae) Exbucklandia tonkinensis ( Lec.) Steenis 1 1 6.3 1.29
( Distylium macrophyllum Chang) 1 1 6.8 1.30
( Flacourtiaceae) Xylosma congestum ( Lour.) Merr. 1 1 7.3 1.31
( Ericaceae) ( Rhododendron moulmainense Hook. ) 1 1 36.6 1.25
( Mimosaceae) Albizia kalkora ( Roxb.) Prain) 1 1 29.7 3.32
( Fagaceae) Cyclobalanopsis glauca ( Thunb.) Oerst. 1 1 6.0 1.25
( Pentaphylacace) ( Pentaphylax euryoides Gardn. et Champ.) 1 1 12.1 1.46
( Myricaceae) Myrica rubra ( Lour.) Sieb. Et 1 1 29.7 2.61
( Rutaceae) Clausena anisum-olens ( Blanco) Merr 1 1 3.8 1.25
( Myrsinaceae) Rapanea neriifolia ( Sieb. et Zucc.) Mez 1 1 6.0 1.29
( Daphniphyllaceae) Daphniphyllum oldhamii ( Hemsl.) Rosenth. 1 1 17.0 1.68
2.2
11 30
8 0.024 m’( 2).
30 40%  50%
(19 ) (29 )
0.233 m’, 3
58.4 cm
2.3

o Sem<DBH <10 cm-10 ecm<DBH <20 cm 20 cm<DBH <30 ¢m-30 cm <
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DBH <40 cm DBH=40 cm 35 11 6 .3 4

59.3% \18.6% +10.2% 5.1% 6.8%( 3) -
2

Table 2 Quantitative characters of standing dead trees of the evergreen broadleaved forest in Nanling National Nature Reserve

/m
/m? /m?
370 7 11 0.024 31 1 050 3.719
600 10 19 0.942 51 473 9.901
1 300 11 29 0.709 63 861 10.451
3
Table 3 Size—¢lass structure of standing dead trees of the evergreen broadleaved forest in Nanling National Nature Reserve
Sem<sDBH<10 cm 10 em<DBH <20 cm 20 em<<DBH <30 cm 30 cm<DBH <40 cm DBH=40 c¢m
11 0 0 0 0
5 6 3 3 2
19 5 3 0 2
35 11 6 3 4
11 10 c¢m.
5 o
30 em<DBH <40 cm 3 em<DBH <10 cm
65.5% -
2.4
MRPP - MRPP 2
« MRPP (test statistic T) . ( agreement
statistic A) P o T T o A
o ( 4
(T= -6.2049) (A=0.131 7) .
4
Table 4 MRPP for species compositions among different transects
T P A
0.500 0 0.434 1 0.000 0 -0.597 4 -6.204 9 <0.000 1 0.1317
-4.440 1 0.000 9 0.0711
-5.772 0 0.000 3 0.088 9
-3.883 7 0.003 1 0.046 4
5
( A =0 088 9 Table 5 Indicator species ar.lalysis r.)f sland-ing dead trees of the
evergreen broadleaved forest in Nanling National Nature Reserve
P <0.000 1) .
p
1 50 0.001
(A =0.046 4 P <0.000 1) 3 40 0.014
R 2 25 0.039
2 25 0.043

ISA
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32

. ISA
( relative frequency RF)

v
IV=100( RA x RF) ;

( relative abundance RA)

o IV =50(P<0.05) ,
o 4
3 8 o
0.9 hm’ (15 )
3
3.1
6
» Connell »
21
3.2
2 23
4
0.9 hm? 59 27 16 23
10 ¢cm
(P<0.05) (1V=50) o
1 — c /
2003:28 - 64.

2 7. 1993(1):3 —13.

3 J. 2001 30(3) :28 —32.

4 J . 2006 26(4):1063 -1 072.

5 J . 2007 20

90



9

10

11

12

13

14

15

16

17

18

19

20

21

22
23

(5) 598 - 603.

2008 16(4) :315 -320.
J. 2008 16(1):75 -82.
J. 2009 27(1):

41 - 46.
Webster C R Jenkins M A. Coarse woody debris dynamics in the southern Appalachians as affected by topographic position
and anthropogenic disturbance history J . Forest Ecology and Management 2005 217:319 —330.

Beets PN Hood I A Kimberley M O et al. Coarse woody debris decay rates for seven indigenous tree species in the central

North Island of New Zealand J . Forest Ecology and Management 2008 256:548 —557.

Woodall C W Liknes G C. Relationships between forest fine and coarse woody debris carbon stocks across latitudinal gradi—

ents in the United States as an indicator of climate change effects J . Ecological Indicators 2008 8: 686 —690.

Pesonen A Leino O Maltamo M et al. Comparison of field sampling methods for assessing coarse woody debris and use of

airborne laser scanning as auxiliary information J . Forest Ecology and Management 2009 257:1 532 -1 541.

Bowman J C Sleep D Forbes G J et al. The association of small mammals with coarse woody debris at log and stand scales

J . Forest Ecology and Management 2000 129:119 —124.

Stephens S L Fry D L Franco-Vizca'no E et al. Coarse woody debris and canopy cover in an old—growth Jeffrey pine-mixed

conifer forest from the Sierra San Pedro Martir Mexico J . Forest Ecology and Management 2007 240:87 -95.

Woodall C W Nagel L. M. Coarse woody type: a new method for analyzing coarse woody debris and forest change J . Forest

Ecology and Management 2006 227:115 —121.

Brin A Meredieu C Piou D et al. Changes in quantitative patterns of dead wood in maritime pine plantations over time J .

Forest Ecology and Management 2008 256:913 -921.

¢/
2003: 14 -27.
M . : 1980:1 - 87.
J. 2009 37(2):3 -5 13.

Connell J H. Diversity in tropical rain forest and coral reefs J . Science 1978 199:1 302 -1 310.

Odion C D Sarr A D. Managing disturbance regimes to maintain biological diversity in forested ecosystems of the Pacific

Northwest J . Forest Ecology and Management 2007 246:57 —65.

Beals E W. Vegetation change along altitudinal gradients J . Science 1969 165:981 —985.

El-Keblawy A Ksiksi T. Artificial forests as conservation sites for the native flora of the UAE J . Forest Ecology and Man—

agement 2005 213:288 —296.

91



® 5 =j5 B HRMAHIMT

@ + E A A BT

® RCCSEF B#is F AM

® (EFRLE AMHE T sHIEE (CABL) ) BRMT
@ (o EAAL R LAREFRLARERAALESE

( AGRIS) ) M FHF

@ (T EAFIIHKEE) RRHAF

@ (¥ EMF 4 LHIEE ) KFHF

@ (T EFARIFZFMEIEE) RIRIF
@ (P EAYFIIE) KEAF

® (+EHCHT (HFik

(ZF 19604 €IT)
w3 BUH  20124E1H1SH

) B E ) BKRHT

JOURNAL OF FUJIAN COLLEGE OF FORESTRY
(Quarterly, Started in 1960)
Volume 32 Number 1 January 15, 2012

TN E B R K K F
ThEME B R KK OF
R ER (AR B AR B AR ) g B

GGEM4z1l, HEB(gRAS 350002)

E-mail: fjlb@chinajournal.net.cn

£ &k 1

| Eni

il

GaM 4 il, MRE4RES 350002)
AITSER & JF K AT
EREITRE M WO H Ok AT R
ENEITHAEER R S R A A
1L 3991546, MRELZRAS 100044)

Sponsored by
Fujian Agriculture and Forestry University
Edited and Published by Editorial Department of
Fujian College of Forestry
(Jinshan, Fuzhou, Fujian 350002, China)
E-mail: fjlb@chinajournal.net.cn
Chief Editor: Hong Wei
Deputy Chief Editor: You Minsheng, Lin Sizu, Lu Fengmei
Printed by Printing House of FAFU
Issued in Public

Distributed by Fuzhou Bureau for Distribution of
Newspapers and Journals
Distributed abroad by

China International Book Trading Corporation
(P. O. Box 399, Beijing 100044, China)

ISSN 1001-389X

B ShRATIS : Q7690

PR RS :34-90 E P 2EHr: 10.00T

92







Fk e B = 5 5 & 20 % % 5 Hf

Linye Kexue Yanjiu (X A ) 2007 4 10 A
=] X

AR 24 5 I BEAA A AR S AT TR ILTFGE ovveereersennns ke, i KR, JF(591)
I IR AV D G RRARIEE DD SN A 254V T8 HEHD AR B HEMOZEAL, wovevvereveens on, AER, bk, F(598)
FFHEDR RUSHFNANHE (14 4 A RETIPAETIGY «oovevrveremmminnin, T PR, LFHAE,F(604)
YL AR LAZ AW Z LIS IIRE SIS BB oo, WA, MR, KL, 4 (609)
ARIBBBATHH D PRNSRELETIIT <ooreervermisii, Ak, A, R s 2k, R (615)
5 T Logistic BYRIAEBHMIZ AN AN G UTTEISIAG e AYRLFT +oeveeeeeeeees ek, LR R B, F(622)
KB PR R ACE A SFNEREIETTIIGY oo oA, FLR,hFE,4(630)
AR BT A /N A R TV TR L Y EGE «ovevemevemmcens A5 AhvF S, 2 F45, 47 (638)
PR 220 B RALIE M wevovesssrornerssnsrissssersarssessessnssssnsossssnasins FTTF3%, ZEushk, 2 T 5 5 (644)
MR =R RFIBEARDFR I MMIBIG <ovevvrreemermrncnnns ok, 3804, Zidnm, 4 (650)
% Bt L R ERYH A DT 080 5 A B IR RBLR LA +vvvmevvevmeniniianins WL E, FAAs, P 2R, F(656)
VIR IR IRBID BRI BREEIIIE woveveeremmrmimrmmiiiines IR, RES, HH4E, S (660)
3T e S A SARSE RIS ZARHE RAPD SMAT ovvveevevevmvimniniinnnnen, W RA&, FEL, 2 M, ¥(668)
TR R ICHIF——EHIBRRAFE S P AGTEIT -oevemeerrnrrninnnn, EAFHR, ALK, IR, ¥ (673)
AR L RARAE) BN BFAGIFE T PIIATER -ooovevemmemmemmemmirnininnnns ok EAE R AR, F(678)
TR RE SRR R AR AP -ooeemmmmmeemmiiici B A&, MM, &, F(683)
A AaF G B X H LR R R R S IRBEAGFEA MR, <oeeeeverrrenrrnmmommeniniiniinininsssessannan I R, IME4(688)
Pad 210 R AL L T b O A B, MARD(694)
BB Cry 1 Ac 1 API S BILFIIUTEIT vovvevereesrnmmmvnnicnnnnne FAAE B EHE K R, 5(699)
YT A 2 FEAETIFFT oo veverrerrnsenninnnnirnnirnarasasenssionsssanisiosessninssssssesas X EFE, KRBT, X %(705)
AR CO, HPEXT 4 MALARERFEIAFFAEIIGI +oovvvmiinnn, Mg, |4y, KAk, F(710)
P BRI MARR BIOTTRAGRFIELMT oo K IURE, Fi8(717)
B ArumnifRL-O-FF ZEAE B REIE I (COMT) 9 TE R BMIZEAMT - veevninnnnnnn, FFPE,HIRCBRE,F(722)
I CE

AR AT AT HIRBEEIEIFIE oeveeeiiii i, PR K 6, IR, (726)
DT L AR A DESE BTG vovvvevesnssissmsninininnnnns AN, N EK, B0 A(731)
ﬁ:ﬁ?’fﬁﬁﬁﬁ%ﬂ”ﬁ*ﬂfﬁ ....................................................... M ok, N D) W&, 5 1k ¥ (736)
CABTOARAL R 41D CHIAIAG WA (LR BEFARED2008 AETETTRIUR vovvnvscess (597.603.649)
FGAIT 1 2008 SECHRALBIZETIALY  ovevereiiiniin e, (J+=)

JATITEA LI CN 11-1221/8 % 1988 » |y » 16 # 148 % zh» P« Y B, 00 # 1500 & 26 + 2007-10


张璐
Ink


Holk Bl 4= WFIT 2007,20(5) :598 ~ 603

Forest_Research

XELRS:1001-1498(2007) 05-0598-06

TRAVIRRMBE R A BB LSRR
i i R B R

kOB, AERT, WAt F4M

(AR REMAEBE, )98 T 510642)

WE FEAUE AN 300 m BREIR 1 900 m RYREE P, MFREFHE 100 m @8 — 5K RN, SEHAZT 17 4
R R 20 400 w’ . 32 RISLHERSREAMT (CCA ) FNTT 25 504 B S5 2R ATV 00 40Pl I A= 765 i B 41 6 FEE Y24 o
SRR (1) B SUUERARIHE UL SRR 19 R 0 L 7 IR B — YR AL b ) A 25401 9 B o K, PE S BE T R 6
LRSS R R/ MR (2) BE R 7 Z 07 Tukey’ s HSD ZHE R — 4 %W, R AM AL L FEE S 1~
WWAL EWAESNRERFEBEER (P> 0.05), st MR LMET BN ESUREENFEREEZS
(P < 0.001); (3) RAFB AT ERIGEX MM RE, RGBS ZEE SARBHRREEE RS
“HEF R AR EGR , AR R A BN A SR EARRAT R ERALR—, REMEMTEEBURES &
BER I R A S R ARERE R A MBS RE SR FHXR,

KR AESATE ; BT BT R MBS B ER A A AR E

RESHES.S718.5 SCRRARIRAG : A

Variations in Niche Breadth of Dominant Plant Populations along an
Altitudinal Gradient in Shikengkong of Guangdong Province

ZHANG Lu ,SU Zhi-yao ,CHEN Bei-guang ,LI Zhen-kui
'( College of Forestry, South China Agricultural University, Guangzhou 510642, Guangdong, China)

Abstract : A horizontal transect (10 m x 120 m) was placed at 100 m altitudinal interval from an elevation of 300 m
to 1 900 m a. s. 1. in Shikengkong. Canonical Correspondence Analysis (CCA) and One-way ANOVA were used to
detect altitudinal patterns of niche and its environmental correlates. The results were as follows: 1) Dominant plant
populations had the biggest niche breadth with thickness of humus layer as the resource state, which had the smal-
lest niche breadth with slope as the resource state in Shikengkong; 2) One-way ANOVA and Tukey’s HSD showed
niche breadth of dominant populations did not change significantly in the evergreen broad-leaved forest (P >0.05) .
while niche breadth of dominant populations in the coniferous and broad-leaved mixed forest and the montane broad-
leaved and elfin forest change significantly (P <0.001); 3) Canonical Correspondence Analysis indicated that as-
pect and litterfall were correlated with CCA axes | and axes 2. Dominant populations had different niche breadth as
different resource states. Compared with niche breadth, CCA could indicate niche and its environmental correlates
in Shikengkong.

Key words: niche breadth; Canonical Correspondence Analysis; altitudinal gradient; forest community; Nanling

National Nature Reserve
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B} ( Ericaceae ) LA K 5% 3} B ( Fagaceae ) 1538y 32,
AR 1SR 1 700 m) AR AL 1Y ( Rhododendron
simiarum Hance ) i T (IR K (64) , #3416 OfF K
1 800 m) W A5 X [ Cyclobalanopsis glauca ( Thunb. )

300 m
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Ocrst. ]I EAFL IR K (47) , i A K7 ( Schima remo-
tiserrata H. T. Chang) 7EEEF 17 (1K 1 900 m) HIZRFK
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RBBIER 3G o
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1100 m
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|
1]

600 m
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1400
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0.76 1.3

26,

3.8, 5.1

BB

1 JRAEHFEARERLEIT

3.2 HZEHABFERAMBNESCREE
AGUETRMBF AN AR S MEEM R4
BAURERLE2, NA2 FAUE S, TR ¥ SN
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High-quality chromosome-level genomic
insights into molecular adaptation to low-
temperature stress in Madhuca longifolia
in southern subtropical China

Shuyu Wang', Haoyou Lin', Shuiyun Ye', Zhengli Jiao?, Zhipeng Chen', Yifei Ma' and Lu Zhang"”

Abstract

Background Madhuca longifolia, the energy-producing and medicinal tropical tree originally from southern India,
faces difficulties in adapting to the low temperatures of late autumn and early winter in subtropical southern China,
impacting its usability. Therefore, understanding the molecular mechanisms controlling the ability of this species to
adapt to environmental challenges is essential for optimising horticulture efforts. Accordingly, this study aimed to
elucidate the molecular responses of M. longifolia to low-temperature stress through genomic and transcriptomic
analyses to inform strategies for its effective cultivation and utilisation in colder climates.

Results Herein, the high-quality reference genome and genomic assembly for M. longifolia are presented for the first
time. Using lllumina sequencing, Hi-C technology, and PacBio HiFi sequencing, we assembled a chromosome-level
genome approximately 737.92 Mb in size, investigated its genomic features, and conducted an evolutionary analysis
of the genus Madhuca. Additionally, using transcriptome sequencing, we identified 17,941 differentially expressed
genes related to low-temperature response. Through bioinformatics analysis of the WRKY gene family, 15 genes
crucial for M. longifolia low-temperature resistance were identified.

Conclusions This research not only lays the groundwork for the successful ecological adaptation and cultivation of

M. longifolia in China's southern subtropical regions but also offers valuable insights for the genetic enhancement of

cold tolerance in tropical species, contributing to their sustainable horticulture and broader industrial, medicinal, and
agricultural use.
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Background

Ecological adaptation is a key mechanism for species to
cope with environmental changes. Understanding the
molecular mechanisms involved in adaptation is crucial
for cultivating and utilising individual species. Tempera-
ture is an abiotic factor that considerably affects plant
growth, development, and physiological activities. To
mitigate the damage resulting from low temperatures,
plants have developed cold acclimation mechanisms that
involve a complex set of physiological and biochemical
responses to environmental factors [1].

Madhuca longifolia (]. Koenig ex L.) J. F. Macbr, called
‘Mahua’ in India, is a broadleaf evergreen tree species
originating from southern India and Burma and belong-
ing to the family Sapotaceae. The species produces edible
fruit and is a source of hardwood. M. longifolia is con-
sidered a panacea in Indian traditional medicine, with its
leaves, flowers, seeds, and bark utilised as medicines [2—
5]. Moreover, studies of M. longifolia suggest promising
roles in food processing, renewable energy, urban green-
ing and other fields. The flowers of the tree are universally
utilised for food, feed, and fuel [6]. Its seed oil is a prom-
ising non-edible oil that can be employed to improve the
quality of bitumen [7]. M. longifolia provides a solution
for the three major “Fs’, namely food, forage and fuel [8].
This plant can be considered an effective agent against
oral diseases like dental caries [9]. A nano-composite
material prepared from the seed extract of M. longifolia
has a remarkable insecticidal effect on vector larvae and
can be used to control mosquitos and other major vec-
tors as an eco-friendly substitute for modern chemical
synthetic insecticides [10]. Furthermore, the bark fibre
of M. longifolia has robust tensile strength, light weight,
and good thermal steadiness and is appropriate for man-
ufacturing biodegradable materials for sporting goods,
automotive body panels, wallboards, partitions, and
non-structural lightweight components in the construc-
tion industry [11]. The tree has a strong tolerance to air
pollution and can help in its alleviation through its high
capacity for absorbing greenhouse gases and other air
pollutants. It is one of the most promising street trees for
urban greening in the humid tropics [12].

Valued for its industrial and medicinal uses, M. longifo-
lia was introduced to China in 1964, where it has shown
potential for anti-typhoon forest development in Hainan
province [13]. However, climatic differences can lead to
unforeseeable outcomes when attempting to acclimatise
woody species to locations beyond their native habi-
tat [14]. In China, M. longifolia faces challenges in tem-
perature acclimatisation, with low temperatures causing
growth stagnation and mortality in seedlings. Our team’s
previous research found that after the introduction of
M. longifolia to the southern subtropics in China, there
is a risk of the air temperature plummeting to around 10
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C during the cold snap in late autumn and early winter
when the buds emerge from the soil. Once this happens,
even if the air temperature rises after a few days, it will
cause harm to the young buds, showing that the young
buds and young leaves lose water and wilt, leading to
their growth stagnation, and even causing their death in
serious cases. To date, there have been no reports on the
temperature adaptation of M. longifolia after its intro-
duction to South China, and there are very few studies
on its genomics, and information on ploidy, chromo-
some number and genome size is unknown. This absence
of whole-genome data has limited research on its phy-
logenetic origin and evolutionary history and hindered
attempts to improve breeding, ecological adaptation, and
related biological aspects.

Plant genome sequencing serves as a highly useful tool
for studying the molecular mechanisms underlying plant
adaptation and determining the impacts of environmen-
tal stressors on the evolution, growth, and development
of plants as well as allowing for the domestication of use-
ful traits [15]. For example, by sequencing and screen-
ing possible genes linked with flowering, growth, and
responses to osmotic pressure and temperature stress,
Sork et al. [16] revealed important insights into the spa-
tial selection of climate-related genes within natural
populations of Quercus lobata, highlighting potential
environmental adaptation mechanisms of the species.
Similarly, the construction of a high-quality reference
genome for Corylus heterophylla elucidated the molecu-
lar mechanisms underlying its response to environmen-
tal stress and informed genetic guidelines for optimised
breeding [17].

In addition to genome sequencing, RNA-sequencing
(RNA-seq) is an important tool for analysing differen-
tial gene expression with the transcriptome and under-
standing genome function, precisely determining gene
expression and supporting precise bioinformatic analyses
[18, 19]. Transcriptome analyses have been conducted
to screen plant genomes for functional genes regarding
low-temperature stress resistance and to obtain high-
throughput expression data for these key genes. For
instance, a transcriptome analysis of cold-tolerant Zea
mays under cold stress yielded 43 million high-quality
sequences, from which a weighted gene co-expression
network analysis recognised Zm00001d037590 and
Zm00001d012321 as the most likely key genes concern-
ing cold hardiness at the seedling stage [20]. Similarly,
transcriptome sequencing analysis of Eremochloa ophi-
uroides showed that the expression of genes encoding
AUX_TAA as well as WRKY and heat shock factor (HSF)
transcription factors (TFs) increased with different low-
temperature stress treatments [21]. A transcriptome and
weighted gene co-expression network analysis of Ilex
dabieshanensis after cryogenic treatments of different
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durations revealed 5,750 differentially expressed genes
(DEGs), among which the hub genes for stress response
to low temperature were evm.TU.CHR1.1507 and 1821
and evm. TU.CHR2.210, 244, and 89 [22].

TFs assume an essential role in governing the trans-
duction of signals and the management of gene expres-
sion in response to environmental stress. Identification
of TFs is infuenced by the annotation quality of genome
[23]. The developments of whole genome sequencing
in walnut and woody species have revealed evidence of
cold and chilling stress and the genome-wide identifica-
tion of gene families related to stress studies [24]. The
WRKY gene family is specific to algae and higher plants
and greatly affects many plant life processes, particularly
in response to biological stress [25, 26]. In Oryza sativa,
OsWRKY7I acts as a beneficial controller of responses
to low-temperature stress, enhancing the photosynthe-
sis and survival of plants [27]. In contrast, in Arabidopsis
thaliana, AtWRKY34 negatively influences plant growth
in cold temperatures [28]. In Musa acuminata fruits, four
MaWRKYs enhance low-temperature resistance through
an abscisic acid (ABA)-mediated signalling pathway [29].
Based on these examples, studying the WRKY gene fam-
ily through transcriptome analysis is a particularly effec-
tive method for studying plant stress resistance at the
molecular level. Despite their value, genomic and tran-
scriptomic analyses have not yet been used to elucidate
the molecular mechanisms underlying low-temperature
stress responses in M. longifolia.

The present study aimed to identify the key genes con-
trolling the low-temperature response of M. longifolia
through transcriptome and whole-genome sequencing.
The results could provide a theoretical basis for the com-
prehensive cultivation and utilisation of this species in
subtropical China and a reference for future ecological
studies of Madhuca-related species.

Methods

A comprehensive methodology was employed to explore
the genomic and transcriptomic responses of M. longi-
folia to low-temperature stress. The approach included
the cultivation of M. longifolia from seeds, isolation of
genomic DNA for sequencing and assembly, and genome
annotation to identify coding and non-coding regions. A
phylogenetic analysis was conducted to place M. longifo-
lia in its evolutionary context. Transcriptome sequenc-
ing of seedlings under low-temperature conditions was
performed to analyse gene expression changes, focusing
particularly on the WRKY gene family owing to its role
in stress response. Quantitative real-time PCR (qPCR)
was utilised to verify key findings obtained from RNA-
seq. This methodology aimed to elucidate the molecular
mechanisms underpinning M. longifolia’s adaptation to
low temperatures.
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Sample collection, genomic DNA extraction and
chromosome counts

The mature seeds of M. longifolia that had fallen to the
ground were collected at South China National Botani-
cal Garden, Tianhe District, Guangzhou, Guangdong,
China (113°21'50"E, 23°11'7.3"N). Madhuca longifolia
seeds were germinated on wet paper towels and then
transplanted to peat soil for cultivation after the embry-
onic roots emerged. The cultivation site was outside the
College of Forestry and Landscape Architecture, South
China Agricultural University, Tianhe District, Guang-
zhou City, Guangdong Province, China (113°21'20"E,
23°9'44"N). From among the artificially grown seed-
lings, we randomly selected a well-grown, healthy, and
pest-free specimen and collected its healthy mature
leaves for DNA collection. Genomic DNA extraction
was conducted utilising cetyltrimethylammonium bro-
mide (CTAB) method. The leaves were grinded into fine
powder by liquid nitrogen and then transfer approxi-
mately 100 mg to a pre-cooled 2 mL centrifuge tube.
After mixing with 1 mL pre-warmed CTAB extract and
20 pL pB-Mercaptoethanol, the samples were incubated
in a 65 ‘C constant temperature water bath for 1 h, and
the samples were mixed upside down several times dur-
ing the water bath. Then the samples were cooled to
room temperature and centrifuged at room tempera-
ture, 12,000 rpm for 10 min. The supernatant was mixed
with an equal volume of chloroform: isoamyl alcohol
(24:1) and centrifuged at room temperature for 10 min
at 12,000 rpm. Then the supernatant was mixed with
an equal volume of phenol: chloroform: isoamyl alco-
hol (25:24:1) and centrifuged at room temperature for
10 min at 12,000 rpm. The supernatant was again aspi-
rated and mixed with an equal volume of chloroform:
isoamyl alcohol (24:1) and centrifuged at room temper-
ature and 12,000 rpm for 10 min. The nucleic acid was
precipitated with isopropanol, washed with 75% ethanol
and dissolved in 50 pL ddH,0O. DNA quality was con-
firmed using NanoDrop and Qubit spectrophotometers
(Thermo Fisher Scientific, Waltham, MA, USA). Lastly,
1% agarose gel electrophoresis was employed for testing
the sample DNA integrity. The seedlings of 10-month-old
M. longifolia were selected for chromosome counts. At
approximately 9:00 am when the meristems of the plant
root tips were flourishing, a 1-2 cm section was excised
from the root tips using a blade. The apical materials were
treated with 0.002 mol/L quinolin-8-ol solution for 1.5 h.
The plant material was rinsed twice with distilled water,
transferred to Carnot’s fixative for 24 h, and then washed
twice with water for 20 min each. Then 2.5% cellulase
and 2.0% pectinase solution were added and treated for
2.5 h at 37 C. After removing the enzyme solution, the
sample was rinsed with distilled water for 2—3 times and
let stand in the water for more than 40 min. The treated
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root tip was placed on a glass slide and the root cap and
elongation area were excised, leaving only the meristems.
Finally, the prepared specimen was stained in basic fuch-
sin dye solution for 10-15 min, and then dried for chro-
mosome counting in root tip cells. The micrographs
were taken with an CX33 microscope camera system
(Olympus).

Genome sequencing and assembly

Quality-checked genomic DNA was interrupted with
Yeasen enzyme digestion kit (Hieff NGS® OnePot TM
II DNA Library Prep Kit for MGI®). A total of 1 pg of
genomic DNA, 10 uL of Smearase® Mix, and ddH,O was
added to the PCR system to a total volume of 60 pL. The
PCR programme was 4 C for 1 min, 30 ‘C for 15 min,
72 C for 20 min and 4 ‘C hold. Then, the NEBNext
Ultra DNA Library Prep Kit library (New England Bio-
labs, Ipswich, MA, USA) was adopted for repairing ends
and adding A-tails and Illumina sequencing connectors.
DNA fragments of 300-400 bp in length were concen-
trated by PCR; an AMPure XP system (Beckman Coulter,
Brea, CA, USA) was used for PCR product purification.
The library was assayed using an Agilent 2100 Bioana-
lyzer (Agilent, Santa Clara, CA, USA), and qPCR was
used for quantification, followed by sequencing using a
NovaSeq 6000 sequencer (Illumina, San Diego, CA, USA)
according to the PE 150 sequencing strategy. Initial data
were filtered using the Illumina platform with fastp (ver-
sion 0.18.0) [30] for the eradication of reads with >10%
unknown nucleotides (N), 50% reads with a 20 base-
Phred quality score, and those containing connectors.
Next, we performed k-mer analysis using high-quality
reads. Jellyfish (version 2.2.6) [31] was employed to pre-
dict the genomic features (size, heterozygosity rate, and
repeat content) according to k-mer (k=21) distributions.
Jellyfish used default parameters.

Genomic DNA was processed into fragments of
8-10 kb in length utilising the G-tube method (Covaris,
Woburn, MA, USA), followed by DNA fragment end
repair. Exonuclease III and IV digestions were performed
to remove DNA with gaps or not joined to the ring
junction and to remove the junction dimer. To improve
sequencing quality and obtain longer average insert frag-
ments, the library was fragmented using the BluePippin
Nucleic Acid Fragment Recovery System (Sage Science,
Beverly, MA, USA) to remove short fragments of library
molecules. After library construction, the Qubit instru-
ment was used for quality assurance. An Agilent 2100
system was employed to evaluate the size of the insert,
followed by sequencing using the PacBio platform. To
guarantee the reliability and accuracy of the follow-up
analysis, the subreads obtained from the raw sequencing
reads after removing sequence junctions were considered
clean data, and the length distribution of the subreads
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was used as the main content to evaluate the sequenc-
ing effect. Because of the long length and minimal error
rate of the PacBio HiFi data, Hifiasm (version 0.15.1-
r334) [32] was utilised to splice and assemble the triple
sequencing data. The initial genomic assembly integrity
assessment was performed using the core eukaryotic
gene mapping approach (CEGMA) and benchmarking
universal single-copy orthologs (BUSCO) approaches.

Chromosome-level assembly with Hi-C data and

evaluation

Filtered reads were compared with the preliminary
sequencing results obtained from the assembly of HiFi
utilising the MEM algorithm with the Burrows—Wheeler
Aligner (version 0.7.12) [33], and a scaffold was estab-
lished according to interactions between sequences. Scaf-
folds were sorted and oriented to acquire the ultimate
quasi-chromosome-level genome. Hi-C data were anal-
ysed using LACHSIS (version 2014-09-12.12) [34], ALL-
HIC (version 0.9.8) [35] and 3D-DNA (version 180114)
[36]. The construction of interaction matrices, calibration
of chromosome-constructed genomes, and evaluation of
results were performed via ICE software [37]. BUSCO
(version 4) was applied for sequence integrity evaluations
[38].

Genome annotation

Repeated sequence annotation

In order to use homology to identify genomic repeti-
tive sequences, we matched the genomic sequences with
existing databases of repetitive sequences. Homology
alignment of the genome sequences and repeats from
the Repbase library (version 19.05, http://www.girinst.
org/repbase) was performed through ProteinMask and
RepeatMasker (version open-4.05) [39], and detected
repeat sequences were annotated. Multiple copies of
genomic repeated sequences were detected by cross-
matching sequences. Using the amino acid sequences
of plants in the uniprot library/closely related species
as homologous proteins, the genomes aligned by spaln
were obtained as a result of homology prediction (spaln:
-XQ90 -Q7 -O0 -LS -ya0 -yX2 -d spaln). The Augus-
tus was trained using RNAseq+homology prediction
results as a training set (etraining: default parameter).
Evidence-based de novo prediction was performed using
Augustus (augustus: --UTR=off --alternatives-from-evi-
dence=true --allow_hinted_splicesites=atac, gcag --soft-
masking=1 --gff3=on).

First, we used PILER (version 1.0) [40], RepeatMod-
eler (version 2.0.1) [41], and RepeatScout (version 1.05)
[42] to retrieve multiple copies of sequences in the
genome through internal alignment of the genome and
established a repeat library de novo. We removed redun-
dant repeats established from scratch and filtered out
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misidentifications, thus establishing a repeat sequence
library for M. longifolia. We used the obtained repeat
sequence library as a reference and again used Repeat-
Masker to recognise the genomic repeat regions through
homologous alignment. LTR_FINDER (version 1.0.7) [43]
was utilised to scan and extract the sequences of long
terminal repeat (LTR) transposons in the genome, and
RepeatMasker was used to annotate their position infor-
mation. TRF software (version 4.04) [44] was employed
to locate simple sequences in tandem.

Coding gene annotation

Protein-coding gene prediction in M. longifolia was
conducted using a joint strategy including homology,
RNA-seq, and methods based on de novo prediction.
Employing hidden Markov models, the entire genome’s
coding genes were predicted using Augustus (version
2.7) [45]. Augustus was trained with default parameters
using RNAseq and homologous prediction results as a
training set. We compared the known homologous spe-
cies’ coding protein sequences with the novel species’
genome sequence. Afterward, the new species’ related
gene region was determined via clustering algorithms
like solar and GeneWise for the purpose of homology
prediction (MAKER, version 2.2.1) [46]. The EST/cDNA
sequence and the genome were compared. Using EVM
(version r2012-06-25) [47] and MAKER, gene sets esti-
mated through diverse approaches were combined into
a non-redundant and more comprehensive gene set.
The parameters used for EVM are: EVidenceModeler:
--search_long_introns 25,000 -w weight.txt (weight.txt:
stringtie2: 4, scallop2: 1, psiclass: 1, bloomT: 2, bloomP: 2,
hom: 1, augustus: 6). By means of manual integration, the
final dependable gene set was derived. Transcription set
data assembled by Tophat (version 2.0.8b) alignment and
Cufflinks (version 2.2.1) were also employed to supple-
ment and complete the final gene set (including supple-
menting variable shear and UTR information).

BLAST (version 2.2.29+) [48] was adopted to anno-
tate the predicted gene protein sequences based on the
Gene Ontology (GO), RefSeq Non-Redundant Pro-
tein (NR), Clusters of Orthologous Groups of Proteins
(COQG), SwissProt, and Kyoto Encyclopedia of Genes and
Genomes (KEGG) databases. An alignment array was
used as a function of the target array. Because of the large
number of possible matching results per sequence dur-
ing the alignment process, matches were filtered using a
threshold value of <1x107° to ensure that further analy-
ses were biologically meaningful. The 20 highest-scoring
sequences were chosen from each sequence’s comparison
results and used as alignment results.
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Non-coding RNA annotation

tRNAscan-SE software (version 1.3.1) [49] was utilised
to search for genomic transfer RNA (tRNA) sequences
according to tRNA structural features. The reference
sequence was selected from the ribosomal RNA (rRNA)
sequences of closely related species using BLASTN
(version 2.6.0+) [50] alignment because rRNA is highly
conserved. Using the Rfam 11.0 covariance model, we
predicted the sequence information for small nuclear
RNA (snRNA) and microRNA (miRNA).

Species evolution and phylogenetic analysis

In total, 14 species were employed to construct a phylo-
genetic tree: Amborella trichopoda, Rhododendron sim-
sii, Camellia sinensis, Vitis vinifera, Populus trichocarpa,
Theobroma cacao, Juglans regia, Gossypium hirsutum,
Actinidia chinensis, Z. mays, O. sativa, A. thaliana, M.
pasquieri (unpublished), and M. longifolia (Table S1).
Divergence time was estimated according to the follow-
ing methods: orthogroups were detected via OrthoMCL
[51] with the DIAMOND [52] aligner. For each single-
copy orthogroup, protein sequence alignment was con-
ducted via MUSCLE (http://www.drive5.com/muscle/)
[53], with all alignments combined into a supergene.
This was used to establish a maximum-likelihood phy-
logenetic tree through RAXML under the GTR+F+R4
model containing 1000 bootstrap replicates, and maxi-
mum-likelihood evolutionary trees were constructed via
IQ-tree [54]. Subsequently, the mcmctree functionality
[55] in the PAML package (version 4.9) [56] was applied
to predict the inter-species differentiation time, referring
to other species’ known differentiation times in the Time-
Tree database (http://www.timetree.org).

Based on evolutionary trees with varying times and
gene family clustering results, we utilised birth rate and
mortality models to estimate the number of ancestral
gene family members per branch using CAFE software
(version 4.0) [57]. We predicted expanded and contracted
gene families in M. longifolia, as compared to their ances-
tral state. P-values<0.05 across the family were consid-
ered to determine significance. Expanded/contracted
gene families in M. longifolia underwent GO and KEGG
enrichment analyses. Genome-wide replication event
analysis was performed for M. longifolia, M. pasquieri, R.
simsii, C. sinensis, and V. vinifera genomes using the syn-
onymous mutation rate (Ks) method.

Low-temperature experiment, RNA-seq, and transcriptome
sequencing

Young leaves of M. longifolia are susceptible to chill-
ing injury in winter during sudden temperature drops,
which may cause wilting of the leaves and hinder seed-
ling growth. We collected naturally dropped M. longifo-
lia seeds from the same plant that provided the leaves
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for DNA isolation. Seeds were germinated on wet paper
towels; seedlings were then planted in peat soil for cul-
tivation after the embryonic roots grew, using the same
cultivation site noted in Sect. 2.1. A batch of uniformly
grown specimens (age: 9 months) was selected from
among these seedlings and transferred to an intelligent
artificial climate chamber (5 °C, 65% humidity, 12 h pho-
toperiod, 17,600 Ix), and young leaves were collected
after 0 (control check, CK), 1 (D1), 3 (D3), 5 (D5), and
7 (D7) days of exposure for RNA extraction (Figure S1).
Three biological replicates per group were used. A TRIzol
kit (Invitrogen, Carlsbad, CA, USA) was utilised to isolate
total RNA. The Agilent 2100 Bioanalyzer was employed
to determine the RNA quality, which was then con-
firmed via RNAse-free agarose gel electrophoresis. Sub-
sequently, oligo (dT) beads were used to enrich mRNA.
Short fragments were generated from the enriched
mRNA using a fragmentation buffer. Reverse transcrip-
tion was carried out utilising the NEBNext Ultra RNA
Library Prep Kit for Illumina (NEB #7530; New England
Biolabs) to obtained ¢cDNA. An Illumina Novaseq6000
by Gene Denovo Biotechnology Co. (Guangzhou, China)
was utilised to sequence the obtained cDNA library.

Comparative transcriptome analysis of leaves after varying
low-temperature exposure durations
Reads were fast filtered using fastp (version 0.18.0) to
acquire extremely high-quality reads [30]. Reads from
raw RNA were filtered and truncated to produce desired
reads. Fastp (v 0.18.0) has parameters -a AGATCGGAAG
AGC -q 20 -u 50 -n 15 -1 50. The purpose of this step is:
(1) Remove reads containing adapter; (2) Remove reads
with N ratio greater than 10%; (3) Remove reads with all
A bases; (4) Remove low-quality reads (the number of
bases with quality value Q<20 accounts for more than
50% of the whole read). After establishing the reference
indicator of the M. longifolia genome, the clean paired-
end reads were aligned to this reference genome using
HISAT?2 (version 2.4) [58]. The parameter is set to “-rna-
strandness RF” and the rest of the parameters are default.
For each sample, read mapping and assembly was con-
ducted via StringTie v1.3.1 following published protocols
[59, 60]. To quantify the expression and variation of each
transcription area, reads were normalised via fragments
per kilobase of transcript per million mapped reads cal-
culation using RSEM software [61]. The input data for
the gene differential expression analysis were the read
counts data obtained from the gene expression level anal-
ysis, which were analysed using the edgeR [62] software.
The analysis was divided into three parts: (1) normalisa-
tion of the read counts; (2) calculation of the probability
of hypothesis P-value according to the model.

DESeq2 [63] software was adopted to perform inter-
group analysis of differentially expressed RNA. All DEGs
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were aligned with GO terms and KEGG pathways, and
each term’s gene count was computed. Hypergeometric
testing was performed to detect GO terms remarkably
enriched in the DEG in comparison with the genomic
context, and KOBAS software [64] was employed to
quantify significant KEGG pathway enrichment of the
DEGs. P-values were quantified using hypothesis testing
and corrected by FDR. Pathways with a Q-value<0.05
were defined as significantly enriched among DEGs.

Identification, alignment, and phylogenetic analysis of
WRKY gene family

Using blastp (parameter settings: e-value 10> and iden-
tity 50%), the protein sequences of M. longifolia were
contrasted with the WRKY protein family of A. thaliana
to identify genomic WRKY gene family members. Using
the hmmsearch programme in hmmer 3.3.1 [65] under
default parameters, the corresponding gene family mem-
bers among M. longifolia protein sequences were deter-
mined according to the WRKY gene family structural
domains. The members obtained from these two steps
are merged as the result of the final WRKY gene family,
where if the IDs of the genes obtained from the two steps
are the same, they are retained only once. Using genome
sequencing and chromosomal information of the WRKY
genes of M. longifolia, chromosomal localisation analy-
sis was performed utilising MG2C (http://mg2c.iask.in/
mg2c_v2.0/) to precisely localise each WRKY member
and facilitate gene homology analysis over evolution-
ary history. Based on the A. thaliana and M. longifolia
WRKY gene family members, neighbour-joining tree
construction with MUSCLE multiple sequence alignment
(default parameters) was performed using MEGA11.0.8
[66] (parameters: Poisson model, partial deletion 80%,
and 1000 bootstraps). Conserved motif analysis was
carried out utilising the Multiple Em for Motif Elicita-
tion (MEME) suite (version 5.3.0) [67] (parameter set-
tings: repetition count: any; maximum motif count: 20;
and optimal width per motif: 6-100 residues), and motif
functional analysis was conducted as per the NCBI Con-
served Domains Database (http://www.ncbi.nlm.nih.gov/
Structure/cdd/cdd.shtml).

Validation of key gene expression patterns via real-time
fluorescence reverse transcription qPCR (RT-qPCR)
RT-qPCR was performed to verify RNA-seq findings.
Fifteen genes were chosen for expression analysis at 1D,
3D, 5D and 7D using mikado Chr 09G46 as the inter-
nal reference gene, which encoding ubiquitin-coupled
enzyme. Each set of experiments consisted of 3 biological
replicates. Primer Premier 5.0 (Premier Biosoft Interna-
tional, Palo Alto, CA, USA) was utilised to design prim-
ers (Table S2). Total RNA was isolated from each sample
using TRIzol reagent [68], and reverse transcription was

108


http://mg2c.iask.in/mg2c_v2.0/
http://mg2c.iask.in/mg2c_v2.0/
http://www.ncbi.nlm.nih.gov/Structure/cdd/cdd.shtml
http://www.ncbi.nlm.nih.gov/Structure/cdd/cdd.shtml

Wang et al. BMC Genomics (2024) 25:877

performed on a T100 Thermal Cycler (Bio-Rad, Hercules,
CA, USA) to acquire template cDNA. qPCR was carried
out on a TianLong 988 Real-Time PCR System (Tianlong
Technologies, Xian, China) with ChamQ SYBR qPCR
Master Mix (Vazyme, Nanjing, China) using the follow-
ing programme: 90 s denaturation at 95 °C, and 40 ampli-
fication cycles were conducted of 95 °C for 5 s, 60 °C for
15 s, and 72 °C for 20 s. Each sample underwent three
rounds of testing. Relative expression was computed
using the 2724 method [69].

Results
Madhuca longifolia genome size prediction and assembly
Altogether, 31.23 Gb (42.27x) PacBio long reads and
26.79 Gb (36.26x) Illumina short paired-end reads
were obtained (Table S3). Using the valid M. longifolia
genome data obtained from Illumina sequencing, a total
of 22,037,014,232 k-mers with a main peak k-mer depth
of 31.82 were identified (Table S4). A clear heterozygosity
peak appeared approximately halfway to the major k-mer
distribution curve peak (Figure S2), indicating a high het-
erozygosity rate. Through further calculation and correc-
tion, the genome size was calculated as 646.92 Mb, with a
1.48% heterozygosity ratio and a 38.75% repeat sequence
ratio.

Based on preliminary genome assembly and correction,
the genome of M. longifolia contained 340 contigs, and

Table 1 Statistics of Madhuca longifolia genome assembly
PacBio assembly

Statistics Contig length (bp) Number
Max 76,565,288 1
N10 76,565,288 1
N20 72,498,706 2
N30 60,044,954 4
N40 57,664,288 5
N50 56,707,685 6
N60 51,577,671 8
N70 51,515,675 9
N80 41,195,910 11
N90 30,563,916 13
Total length 738,965,282 340
GC rate (%) 33.7631
Hi-C assembly
Statistics Scaffold Contig
Total number 329 331
Total length (bp) 737,923,470 737,921,470
Gap (N) (bp) 2,000 0
Average length (bp) 2,242,92848 2,229,370
N50 length (bp) 60,054,753 56,707,731
N90 length (bp) 41,669,588 30,985,487
Maximum length (bp) 84,256,480 76,625,452
Minimum length (bp) 13,157 13,157
GC content (%) 33.74 33.74
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the genome scale was 739.00 Mb with the GC content of
33.76%. Contig N50 was 56.71 Mb long, with the longest
assembled contig size being 76.57 Mb (Table 1). Chro-
mosome counts showed that M. longifolia was diploid
(2n=24, Figure S3). Contigs obtained from preliminary
Hi-C assembly were clustered into 12 pseudochromo-
somes (Fig. 1A, Table S5). The Hi-C interaction heat map
showed a well-organised diagonal pattern of intrachro-
mosomal interactions, indicating a satisfactory genome
assembly (Fig. 1B). The ultimate assembled genome
dimension was 737.92 Mb in size, and contig N50 and
scaffold N50 had lengths of 56.71 Mb and 60.05 Mb,
respectively. The longest assembled contig and scaffold
sizes were 76.63 Mb and 84.26 Mb, respectively, with a
GC content of 33.74% (Table 1).

[llumina data were re-matched to the initially assem-
bled M. longifolia genome to assess assembly integrity
and accuracy, and the Illumina reads showed 98.62%
alignment and 99.81% coverage (Tables S6 and S7).
CEGMA assessment showed a detection rate of 234/248
(94.35%) for core eukaryotic genes (Table S8). The
BUSCO evaluation results indicated that 1,571 of 1,614
direct homologous single-copy genes (97.34%) were
observed in the M. longifolia genome (Table S9). The
final assembly outcomes were also evaluated using the
BUSCO software and yielded 1,535 single-copy genes,
representing 95.11% of the gene counts (Table S10). This
indicated that the final assembled genome of M. longifo-
lia had good integrity and high quality.

Genome annotation

A total of 1,294 rRNA, 2,043 tRNA, 264 miRNA, and
287 snRNA sequences were obtained by annotating the
non-coding RNAs of the M. longifolia genome. The aver-
age length for these four RNA types was 2,581.70 bp,
74.54 bp, 133.95 bp, and 123.97 bp, respectively (Table
S11). The genome contained 486.30 Mb of repeated
sequences, occupying 65.90% of the total genome. Among
the detected transposable elements, which are important
components of repeated sequences, the LTR transposon
class was predominant at 69.16 Mb in size and occupy-
ing 9.36% of the genome. The next most common class
was the long interspersed nuclear element class, with a
dimension of 18.03 Mb, occupying 2.44% of the genome.
Among the DNA transposons, the highest proportion of
genomes was in the Helitron class (62.31%), followed by
miniature inverted-repeat transposable elements (1.63%)
(Table S12). Structural annotation of genomic coding
genes yielded 46,610 coding genes. The mean gene length
of the M. longifolia genome was 5,561.26 bp, with the
N50 gene being 9,993 bp in length. The average mRNA
length was 1,625.14 bp. The mean coding sequence was
1,154.17 bp long. The mean exon length was 272.37 bp,
and the mean count of exons in each gene was 5.78 (Table
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S13 and S14). BUSCO assessment (Table S15) showed
96.47% completeness, indicating excellent annotation of
the encoded genes. Among the genes with coded pro-
teins, 34,927 were annotated against the NR database
(75% coverage), 24,100 for SwissProt (52%), 26,665 for
GO (57%), 20,243 for COG (43%), and 34,162 for KEGG
(73%; Table S16).

Evolution of gene families

The M. longifolia genome contained 15,545 gene fami-
lies consisting of 26,724 genes. Table S17 shows the clus-
tered gene families in the remaining 13 analysed species.
A total of 10,517 genes were identified and shared by
M. longifolia, M. pasquieri, R. simsii, V. vinifera, and A.
chinensis (Fig. 2A). Forty-one single-copy gene families
were shared among all species. Homologous single-copy
gene sequence comparison and maximum-likelihood tree
construction showed that M. longifolia and M. pasquieri
diverged at 15-75 mya, slightly later than O. sativa and
Z. mays (Fig. 2B). The gene family expansion/contraction
analysis for M. longifolia revealed that 632 gene fami-
lies underwent expansion and 161 experienced contrac-
tion (Fig. 2B). Among the expanded gene families, 2,669
genes were annotated with GO terms, with 1,540 genes
enriched in biological process terms, 313 in cellular com-
ponent terms, and 815 in molecular function terms (Fig-
ure S4). Altogether, 749 genes were enriched in 91 KEGG
pathways (Figure S5). Genes that underwent expansion
were significantly enriched in metabolic, glutathione

metabolism, RNA polymerase, and oxidative phosphory-
lation pathways.

Whole-genome duplication

The results of the covariance analysis showed a 2:1 syn-
tenic depth rate between M. longifolia and V. vinifera
and a 2:2 syntenic depth rate between M. pasquieri and
R. simsii (Fig. 2C). The V. vinifera genome did not exhibit
the whole-genome doubling (WGD) followed by whole-
genome tripling common to core dicotyledons [70],
whereas this was the case in R, simsii [71]. Ks distribution
mapping for M. longifolia, M. pasquieri, V. vinifera, C.
sinensis, and R. simsii highlighted a shared peak at ~1.5
Ks representing a genome-wide triploidisation event (y
event) common to core dicots, after which M. longifolia
experienced another, more recent WGD event (Fig. 2D).

Comparative transcriptome analysis of young leaves under
different low-temperature treatment durations

Across all pairwise comparisons of seedlings from the
CK, 1D, 3D, 5D, and 7D groups, 17,941 DEGs were rec-
ognised, with 3,382 overlapping DEGs (Fig. 3A). The
D7 group showed the highest number of DEGs (14,291)
against the CK group, of which 4,765 were upregulated
and 9,526 were downregulated. The fewest DEGs (5,945)
were found between CK and D1, of which 3,237 were
upregulated and 2,708 were downregulated in the D1
group. Altogether, 13,116 DEGs were detected between
the CK and D3 groups, where 4,512 were upregulated
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and 8,604 were downregulated in the D3 group; 13,988
DEGs were found between the CK and D5 groups, of
which 4,629 were upregulated and 9,359 were downregu-
lated in the D5 group (Fig. 3B). Based on GO annotation
with hypergeometric tests, DEGs were predominantly
enriched in the organonitrogen compound metabolic
process (GO:1901564), ion binding (GO:0043167), and
catalytic complex (GO:1902494) GO terms (Figure S6).
KEGG analysis showed that DEGs between CK and D1,
CK and D3, CK and D5, and CK and D7 were enriched
in 129, 135, 138, and 137 pathways, respectively (Figure
S7). Further trend analysis showed that DEGs were clus-
tered into 20 profiles. Among these, 15,993 DEGs were
clustered into five profiles at P<0.05 (downregulation
mode, profile 0; upregulation mode, profile 19; upregula-
tion then stable then downregulation, profile 18; upregu-
lation then downregulation then stable, profile 12; and
stable then downregulation then upregulation, profile
8) (Fig. 3C). Profile 0 contained 9,391 DEGs that were
downregulated in the 1D, 3D, 5D, and 7D groups com-
pared to levels in the CK group. Profile 19 contained
2,941 DEGs that were upregulated in these groups.

Identification of the WRKY gene family

Altogether, 94 WRKY putative genes were identified in
the genome of M. longifolia. Chromosomal localisation
analysis revealed that these genes were distributed on
12 chromosomes, with each chromosome containing
14, 15,4, 6, 12,7, 6, 8, 5, 6, 7, and 4 MIWRKYs, respec-
tively (Fig. 4A and Table S18). Phylogenetic analyses of
WRKY gene families for M. longifolia and A. thaliana
revealed three principal families (groups I-III), among
which group II was subdivided into five subfamilies: II-a
to II-e (Fig. 4B). WRKY gene family groups I, II, and III
respectively contained 15, 58, and 21 genes, and group
II subfamilies Ila, IIb, Ilc, IId, and Ile respectively con-
tained 4, 11, 25, 8, and 10 genes (Table S19). Utilising the
MEME Suite, 20 conserved amino acid sequences corre-
sponding to members of the M. longifolia’s WRKY gene
family were found. Four conserved sequences with char-
acteristic WRKY structural domains were identified (Fig-
ure S8). Genes containing four WRKY structural domain
sequences (motifs 1, 2, 3, and 5) were all located in group
I. Of 94 MIWRKYs, only 14 (MIWRKY1, MIWRKY2,
MIWRKY3, MIWRKY6, MIWRKY14, MIWRKY20,
MIWRKY24, MIWRKY25, MIWRKY31, MIWRKY37,
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MIWRKY47, MIWRKY84, MIWRKY88, and MIWRKY89)
contained either motif 1 or motif 2 but not both, whereas
each of the other genes contained both motifs, which
were closely related (Figure S9).

The transcriptome trend analysis revealed that of the
94 WRKY genes identified in the M. longifolia genome
with differential expression under low-temperature
stress, 17 upregulated MIWRKYs corresponded to pro-
file 19 and 15 downregulated MI/WRKYs represented
profile 0. Based on this result, a gene expression heat
map was plotted via the TBtools software [72] (Figure
S$10). The top eight differentially expressed MIWRKYs
in profile 19 and the equivalent top seven in profile 0
were identified as genes likely to be tightly linked with
the response to low-temperature stress in M. longifolia
(Table S20). These 15 differentially expressed MIWRKYs
(MLWRKY81, MLWRKY21, MLWRKY52, MLWRKY74,
MILWRKY99, MLWRKY46, MLWRKY54, MLWRKYS,
MILWRKYS59, MLWRKY90, MLWRKY13, MLWRKY4S,
MLWRKY28, MLWRKY97, and MLWRKY76) were
selected and validated via qRT-PCR, and their expression
in the transcriptome was largely consistent with the fluo-
rescence quantification of expression in different samples

(Fig. 4C), further supporting the credibility of the RNA-
seq data.

Discussion

In this study, [llumina sequencing, PacBio HiFi sequenc-
ing, and Hi-C technology were incorporated to sequence
and assemble the complete M. longifolia genome to
obtain a high-quality chromosome-level reference
genome. This is the first complete chromosome-level
reference genome for the genus Madhuca and provides
considerable genomic data for investigations of other
species in the genus. The M. longifolia genome also pro-
vides a basis for future research on molecular breeding,
phylogeny, and resistance mechanisms. The size of the
assembled genome is approximately 737.92 Mb, with
contig N50 (56.71 Mb) and scaffold N50 (60.05 Mb) both
notably larger than contig N50 (2.2 Mb) and scaffold
N50 (36 Mb) of the closely related species R. simsii [71].
In this study, 65.90% of the total genome of M. longifolia
was represented by duplicated sequences, a considerably
larger percentage than in R. simsii (47.48%) and R. dela-
vayi (51.77%) [71]. This indicates that M. longifolia could
have undergone greater sequence differentiation and
genome expansion than these species. Altogether, 46,610
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Fig. 4 Analysis of the WRKY gene family and RT-gPCR validation of key WRKY genes for low-temperature response in Madhuca longifolia (A) Chromo-
somal localisation of 94 WRKY genes on M. longifolia chromosomes. (B) Phylogeny of the WRKY gene family in M. longifolia and Arabidopsis thaliana. (C)
RT-gPCR validation of 15 MIWRKY genes in response to low-temperature stress in M. longifolia. In (c), panels (a)-(g) show WRKY genes consistently down-
regulated in profile 0. Panels (h)—(o) show WRKY genes consistently upregulated in profile 19

coding genes corresponded to known functional annota-
tions for M. longifolia, close to the count for the closely
related species A. chinensis (40,464) [73] but markedly
higher than that for R. simsii (32,999).

Adaptive evolution is a key strategy for the survival of
all species. Understanding the molecular mechanisms
controlling adaptive evolution helps us to comprehend
the development of adaptive characteristics and the cor-
relations that support species diversification, phenotype
convergence, and interspecific interactions. It may also
provide valuable knowledge of the formation and sustain-
ability of biodiversity [74]. Gene family expansion signifi-
cantly affects species differentiation. We found that 632
gene families in M. longifolia have expanded during its
evolutionary history and exhibit enrichment in oxida-
tive phosphorylation, glutathione metabolism, and RNA
polymerase pathways. These gene families may have been
associated with resistance to environmental stress dur-
ing the species’ evolutionary history. The natural habitat
of M. longifolia is southern India and Myanmar, where it
is warm throughout the year and hot in the summer. It
can therefore be assumed that M. longifolia has gradually
evolved to become more tolerant to hot environments
and less adaptable to low temperatures. This may be one

of the reasons for the poor overwintering adaptability of
the species during cold waves in winter after its introduc-
tion to southern China.

The divergence time of A. chinensis and R. simsii in
the present study was approximately 74.0 Ma, which is
almost identical to the previously reported divergence
time of 74.78 Ma. In contrast, the differentiation time of
87.3 Ma for A. chinensis and C. sinensis was greater than
that of 60.95-76.84 Ma reported in other studies [73].
This may be due to the use of genomes from more species
in this investigation, particularly the inclusion of genomic
data from the Sapotaceae family, which is closely related
to the Actinidiaceae and Theaceae families. Genome-
wide replication events are important drivers of species
evolution and can lead to changes in plant genome size
and gene number [75, 76]. M. longifolia exhibited covari-
ate relationships of 2:1, 2:2, and 2:2 with V. vinifera, M.
pasquieri, and R. simsii, respectively. Both M. longifolia
and M. pasquieri have 12 pseudochromosomes, whereas
the closely related species Symsepalum dulcificum [77]
and R. simsii have 13 pseudochromosomes. There-
fore, the evolution of the chromosomes of M. longifolia
is of great importance to the Sapotaceae and Ericales.
M. longifolia and M. pasquieri peaked at Ks=0.75 and
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Ks=0.68, respectively, while S. dulcificum of the same
family peaked at Ks=0.56. Given M. longifolia’s evolu-
tionary position in the phylogenetic tree, we speculate
that this WGD event was not unique to the Sapotaceae
family. It has been reported that C. sinensis underwent
only one WGD event following a whole-genome tripling
event, and that this was the same WGD event shared
by A. chinensis, C. sinensis, R. simsii, and Diospyros kaki
[78], which may also be shared with other species in the
family. However, because of the lack of genomic studies
on M. longifolia, the neutral mutation rate of the tightly
related species A. chinensis was utilised to calculate the
timing of the WGD event in this analysis. This may have
led to less accurate results and could be corrected in con-
junction with more relevant subsequent research results.

Low temperatures are a key factor limiting the large-
scale cultivation of high-quality tropical trees in China.
Low-temperature stress often results in the severe dehy-
dration of plant cells, leading to tissue injury, stunted
growth, and wilting. Various physiological, molecular,
and metabolic responses driven by multiple pathways
occur when plants resist the adverse effects of low tem-
peratures [79, 80]. We found that the total number of
DEGs between the low-temperature groups and the
CK group gradually rose with an increasing duration
of seedling exposure to stress. More genes were down-
regulated than upregulated on days 3, 5, and 7 of low-
temperature treatment but not on day 1, when the count
of upregulated genes surpassed that of downregulated
genes. Enrichment analyses of several groups of DEGs
using the GO and KEGG databases demonstrated that
DEGs were remarkably enriched in membrane path-
ways (G0O:0016020) on D1 as compared to CK. One of
the key mechanisms for adapting to low-temperature
stress involves modifying the plasma membrane’s func-
tion and composition [81]. As the low-temperature
treatment duration escalated, the DEGs in plant tis-
sues became remarkably enriched in pathways related
to stress response. Examples of other pathways associ-
ated with membranes included the integral component
(GO:0005887) and the obsolete intrinsic component
of the plasma membrane (G0:0031226). The enrich-
ment analysis results in this study are highly similar to
previously reported enrichment pathways of DEGs in
Kandelia obovata during cold acclimation in coastal
environments [82].

When exposed to abiotic stress factors, some WRKY
TFs quickly promote signal transduction and lead to
differential gene expression [83]. The WRKY expres-
sion modes and functional identification are identi-
fied through transcriptome analysis and RT-qPCR. The
ongoing expansion of plant genome and transcriptome
databases has led to the detection of a rising number of
WRKY genes, e.g., 82 in Solanum tuberosum [84] and
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95 in Daucus carota [85]. A previous study predicted 96
WRKY TFs in the genome of M. pasquieri [86]; herein,
94 MIWRKYs were recognised for the first time in the M.
longifolia genome. The WRKY gene count in both spe-
cies was very similar, which may be related to their close
affinity. WRKY genes in M. longifolia were nonuniformly
distributed across the species’ 12 chromosomes. Phylo-
genetic analysis allowed the classification of these genes
into three groups, of which group II was subdivided
into five subgroups (II-a to II-e). This clustering result is
accordant with that found in a prior study [87]. Subgroup
II-c had the largest number of members (25), whereas
II-a had only four MIWRKY members; this distribution is
similar to the clustering results of WRKY subgroups in S.
lycopersicum [88] and Manihot esculenta [89].

Various investigations have indicated that WRKY genes
influence many plants’ responses to low-temperature
stress. The WRKY71 protein is localised in the nucleus
of Fragariaxananassa seedlings and plays a role in
responses to abiotic stressors such as cold, salt, and low
phosphate levels [90]. BcWRKY46 in Brassica campes-
tris is triggered by low-temperature stress and ABA to
improve plant resistance through the activation of rele-
vant genes in ABA signalling pathways [91]. In the pres-
ent study, 15 key MIWRKYs were found to respond to low
temperatures, all of which were enriched in GO terms
related to the control of transcription and transcription
with a DNA template (GO:0006355), DNA binding spe-
cific to sequences (GO:0043565), and transcription fac-
tor activity binding to DNA (G0O:0003700) (Table S20).
These genes may be key regulators of related pathways
that rapidly respond to low-temperature stress, regulat-
ing the expression of related genes and altering metabo-
lite synthesis and secretion, among other responses.

Despite our valuable findings, the study has some
limitations. First, the transcriptome samples we used
were leaf sections that were not further disassembled
for sequencing to analyse the differential expression
among different tissues; therefore, it remains unclear
whether there are differences in the expression modes
of MIWRKYs in distinct tissues under low-temperature
stress. Further, it is unknown how these WRKY gene fam-
ily members respond to low-temperature signals and reg-
ulate gene expression. Further experiments are needed
to validate the functions of these genes and investigate
their specific roles in the complicated molecular mech-
anisms related to the low-temperature response of M.
longifolia. Moreover, there is a lack of metabolomic data
related to M. longifolia under low-temperature stress,
limiting our analysis of differential metabolites and core
metabolic pathways. In the future, further combinations
of genomic, transcriptomic, metabolomic, proteomic
and other multi-omics data can be used to establish a
gene—metabolite regulatory network, mine additional
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hub genes, and clarify the related regulatory relation-
ships. Finally, although RT-qPCR verified recognised hub
gene expression, insufficient direct molecular experi-
ments were performed to functionally verify them. As a
next step, a genetic transformation system of M. longifo-
lia needs to be established to facilitate the verification of
gene functions. Combined with multi-omics association
analysis and molecular biology techniques, we plan to
explore the principal target genes and pathways related
to low-temperature stress responses and clarify the exis-
tence of any interactions between these, so as to analyse
the molecular mechanism of these responses in depth.

Conclusions

In this study, high-quality chromosome-level genome
assembly was performed for M. longifolia, and key genes
controlling low-temperature responses were identified
for the first time based on genomic and transcriptomic
data. The genomic data and comparative genomic anal-
yses provide valuable references for further studies on
the adaptive evolution of M. longifolia and related spe-
cies. The derived transcriptome information constitutes
a basis for further elucidating the adaptive mechanisms
of M. longifolia to unfavourable low-temperature envi-
ronmental conditions and for optimising the molecular
breeding and cultivation of other high-quality tropical
woody plants. Future studies can use our genome assem-
bly, annotation, and transcriptome data to enhance the
ecological adaptability and exploitability of valuable
tropical trees to different environments following their
introduction.
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Abstract: Snags are highly important for many wildlife species and ecological processes. In this study,
we analyzed the relationship between snags and topographic factors in a secondary forest plot in
South China. Data on 544 snags were collected and recorded from 236 subplots in a permanent plot
(400 subplots). The frequency of Castanopsis carlesii and Schima superba was higher than that of other
species. The snags derived mostly from saplings and small trees, and the presence of snags decreased
as the DBH and height increased after 25 years of logging. The snags displayed an aggregated spatial
pattern distribution, which was strongly correlated with elevation, slope steepness, and slope aspect
(p < 0.05), as revealed by canonical correspondence analysis (CCA); however, the response of snags
varied with topographic factors. Our results demonstrate that topography is an important factor that
affects the snag spatial distribution in the subtropical secondary forest. These results will further
improve our understanding of forest dynamics and provide guidance for forest management and
biodiversity conservation.

Keywords: standing dead trees; elevation; slope steepness; slope aspect; canonical correspondence analysis

1. Introduction

Climate change not only increases the risk of species extinction [1], but also affects
the structural diversity of woody plants [2] and induces tree mortality, which is often
exacerbated towards the warm or dry limits of the species ranges [3,4]. Snags (standing
dead trees) are an important component of forest ecosystems, representing a significant
part of dead wood [5,6] and the most common result of tree mortality within forests [7].
Big snags are vital to biodiversity and the cycling of nutrients in forest ecosystems [8,9],
where they play a particularly important role in carbon and nitrogen cycling [10-12].
Moreover, snags with larger diameters provide nests, perches, roost sites, foraging substrates,
song posts, and escape cover for organisms such as amphibians, arthropods, birds, and small
mammals [13-16]. When they fall, snags also offer germination and growth substrates for
lichens, various types of fungi, and bryophytes [17,18].

Tree mortality is a critical process in forest dynamics [19] and can influence community
composition and species coexistence [20]. Snags represent the most common result of tree
mortality in forests, so the analysis of snags can reveal characteristics of tree mortality
and disturbance events in forest systems [7]. Tree mortality is generally affected by many
factors, including biotic and abiotic variables [4]. Topography (i.e., elevation, slope, aspect,
and convexity) is among the most important habitat factors [20,21], and by altering the
patterns of precipitation, temperature, solar radiation, and relative humidity, topography
can influence local and regional microclimates [22]. Moreover, topography can contribute
to the accumulation and export of soil nutrients [23], as well as regulate the redistribution
of seeds, water, and materials, thereby indirectly affecting plant distribution [24].
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Thermal energy distribution is primarily affected by spatial heterogeneity under dif-
ferent topographic conditions at the forest stand level [25]. Due to the numerous functions
of snags in terrestrial systems, understanding the topographical factors that influence snag
quantity and spatial patterns in subtropical forests is highly important. Although the rela-
tionships between living woody vegetation and topographic gradients have been fairly well
established in the region, little is known about how topographic factors affect the spatial
distribution of snags. Landscape position was strongly correlated with the accumulation
of coarse woody debris in an old-growth deciduous forest on the Cumberland Plateau
in southeastern Kentucky [26]. Similarly, a complex relationship between coarse woody
debris loads and topographic position was revealed in southern Ohio [27]. Topography
is a common factor that influences the abundance of snags and dead woody material in
mountainous areas [28]. In addition, terrain-related difficulties (such as distance to roads
and watercourse density) positively affected coarse woody debris [29]. However, few
studies have investigated the effects of topographic factors on snag quantity and quality.
The objectives of this study were (1) to determine the quantitative characteristics of snags
after logging in a subtropical secondary forest in South China, and (2) to identify the major
topographic factors that influence the distribution and growth of snags.

2. Materials and Methods
2.1. Study Site

This study was conducted in a permanent plot in the Kanghe Provincial Natural Reserve,
a secondary forest in eastern Dongyuan County in Guangdong Province (23°44’ N-23°53' N,
114°04’ E-115°09’ E) in South China. The reserve covers an area of 6484.8 ha and was estab-
lished in 2001 for the conservation of an ecosystem dominated by evergreen broadleaved
forest. The reserve is within the subtropical monsoon climate region. The mean annual
precipitation is 1567-2142 mm; the wettest months are April-June. The mean annual tem-
perature is 20.7 °C, and the annual temperature ranges from —4.5 °C to 39.3 °C. The mean
annual relative humidity is 77%. A four-hectare permanent sampling plot was established
at an elevation of 204-372 m (Figure 1). The soil in this region is classified as krasnozem
soil according to the national standards of China. The zonal vegetation is evergreen broad-
leaved forest; however, the woody plants with a diameter at breast height (DBH) >12 cm
underwent selective logging in the Kanghe Mountains in 1993. The permanent plot was a
secondary forest of natural restoration.

Figure 1. Topographic map of the permanent plot in a secondary forest in South China. The topo-
graphic map was generated from the survey data of the plot using the software Statistica (Version 8.0)
(Statsoft, Inc., Tulsa, OK, USA). The X axis represents the northwest-to-southeast direction; the Y axis
represents the northeast-to-southwest direction.
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2.2. Field Surveys

A total of 400 10 m x 10 m square subplots were established. In each subplot, all
individual snags whose DBH > 2.5 cm and whose height > 1 m were sampled. The species
of each snag was identified, and their heights (measured to the nearest 0.1 m) and DBH
(measured to the nearest 0.1 cm) were measured and recorded.

2.3. Topographic Factors

We recorded topographic factors in each subplot. The elevation, slope aspect, and
slope steepness were measured using a total station (Nikon DTM-310, Tokyo, Japan). Slope
steepness was classified in accordance with a general classification system—from gentle to
very steep. The slope steepness of the four-hectare sample plot ranged from 15.2° to 47.6°,
and therefore was classified into three groups: 15-25°, 25-35°, and 35-50°. The elevation
ranged from 204 m to 372 m and was classified into four groups: 200-250 m, 250-300 m,
300-350 m, and 350-400 m. Aspect-related thermal gradients shape forest habitats that
exhibit heterogeneous energy distributions, thus driving plant structural diversity patterns.
The slope aspect of the four-hectare sample plot ranged from 9.8° to 356.6°; from the
starting point due north and moving in a clockwise direction, the classifications included
the north aspect (338-22°), northeast aspect (23—-67°), east aspect (68-112°), southeast aspect
(113-157°), south aspect (158-202°), southwest aspect (203-247°), west aspect (248-292°),
and northwest aspect (293-337°). The above eight aspects were further divided into four
groups: sunny slopes include south aspects, southwest aspects and southeast aspects; semi-
sunny slopes include east aspects and west aspects; semi-shady slopes include northwest
aspects and northeast aspects; and shady slopes include north aspects [30].

2.4. Analytical Methods

Species abundance, basal area, and density of snags were measured in each subplot.
Frequency refers to the percentage of a species among the snags in a sample. Snag diameters
were classified into five groups: 2.5-10 cm, 10-20 ¢m, 20-30 cm, 3040 cm, and >40 cm [31].
Similarly, snag heights were classified into five groups: 1-5 m, 5-10 m, 10-15 m, 15-20 m,
and >20 m.

The index of dispersion I was used to characterize the spatial patterns of snags. When
I = 0, the snags are distributed regularly. Values of I = 1 indicate a random spatial pattern,
and values of I greater than 1 present an aggregated spatial pattern [32].

82
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We used a multivariate approach to investigate the relationships between snag dis-
tribution and topographic factors. A preliminary detrended correspondence analysis
(DCA) was performed to assess the gradient length of the species data for each of the
three structural layers. The DCA revealed the presence of large (unimodal) gradients
(>4 standard deviations). Hence, to assess the relationships between snag abundance and
several topographic factors, we used canonical correspondence analysis (CCA), which is
a direct gradient analysis technique that is constrained by a set of a priori environmental
characteristics that are hypothesized to influence species distribution patterns. A Monte
Carlo permutation test based on 9999 random permutations was performed to test the
significance of the eigenvalue of the first canonical axis. Inter-set correlations from the
ordination analysis were used to assess the importance of the topographic factors. The CCA
was carried out using CANOCO software (version 4.5). A nonparametric Kruskal-Wallis
test was used to test the differences in snag distributions between each group of topo-
graphic factors. The Kruskal-Wallis test was performed using Statistica software (version
8.0, StatSoft, Inc.). All tests were performed at a significance level of p < 0.05.

120



Forests 2023, 14, 997

40f 10

3. Results
3.1. Snag Species Composition and Quantitative Characteristics

Data on 544 snags were collected and recorded from 236 subplots in the permanent plot.
Forty-four snag species were identified. The overall snags density was 230.5 & 10.4 snags/ha.
Castanopsis carlesii was the most abundant species (90 snags (16.5%) in 53 subplots), fol-
lowed by Schima superba (30 snags (5.5%) in 21 subplots) and Camellia oleifera (27 snags
(4.9%) in 17 subplots). The frequency of each species was calculated as the proportion of
subplots in which the species was found, with frequencies of 13.3% (53/400 x 100), 5.3%
(21/400 x 100), and 4.3% (17 /400 x 100) for Castanopsis carlesii, Schima superba, and Camellia
oleifera, respectively. Schefflera octophylla presented the largest basal area (2.66 & 1.13 m?/ha),
followed by Schima superba (1.73 & 0.40 m? /ha) and Castanopsis carlesii (1.50 + 0.19 m? /ha).
The frequency of Castanopsis carlesii and Schima superba was much greater than that of the
other species. The number of snags, accounting for 3.0% of all standing trees, as well as the
quantity characteristic of standing trees in the secondary forest plot, is shown in Table 1.

Table 1. Quantity characteristic of dominant snags of a secondary forest plot in South China.

. Frequenc Average DBH Max DBH Average Height Max Height

Species Abundance ‘(]%) y Mean f SE (cm) (cm) Meangj: SE (%n) (m) ’
Castanopsis carlesii 90 13.3 119 £ 0.8 30.3 51405 20.2
Schima superba 30 5.3 120+ 1.6 31.8 3.0+05 13.1
Camellia oleifera 27 43 3.0+£01 4.5 32+02 5.7
Machilus chinensis 23 3.8 74+£09 16.5 6.0+ 0.8 15.6
Cunninghamia lanceolata 23 4 83+1.1 21.5 6.1+0.8 15.4
All snags 544 59 76 £0.3 43.5 48+0.1 20.2

The snag abundance and richness decreased rapidly as both the snag DBH and height
increased. This suggests that tree mortality decreases as tree size increases. The abundance
decreased from 408 in the first DBH class to 2 in the >40 cm DBH class, indicating a
typical reverse-J size distribution (Figure 2A). The most striking feature in Figure 2 is
that the abundance and richness strongly decreased from the 2.5-10 cm diameter class.
The abundance and richness both strongly significantly differed among the five diameter
classes (p < 0.01). The DBH of the snags ranged from 2.5 to 43.5 cm, and the snags of the
smallest diameter class (2.5-10 cm) greatly outnumbered those of the other larger-diameter
classes. It reflects the reality that trees occupy more space as they grow; hence, plots of a
given size will support fewer trees if trees are large compared to when they are small.

500 A 50 400 B 50
I Abundance m Abundance
3 400 - I ) 40
= —/=Richness 73 2 ——Richness 2
< 300 2 < 30 &
£ £ 3 :
5 200 S 3 20 S
g ~ o) =
100 < 10
0 0
2.5-10 10-20 20-30 30-40 >40 1-5 5-10 10-15 15-20 >20
Diameter class (cm) Height class (m)

Figure 2. Distribution of snag abundance and richness across diameter (A) and height classes (B).
The diameter and height are both divided into five classes.

The smallest-diameter class (2.5-10 cm) constituted 75.0% of the snags and constituted the
most abundant group in our study. We recorded only 10 snags whose DBH was greater than
30 cmy; of those snags, only two (0.4%) had a DBH greater than 40 cm, and snags with a DBH
> 20 cm constituted only 6.6%. Only two large snags were in the last DBH class, indicating
that large snags rarely form. These results indicate that there is a higher mortality among
smaller trees and saplings within the community. The abundance decreased from 314 in the
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first height class to 3 in the >20 m height class (Figure 2B), indicating a typical reverse-J size
distribution. Both the abundance and richness significantly differed among the five height
classes (Kruskal-Wallis test, p < 0.01 and p < 0.05, respectively). The snag abundance decreased
as the height increased (Figure 2B). Snags < 10 m in height predominated and constituted
91.7% of the total snag population. We recorded 26 snags that were taller than 15 m and only
3 snags (0.6%) that were taller than 20 m. The results of our study indicated that the snags
mostly consisted of individuals with a DBH < 20 cm and a height < 10 m.

3.2. Snag Spatial Distribution Associated with Topographic Factors

The index of dispersion (I = 1.1 > 1) showed that snags were distributed in an ag-
gregated spatial pattern in the sample plots. Of the 400 subplots, 164 contained no snags
(41.0%), and approximately 1/5th of the subplots contained one snag (22.0%). Two and
three snags were recorded in 16% and 11% of the subplots, respectively.

The results of a CCA (Figure 3) demonstrated that snag patterns were associated with the
three measured topographic factors (p < 0.01). The Monte Carlo test (9999 permutations) revealed
four significant canonical axes (p < 0.01), which in aggregate explained 6.5% of the variance in
species data and 100.0% of the variance in the species—environment relationship (Table 2).

=
—

CASVEL
A
MACVEL
A
ADRUB  UIQFOR PHOPRU BEIFOR
i EHOT Elevation
SCHOCT CASFAR CINPOR ENI‘“IHEIC}F]}CVAR
CAMOLE KNOW & A
ILEPUB 2 H%I'INEGg ARASHAY

Axis?2

(=2 4
AD STYSUB
CRAgOCEURA“'C“]@U gDAPOLDM} & SCHSUP

LORCHI LINCOM B%HSAAA s TOXSUC
DIOKAK
LHROZ&ASAPI‘;ISD i
L A ENGROX
TURMON SYZGRI
PYRCAL Aspect cageaw
PINMAS i
ALACHI ELACHI
Slope
2 A PITCLY
1 ; ; ; . . '
—0.8 0.8
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Figure 3. Two-dimensional ordination diagram of the canonical correspondence analysis (CCA) of
45 snag species recorded in 236 plots as constrained by three topographic factors in a secondary forest
in South China. Topographic factors are represented by arrows. The length of an arrow indicates the
strength of the correlation between the variable and the axis. Snags species are represented by species
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codes: Castanopsis carlesii (CASCAR), Schima superba (SCHSUP), Camellia oleifera (CAMOLE), Machilus
chinensis (MACCHI), Cunninghamia lanceolata (CUNLAN), Cratoxylum cochinchinense (CRACOC),
Cinnamomum porrectum (CINPOR), Pterospermum heterophyllum (PTEHET), Itea chinensis (ITECHI),
Schefflera octophylla (SCHOCT), Adinandra millettii (ADIMIL), unknown (UNKNOW), Styrax suberi-
folius (STYSUB), Engelhardia roxburghiana (ENGROX), Beilschmiedia tsangii (BEITSA), Diospyros mor-
risiana (DIOMOR), Photinia prunifolia (PHOPRU), Sapium discolour (SAPDIS), Liquidambar formosana
(LIQFOR), Litsea rotundifolia (LITROT), Castanopsis fargesii (CASFAR), Lindera communis (LINCOM),
Loropetalum chinense (LORCHI), Ardisia quinquegona (ARDQUI), Machilus velutina (MACVEL), Pinus
massoniana (PINMAS), Pyrus calleryana (PYRCAL), Adina rubella (ADIRUB), Bridelia fordii (BRIFOR),
Choerospondias axillaris (CHOAXI), Diospyros kaki (DIOKAK), Elaeocarpus chinensis (ELACHI), Syzygium
grijsii (SYZGRI), Toxicodendron succedaneum (TOXSUC), Alangium chinense (ALACHI), Casearia velutina
(CASVEL), Castanopsis kawakamii (CASKAW), Daphniphyllum calycinum (DAPCAL), Daphniphyllum
oldhamii (DAPOLD), Eurya acuminata (EURACU), Ficus variolosa (FICVAR), Ilex pubescens (ILEPUB),
Pithecellobium clypearia (PITCLY), Vitex negundo (VITNEG), Turpinia montana (TURMON).

Table 2. Eigenvalues and correlation coefficients for snag abundance and topographic factors (eleva-
tion, slope steepness, and slope aspect). * Level of statistical significance: * p < 0.05, ** p < 0.01.

Axes
Attribute
1 2 3 4
Eigenvalues 0.397 0.110 0.090 1.000
Species—environment correlations 0.72 0.41 0.38 0.0
Cumulative % variance of species data 1.6 2.1 2.4 6.5
Cumulative % variance of species—environment relation 66.5 85.0 100.0 0.0
Slope steepness 0.30 —0.70 * 0.65* 0.00
Elevation 0.98 ** 0.16 0.11 0.00
Slope aspect 0.45* —0.43* —0.78 * 0.00

With an eigenvalue of 0.397, the first canonical axis of the CCA explained the most
variance in the data. Axis 1 represents the species—environment; strongly positive correla-
tions (r = 0.718) occurred, and the axis explained 66.5% of the species—environment relation.
The first axis was strongly significantly correlated with elevation (r = 0.98, p < 0.01) and slope
aspect (r = 0.45, p < 0.05). The second canonical axis had an eigenvalue of 0.110 and was
significantly correlated with slope steepness (r = —0.70, p < 0.01) and slope aspect (r = —0.43,
p < 0.05). The examination of the inter-set correlation (correlations between species axes and
environmental variables) and intra-set correlation (correlations between environmental axes
and environmental variables) values revealed that both species axis 1 and environmental
axis 1 presented the strongest correlations with elevation (r = 0.73 and 0.98, respectively,
p < 0.01). Slope steepness and slope aspect were strongly correlated with environmental axis
2 (r=-0.70,p < 0.01 and —0.43, p < 0.05, respectively) and environmental axis 3 (r = 0.65
and —0.78, respectively, p < 0.01). The species distributions in multidimensional space are
consistent with the biological characteristics and habitat affinities of individual species.
For example, heliophyte species such as Castanopsis carlesii and Castanopsis kawakamii are on
the right side of the CCA biplot (sunny aspects and high elevation).

3.3. Relationships between Snags and Topographic Factors

Both the DBH (Kruskal-Wallis test, p < 0.001) and height (Kruskal-Wallis test, p < 0.001)
of snags largely varied across the elevation gradient (Figure 4). The mean diameter of snags
increased from 4.6 = 0.3 cm to 11.2 £ 0.9 cm as the elevation increased.

The maximum diameter of snags reached 43.5 cm at an elevation of 250-300 m. The av-
erage height of snags at an elevation of 250-300 m was significantly higher than that at
other elevations. The maximum height of snags reached 20 m.

The DBH largely varied across slope aspect (Kruskal-Wallis test, p < 0.001); however,
no significant differences between height and slope aspect were observed (Kruskal-Wallis
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test, p > 0.05). The DBH and height of snags decreased from shady to sunny aspects, which
indicated that, in more mesic plots, snags are much larger and taller.
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Figure 4. Response of snags to an elevation gradient according to (A) diameter at breast height (DBH)
and (D) height; to slope steepness according to (B) DBH and (E) height; and to slope aspect according
to (C) DBH and (F) height. The box plots show the Kruskal-Wallis test results. The horizontal line
and small box within each box indicates the median, the box endpoints indicate the 25th and 75th
percentile values, and the whiskers represent the non-outlier range; the circles and asterisks indicate
the outliers and extreme values of the DBH and height of the snags. Different letters (a, b, c) in the
figures represent significant differences between groups (p < 0.05).

Similarly, the DBH largely varied across slope steepness (Kruskal-Wallis test, p < 0.05);
however, no significant differences between height and slope steepness were observed
(Kruskal-Wallis test, p > 0.05). The DBH and height of snags at a 35-45° slope steepness
were greater than those at other slope steepness degrees.

4. Discussion

Based on the assumption that trees gain and use the same amount of energy, studies
have suggested that tree mortality decreases as tree size increases, and compared with small
trees, large trees have an advantage in terms of resource competition [33]. Our research
shows that tree mortality tends to decline as tree size increases. However, other studies
have reported that, for very large trees, tree mortality is not negatively associated with
tree size [34,35]. Among the recorded snags, only 10 (1.8%) had a DBH greater than 30 cm,
which supports the conclusion that the size of snags is considerably low in old-growth
forests [6]. This phenomenon may be due to differences in climate, site productivity, tree
species composition, and disturbance regimes compared to other regions. For instance,
the Kanghe Mountains have experienced selective logging, while other regions, such as
the Ailao Mountains, have experienced little anthropogenic disturbance. Additionally,
topography differs between these regions, with the Kanghe Mountains featuring more
undulating terrain and various slope aspects.

The study revealed that topographical heterogeneity, which leads to habitat hetero-
geneity, was the predominant mechanism generating the spatial distribution of most
analyzed species [36]. Snags have shown a consistent aggregated distribution at 0-30-m
scales in subtropical mountain forests [20]. Our results also revealed that the spatial pat-
tern of snags was aggregated in the secondary forest of the Kanghe Mountains. Different
dead trees showed different spatial patterns: small dead trees presented an aggregated
distribution, and large dead trees presented a random distribution [37,38]. The clustered
pattern of small snags (DBH < 15 cm) may be explained by the clustered pattern of tree
regeneration, and competitive exclusion was the main cause of tree mortality in subcanopy
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trees. However, the random pattern of large snags may be a consequence of continuous
individual tree mortality caused by aging.

The future global extinction risk from climate change is predicted not only to increase
but to accelerate as global temperatures increase. Topography-associated thermal gradients
predict warming effects on woody plant structural diversity [2]. Other studies have reported
a high density of snags at high elevations [39], which contrasts with our results, indicating
that snag density decreases as elevation increases.

Our results showed that elevation is an important factor that limits snag distribution
in the secondary forest ecosystems of the Kanghe Mountains, which agrees well with
many other studies [18,40-43]. The average DBH and basal area decreased as elevation
decreased, which may be due to competition for limited resources. The average height of
snags at low elevations was small, possibly because a greater number of species can adapt
to low elevations. Competition for limited resources at low elevations limits the growth of
individual trees, so the DBH and height of snags remain small.

Our results showed that the abundance of snags was lower on shady slopes than
on sunny slopes in the secondary forest of the Kanghe Mountains in South China. How-
ever, along the gradient of shady slopes (cold slopes) to warmer slopes, mature trees
had significantly fewer stems. Deadwood volume depends on terrain and slope gradi-
ent [21]. Aspect-related thermal gradients shape forest habitats that exhibit heterogeneous
energy distributions. The energetic equivalence rule supports the hypothesis that elevated
temperatures increase the standing stock of species, as these temperatures accelerate the
biochemical reactions that govern speciation rates [44].

Light conditions were relatively more abundant on the sunny slopes than on the shady
slopes, leading to more intense competition and higher individual mortality in the former;
woody plant diversity patterns on small scales is potentially associated with the topographic
heterogeneity of energy distribution [45]. Slope aspect and slope steepness represent the
horizontal and vertical dimensions of topographic factors, respectively. Temperature clearly
changes along the vertical gradient, and vegetation type subsequently exhibits a distinct vertical
zonality. Given the multiple functions that snags play in terrestrial systems, knowledge of the
factors that affect the distribution of snags is highly important [19,41,46]. An understanding of
snag spatial distribution and dynamics, which requires the identification of the factors that
influence snag quantity and quality, is difficult to achieve given the numerous factors that
simultaneously influence snag distribution.

5. Conclusions

The results of the present study suggest that snags display an aggregated spatial
pattern distribution in the subtropical secondary forest in South China, which strongly
correlates with elevation, slope steepness, and slope aspect. The snags responded differently
to different topographic factors. The number of snags decreased as the elevation increased
and tended to increase from shady to sunny slope aspects after logging. However, the
DBH of snags showed an opposite trend. Moreover, the snags were tallest at medium
elevations and along the steepest slopes. Elevation is an important factor that influences
the distribution and growth of snags.
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Dynamic Transcriptomic and
Metabolomic Analyses of Madhuca
pasquieri (Dubard) H. J. Lam During
the Post-germination Stages

Lei Kan, Qicong Liao, Zhipeng Chen, Shuyu Wang, Yifei Ma, Zhiyao Su and Lu Zhang*

College of Forestry and Landscape Architecture, South China Agricultural University, Guangzhou, China

The wild population of Madhuca pasquieri (Dubard) H. J. Lam is currently dwindling; its
understory seedlings are rare, and there is a lack of molecular studies, which impedes
the conservation of this species. This study exploited second-generation sequencing and
widely targeted metabolomics analysis to uncover the dynamic changes in differentially
expressed genes (DEGs) and differentially accumulated metabolites (DAMSs) in five
post-germination stages of M. pasquieri whole organism. Notably, the weighted gene
co-expression network analysis (WGCNA), transcriptome, and metabolome association
analyses all indicated significant enrichment of the flavonoid biosynthesis pathway in
stage 4 (two-leaf), and an upregulation of the genes encoding flavonol biosynthesis in this
stage. In stage 5 (nine-leaf), the flavonols were significantly accumulated, indicating that
the changes in metabolites were driven at the transcript level. According to the significant
changes in gene expression encoding auxin transport carriers and their correlation with
flavonols during stage 5, the flavonols were speculated to have a direct inhibitory effect
on the expression of PIN4 encoding gene, which may inhibit the process of polar
auxin transport. The results provided important insights into the molecular network
relationships between the transcription and metabolism of this rare and endangered
species during the post-germination stages and explained the reasons for the slow
growth of its seedlings at the molecular level.

Keywords: Madhuca pasquieri (Dubard) H. J. Lam, post-germination stages, transcriptomics, widely-targeted
metabolomics, flavonols biosynthesis, polar auxin transport

INTRODUCTION

Seed germination is the start of the plant life cycle (Bewley, 1997), and the development after
germination has a straightforward influence on plant survival (Li et al., 2005). Under the influence
of environment, during post-germination, the growth is complicated by various morphological
(Romero-Rodriguez et al., 2018), physiological (Qu et al., 2019a), and biochemical changes (Wang
etal., 2020). Extensive studies have been conducted on both physiological and morphological levels
of post-germination in herbaceous plants, such as maize (Zea mays) (Anzala et al., 2006), soybean
(Glycine max L.) (Gronwald et al., 2009), rice (Oryza sativa L.) (Ho et al., 2013), and wheat (Triticum
aestivum L.) (Sun et al., 2020).

Frontiers in Plant Science | www.frontiersin.org

128 September 2021 | Volume 12 | Article 731203


https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/journals/plant-science#editorial-board
https://www.frontiersin.org/journals/plant-science#editorial-board
https://www.frontiersin.org/journals/plant-science#editorial-board
https://www.frontiersin.org/journals/plant-science#editorial-board
https://doi.org/10.3389/fpls.2021.731203
http://crossmark.crossref.org/dialog/?doi=10.3389/fpls.2021.731203&domain=pdf&date_stamp=2021-09-30
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles
https://creativecommons.org/licenses/by/4.0/
mailto:zhanglu@scau.edu.cn
https://doi.org/10.3389/fpls.2021.731203
https://www.frontiersin.org/articles/10.3389/fpls.2021.731203/full

Kan et al.

Multi-Omics Analysis of Madhuca pasquieri

According to the International Union for the Conservation
of Nature (IUCN) Red List, Madhuca pasquieri (Dubard) H. J.
Lam is regarded as a vulnerable (VU) species in the Sapotaceae
family. In China, it has been recorded as a national key protected
wild plant (II) of tiny population. These trees mainly grow in
mixed forests or mountain forest edges below the height of
1,100 m in southern China and northern Vietnam (Flora of China
(FOC), 2021). Madhuca pasquieri is not only a rare woody oil
tree but also a precious timber species. The current research
on M. pasquieri mainly focuses on in-situ, ex-situ protection,
chemical composition, and artificial cultivation, and is still in
the primary stage. Based on the previous investigation of the
authors on the population of this species, we found that its
native habitat was seriously fragmented; its seedlings in the
understory were very rare, and were difficult to regenerate.
We also found that the growth of M. pasquieri was very
slow during the artificial cultivation in the post-germination
stages. Although in the previous study, PacBio combined with
an Illumina platform was used to obtain reference sequence
through full-length transcriptome sequencing of M. pasquieri
(Kan et al, 2020), there is still a lack of research on the
growth of M. pasquieri in post-germination stages at the
molecular level.

“Omics” methods have been used in recent years to obtain
knowledge of the alterations of metabolites, proteins, and
gene transcripts (Wedow et al., 2019). Gene expression can
be detected with transcriptome methods, whereas functional
changes caused by these genes or proteins can be investigated
by metabolomics (Yuan et al., 2018), which is an effective
way to analyze the complicated process of post-germination
growth. Multi-omics analysis has been a powerful method to
identify correlations between genes and metabolites (Saito,
2013). Using transcriptome and integrated metabolome to
study the biological process of poplar (Poplar simonii x
Poplar nigra) post-germination growth, it was found that cell
wall, amino acid metabolism, and transport-related pathways
were obviously enriched during cotyledon expansion, while
primary metabolic processes were not (Qu et al, 2019b).
Combined transcriptome and metabolome analyses were
performed on mung bean (Vigna radiata) and seedlings at
three time points: 6h, 3 days, and 6 days (seed germination,
hypocotyl elongation, and epicotyl elongation). A lot of
transcript changes occurred between samples from seed
germination and hypocotyl elongation, including starch and
sucrose metabolism, glycolysis, plant hormone regulation,
and amino acid synthesis. Additionally, the alterations in
metabolites were also detected, including carbohydrates and
amino acids, indicating it was driven by the altered genes
expressions (Wang et al, 2020). In another poplar study, it
was found that during the growth process from the early
seed germination stage to the post-germination stage, genes
related to CHO metabolism were activated first, followed by
gene expression related to lipid metabolism, and then protein
metabolism, and changes in metabolites further verified the
sequence of these biological events (Qu et al., 2019a). Widely
targeted metabolomics is a new method that can accurately
detect hundreds of target metabolites, and is broadly used

in plants, e.g., Arabidopsis (Arabidopsis thaliana) (Sawada
et al, 2017), rice (Yang et al, 2019b), and apple (Malus
domestica) (Xu et al., 2020). Moreover, it has proven that the
combination analysis of metabolome and transcriptome data
can effectively reveal the biosynthetic mechanisms of the main
metabolic pathway of post-germination growth in plants (Yang
et al, 2020). Therefore, the combination of widely targeted
metabolomics and transcriptomics is very necessary for the
in-depth understanding of the post-germination growth of
M. pasquieri. The integration of modern omics techniques
provides a comprehensive perspective to better understand the
biological processes of post-germination events in plants at the
molecular level.

Investigating the molecular mechanism of slow growth in
the post-germination of M. pasquieri could clearly elucidate the
reasons why this species is endangered. Seed germination, by
definition, begins when mature dry seeds absorb water, and ends
when the radicle protrudes through the seed envelope (Bewley,
1997). With the development of the tree growth, we divided and
defined it as five stages, namely stages 1-15: the seed germination
stage, which is the last stage of germination, subsequent
hypocotyl elongation stage, epicotyl elongation stage, two-leaf
stage, and nine-leaf stage. Using Illumina RNA-seq and ultra-
performance liquid chromatography-tandem mass spectrometry
(UPLC-MS/MS) technologies, we obtained transcriptome and
metabolome data from the five post-germination stages in the
whole organism of M. pasquieri. Weighted gene co-expression
network analysis (WGCNA) was performed to identify stage-
specific gene clusters, network modules, and module key genes
of differentially expressed genes (DEGs) between each stage.
Then, combined with the metabolome data, an association
analysis was performed to a construct transcript-metabolite
correlation network, and the flavonol synthesis pathway and
polar auxin transport process were further analyzed. From the
perspective of transcription and metabolism, this study explored
the reasons for the slow growth of M. pasquieri post-germination,
which provided new insight for the in-depth analysis of post-
germination growth and functions of M. pasquieri, and a
molecular basis for the protection of this species in the future.

MATERIALS AND METHODS

Plant Materials

Madhuca pasquieri was grown in an artificial climate chamber
(RXZ-500C-LED; Ningbo Jiangnan Instrument Factory,
Zhejiang, China), at a temperature of 25°C, humidity of 60-80%,
and a light cycle of 14/10h (day/night), 17,6001x, at the South
China Agricultural University. Madhuca pasquieri plants were
selected based on the five developmental stages from the same
batch of light matrix culture in the artificial climate chamber
(seed germination, hypocotyl elongation, epicotyl elongation,
two-leaf, and nine-leaf stages; Figure 1) during post-germination
growth, with three biological replicates per stage. The collected
whole organism samples were snap-frozen in liquid nitrogen and
stored at —80°C until use.

Frontiers in Plant Science | www.frontiersin.org

129

September 2021 | Volume 12 | Article 731203


https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles

Kan et al.

Multi-Omics Analysis of Madhuca pasquieri

FIGURE 1 | Schematic representation of the experimental setup. (A) Stage 1:
seed germination. (B) Stage 2: hypocotyl elongation. (C) Stage 3: epicotyl
elongation. (D) Stage 4: two-leaf stage. (E) Stage 5: nine-leaf stage.

Widely Targeted Metabolome Detection

and Data Analysis
The freeze-dried whole organism samples from the five
developmental stages, with three biological replicates per
stage, were crushed using a mixer mill (MM 400; RETSCH,
Haan, Germany) with a zirconia bead for 1.5min at 30 Hz.
Then, 100mg powder of homogenized tissue was extracted
overnight at 4°C with 1ml 70% aqueous methanol (Merck,
Darmstadt, Germany; www.merckchemicals.com) containing 0.1
mg/llidocaine for the internal standard. Following centrifugation
at 10,000g for 10min, the supernatant was absorbed and
filtrated (SCAA-104, 0.22pum pore size; ANPEL, Shanghai,
China; www.anpel.com.cn/) before liquid chromatography-
tandem mass spectrometry (LC-MS/MS) analysis. Quality
control (QC) samples were mixed by all the samples to detect
the reproducibility of the whole experiment. The repeatability
of metabolite extraction and detection was judged by the
overlapping analysis of the total ion current (TIC) in the
different QC samples (Supplementary Figure 1). The TIC curves
overlapped during metabolite detection, and the retention times
and peak intensities were consistent, indicating that the signals of
the identical sample were stable at a different detection time.
The compounds extracted were analyzed using an LC-ESI-
MS/MS system [UPLC, Shim-pack UFLC Shimadzu CBM30A
system; Shimadzu, Kyoto, Japan; http://www.shimadzu.com.cn/;
MS/MS (6500 Q TRAP; Applied Biosystems, Waltham, MA,
United States; http://www.appliedbiosystems.com.cn/) (Chen
et al, 2013). Data filtering, peak detection, alignment, and
calculations were performed using the Analyst 1.6.1 (AB SCIEX,
USA) software. The metabolites were identified by searching the
internal and public databases MassBank (Horai et al., 2010),

KNApSAcK (Nakamura et al., 2013), HMDB (Wishart et al.,
2013), MoTo DB (Grennan, 2009), and METLIN (Zhu et al.,
2013)), and comparing the m/z values, RT, and fragmentation
patterns with the standards. The standards were divided into
two levels. The standard of Level A was that the m/Z and RT
were consistent with the database substances, and the matching
score of the secondary mass spectrometry was more than 90.
Level B meant that the matching score of the secondary mass
spectrometry was between 60 and 90 when the above parameters
were checked with the database. Both levels were for known
substances and were scored using MasterView Software.

Metabolite abundances were quantified using the peak areas.
To preliminarily visualize the differences between different
groups, an unsupervised dimensionality reduction method
principal component analysis (PCA) was performed in all
the samples using R package models (http://www.r-project.
org/). Partial least squares discriminant analysis (PLS-DA) is
a supervised dimensionality reduction method in which class
memberships are coded in the matrix form into Y to better
distinguish the metabolomics profile of two groups by screening
variables correlated to class memberships. Orthogonal least
partial squares discriminant analysis (OPLS-DA) is derived from
PLS-DA. Compared with PLS-DA, OPLS-DA is a combination
of orthogonal signal correction (OSC) and PLS-DA (Westerhuis
et al., 2008). The data obtained from the metabolite profiling
were normalized for the PCA and OPLS-DA. The differentially
accumulated metabolites (DAMs) were identified using a
combination of variable importance in the projection (VIP) score
of the OPLS model and Student’s ¢-test. Those with a P-value
of t-test < 0.05 and VIP > 1 were considered as differential
metabolites between the two groups.

Transcriptome Profiling and Analysis

Whole organisms of M. pasquieri plants sampled at five
developmental stages, with three biological replicates per stage,
were used for the Illumina RNA sequencing. After the total
RNA was extracted, the eukaryotic mRNA with a poly-
A tail was enriched with Oligo (dT) beads, and then the
enriched mRNA was fragmented into short fragments by
ultrasonic waves and reverse-transcribed into cDNA using
random primers. The second-strand ¢cDNA was synthesized
with DNA polymerase I, RNase H, dNTP, and a buffer (New
England Biolabs, Ipswich, MA, United States). Next, the cDNA
fragments were purified using a QiaQuick PCR extraction kit
(Qiagen, Diisseldorf, Germany) and end-repaired, the poly-A
was added, and the fragments were then ligated to the Illumina
sequencing adapters. The ligation products were size-selected by
agarose gel electrophoresis, amplified by PCR, and sequenced
using Illumina HiSeq™ 4000 by Gene Denovo Biotechnology
Company (Guangzhou, China).

Reads obtained from the sequencing machines included raw
reads containing adapters or low-quality bases, which affect
subsequent assembly and analysis. Thus, fastp (version 0.18.0)
was applied to obtain high-quality clean reads by further filtering
according to the following rules (Chen et al., 2018): (1) removal
of reads containing adapters; (2) removal of reads containing
more than 10% of unknown nucleotides (N); (3) removal of

Frontiers in Plant Science | www.frontiersin.org

130

September 2021 | Volume 12 | Article 731203


http://www.merckchemicals.com
http://www.anpel.com.cn/
http://www.shimadzu.com.cn/
http://www.appliedbiosystems.com.cn/
http://www.r-project.org/
http://www.r-project.org/
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles

Kan et al.

Multi-Omics Analysis of Madhuca pasquieri

reads containing all A bases; (4) removal of low-quality reads
containing more than 50% low-quality (Q-value < 20) bases.
The high-quality clean reads were mapped to the ribosomal RNA
(rRNA) to identify the residual rRNA reads. The rRNA-removed
reads were used for further analysis.

The rRNA-removed high-quality clean reads were mapped
to the reference transcriptome of M. pasquieri (SRP267710,
https://www.ncbi.nlm.nih.gov/sra/15293472) using a short reads
alignment tool, Bowtie2 (Johns Hopkins University, Baltimore,
Maryland, United States) (Li et al., 2009) by default parameters,
and mapping ratio was calculated.

Mapping ratio = (Unique mapped reads number

+ Multiple mapped reads numbers) /All read number

Principal component analysis was also performed with R package
models (http://www.r-project.org/) in this study. To identify
DEGs across the groups, the edgeR package (http://www.r-
project.org/) was used. The DEGs were identified with a fold
change >2 and a false discovery rate (FDR) <0.05 by comparison.
The fragments per kilobase of transcript per million mapped
(FPKM) reads of each gene were calculated and used to quantify
the expression level of the annotated genes.

Gene Ontology (GO) Enrichment Analysis
Gene Ontology enrichment analysis provides all GO terms
that are significantly enriched in DEGs compared with the
genome background and filters of the DEGs that correspond
to biological functions. First, the GOseq R package was applied
to perform GO enrichment analysis, and all the DEGs were
mapped to GO terms in the Gene Ontology database (http://
www.geneontology.org/), gene numbers were calculated for every
term, significantly enriched GO terms in DEGs compared with
the genome background were defined by Wallenius’ non-central
hypergeometric distributions (Young et al., 2010). GO categories
with FDR g < 0.05 were considered to be significantly enriched.

Kyoto Encyclopedia of Genes and

Genomes (KEGG) Pathway Analysis

The Kyoto Encyclopedia of Genes and Genomes (KEGG, https://
www.kegg.jp/kegg/) is the major public pathway-related database
that links genomic or transcriptomic contents of genes to
chemical structures of endogenous molecules (Kanehisa et al.,
2008), thus providing a method to perform integration analysis
of genes and metabolites. All the differentially expressed genes
and metabolites in the study were mapped to the KEGG pathway
database, and KOBAS 2.0 with hypergeometric tests was used to
perform the KEGG enrichment analysis (Xie et al., 2011). The
significance of KEGG pathway enrichment was determined with
FDR g < 0.05. Pathways meeting this condition were defined as
significantly enriched in DEGs or DAMs.

Weighted Gene Co-expression Network
Analysis (WGCNA)

Co-expression networks were constructed using the WGCNA
(v1.47) package in R (Langfelder and Horvath, 2008). Genes
that were not expressed in more than half of the samples were

filtered. After the filtration of low-expression genes, the gene
expression values were imported into WGCNA to construct co-
expression modules using the automatic network construction
function blockwiseModules with default settings, except that the
power is 7, mergeCutHeight power is 0.2, and minModuleSize
power is 50. Genes were clustered into 15 correlated modules.
Module eigengene (ME) values were calculated for each module
and used to test for association with each stage. Networks were
visualized using Cytoscape v.3.7.1 (Shannon et al., 2003).

Transcriptome and Metabolome

Correlation Network

Pearson’s correlation coefficients were calculated based on the
gene expression level (FPKM) of the transcriptome and the
relative content of metabolites to obtain the correlation between
metabolome and transcriptome data. Gene and metabolite
pairs were ranked in the descending order of absolute
correlation coeflicients.

Real-Time Quantitative Polymerase Chain
Reaction (RT-gPCR)

The same RNA samples used in RNA-Seq were used in a real-time
quantitative polymerase chain reaction (RT-qPCR). According to
the instructions of the reverse transcription kit (R223; Vazyme
Biotech, Nanjing, China), a 20-pl reaction system was established
with 50 ng—2 g total RNA and was incubated at 50°C for 50 min
and 95°C for 5min to obtain cDNAs. The cDNAs were then
loaded in a 96-well plate for qRT-PCR analysis using StepOnePlus
(ABI, CA, United States) with an RT-PCR reagent (Q341; Vazyme
Biotech, Nanjing, China). The 20-p1 reaction system consisted of
10 pul of 2 x ChamQ SYBR qPCR Master Mix (Vazyme Biotech,
Nanjing, China), 0.4 il of a PCR forward primer (10 pM), 0.4
il of a PCR reverse primer (10 wM), 4 pl of a cDNA template,
and 5.2 pl of ddH,0. PCR conditions were as follows: 95°C
for 90, 40 cycles of 95°C for 55, 60°C for 15s, and 72°C for
20s. Relative gene expression levels were analyzed according to
the 272AC method. Product specificity and reaction efficiencies
were verified for each primer pair. The primer pairs are listed in
Supplementary Table 1.

RESULTS
Metabolite Analysis

In the definition of the traditional seed germination stage, the
termination of germination is the protuberance of the radicle
through the seed envelope, so in this study, we define this stage
as stage 1 (seed germination). According to the post-germination
stages, hypocotyl elongation, epicotyl elongation, two-leaf stage,
and nine-leaf stage were defined as stages 2 to 5, respectively.
First, we prepared the whole organism samples at five stages of
M. pasquieri, as shown in Figure 1.

The dynamic metabolite changes in the five different stages of
M. pasquieri were evaluated by UPLC-MS/MS. By qualification
control and repeatability analysis, we showed the stability of
the instruments and ensured the reliability and repeatability of
the metabonomic data. PCA was performed to show the overall
metabolic differences between inner and inter-group variations.
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As shown in Figure 2A, the samples from stage 1 and stage 5
gathered into a distinct cluster, respectively, while the samples
from stages 2, 3, and 4 had an obvious overlap. However, OPLS-
DA showed that there was still a clear separation between any
two comparison stages (Supplementary Figure 2). These results
indicated that the data were reproducible enough to be used in
subsequent analyses.

In the available data, there were 497 metabolites that
had been identified in the five development stages of M.
pasquieri with three biological replicates in each stage
(Supplementary Table 2). Of the 497 metabolites, phenolic
acids (16.5%), amino acids and derivatives (15.3%), organic acids
(7.8%), nucleotides and derivatives (7.6%), flavonols (6.4%),
and saccharides and alcohols (5.6%) accounted for a large
proportion (Figure 2B). DAMs were identified according to
the standard of VIP > 1 of OPLS-DA and P < 0.05 of t-test
between each pairwise comparison. In total, 51, 57, 65, and 80
DAM:s were identified (Table 1). For stage 1 vs. stage 2, 24 DAMs
were upregulated and 27 were downregulated, and most of the
upregulated DAMs were lipids, tannins, and flavonoids; the
downregulated DAMs were mainly amino acids and derivatives.
For stage 1 vs. stage 3, 30 DAMs were upregulated and 27 were
downregulated; the upregulated DAMs were mainly tannins,
flavonoids, and terpenoids, and the downregulated DAMs
were mainly amino acids and derivatives. Of the 65 DAMs
in stage 1 vs. stage 4, 38 and 27 DAMs were upregulated and
downregulated, respectively. Among them, the upregulated
DAMs were mainly flavonoids and phenolic acids, and the
downregulated DAMs were mainly amino acids and derivatives.
Of the 80 DAMs in stage 1 vs. stage 5, 36, and 44 DAMs were
upregulated and downregulated, respectively. Among them,
most of the upregulated DAMs were flavonoids, phenolic
acids, and lipids; the downregulated DAMs were also mainly
amino acids and derivatives (Supplementary Table 3). The DAM
accumulation patterns in the different groups were also evaluated
by hierarchical cluster analysis (Supplementary Figure 3).

Of these DAMs, amino acids and derivatives (37.25%),
flavonoids (19.61%), organic acids (7.84%), tannins (7.84%),
lipids (5.88%), nucleotides and derivatives (5.88%), and phenolic
acids (5.88%) had a relatively large proportion in stage 2
compared with stage 1 (Figure 3A). Amino acids and derivatives
(35.09%), flavonoids (19.30%), tannins (10.53%), organic acids
(8.77%), and terpenoids (7.02%) were differentially accumulated
in stages 1 and 3 (Figure 3B). Of the DAMs in stage 1 vs.
stage 5, amino acids and derivatives (30%), flavonoids (25%),
phenolic acids (12.5%), and other metabolites (10%) had the
highest representation (Figure3D). Interestingly, flavonoids
(29.23%), amino acids and derivatives (26.15%), phenolic
acids (12.31%), organic acids (10.77%), and alkaloids (6.15%)
accounted for a large proportion in stages 1 and 4 (Figure 3C). To
explore the functions of post-germination-related metabolites,
the DAMs in stage 1 vs. stage 2, stage 1 vs. stage 3, stage
1 vs. stage 4, and stage 1 vs. stage 5 were functionally
annotated using the KEGG database. For stage 1 vs. stage
2, the terms “aminoacyl-tRNA biosynthesis,” “glucosinolate
biosynthesis,” and “biosynthesis of amino acids” were dominantly

enriched (Supplementary Figure 4A). The terms “aminoacyl-
tRNA biosynthesis,” “valine, leucine, and isoleucine degradation”
and “alanine, aspartate, and glutamate metabolism” were
enriched in stage 1 vs. stage 3 (Supplementary Figure 4B).
However, only the term “valine, leucine, and isoleucine
degradation” was significantly enriched in stage 1 vs. stage 4
(Supplementary Figure 4C). Meanwhile, for stage 1 vs. stage
5, the DAMs were strongly related to the terms “aminoacyl-
tRNA biosynthesis,” “cyanoamino acid metabolism,” and “ABC
transporters” (Supplementary Figure 4D).

Global Analysis of RNA-seq Data and
WGCNA

Subsequently, we performed RNA-Seq to detect transcriptome
differences among the post-germination stages of M. pasquieri.
For each stage of the samples, an average of 45.6 million raw
reads per library was detected (Table 2). All the reads in this
study were mapped to the M. pasquieri reference transcriptome
after mapping to the ribosome (Kan et al., 2020). In 15 libraries,
approximately 54.23-68.65% of all the reads could be mapped
on the reference transcriptome. Finally, a total of 22,685 genes,
which correspond to 89.53% of the 25,339 genes predicted in
the M. pasquieri transcriptome (Kan et al., 2020), were found to
be expressed during the post-germination stages (Table 2). The
PCA showed that the contribution rate of the first two primary
components was 73.1%, and that the clustering of the samples in
stage 1 and stage 5 was obvious, while the samples in the other
three stages were relatively scattered and partially overlapped
(Supplementary Figure 5). However, the overall grouping trend
was consistent with the PCA result of the metabolome samples. In
this study, we set FDR < 0.05 and |log2FC| > 1 (FC: fold change)
as cut-off for screening DEGs. Here, 1,987 DEGs (1,433 up, 554
down) between stages 1 and 2 were detected; 3,176 DEGs (2,244
up, 932 down) between stages 1 and 3 were detected; 3,800 DEGs
(2,727 up, 1,073 down) between stages 1 and 4 were detected;
4,365 DEGs (3,286 up, 1,079 down) between stages 1 and 5
were detected. The number of genes with significantly changed
expression during M. pasquieri post-germination increased
gradually, as shown in Figure 4A. A total of 5,894 DEGs were
detected in the post-germination stages (stages 2-5) compared
with the seed germination stage (stage 1), 1,280 DEGs were
identified differentially expressed between stage 1 and the other
development stages; 179, 255, 483, and 1,280 DEGs were
specifically expressed in stages 2-5, respectively (Figure 4B). To
classify the genes involved in the different development stages,
KEGG pathway and GO enrichment analyses were performed
for DEGs in stage 1 vs. stage 2, stage 1 vs. stage 3, stage 1 vs.
stage 4, and stage 1 vs. stage 5. The terms “metabolic pathways”
(ko01100), “biosynthesis of secondary metabolites” (ko01110),
and “photosynthesis—antenna proteins” (ko00196) were all
significantly enriched in each of the four other stages compared
with stage 1 (Supplementary Figure 6). The GO analysis
indicated that the DEGs of the different stages in biological
process were mainly enriched for terms “metabolic process”
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FIGURE 2 | Overall qualitative and quantitative analyses of the metabolomics data. (A) Principal component analysis (PCA) of the five development stage samples and
quality control samples (mixed); the x-axis represents the first principal component, and the y-axis represents the second principal component. (B) Component
analysis of the identified metabolites. The top eight metabolites are shown beside the graph.

(GO:0008152), “cellular process” (GO:0009987), and “single-
organism process’ (GO:0044699). For cellular component, the
DEGs were mainly involved in “cell” (GO:0005623) and “cell
part” (GO:0044464) in each stage compared with stage 1.
The DEGs involved in molecular function mainly composed
of “catalytic activity” (GO:0003824), “binding” (GO:0005488),
and “transporter activity” (GO:0005215) in the different stages
(Supplementary Table 4).

We performed WGCNA to find the co-expression network of
genes specifically expressed in the M. pasquieri post-germination
stages from a comprehensive network perspective. The co-
expression network was constructed with all the DEGs at

different stages. The genes with similar expression patterns
were clustered into the same modules, and different modules
were distinguished by color, as shown in Figure 5A. Finally, 14
different merged modules were identified, and the subsequent
analysis was carried out according to the merged modules.
According to correlation analysis, these modules corresponded
to a specific distribution pattern in the post-germination stages
(Figure 5B). Compared with other modules, such as grey 60, the
genes of this module displayed the highest correlation with stage
4 (p = 0.004, r = 0.69), while the genes in the purple module
showed the highest correlation with stage 5 (p = 3 x 10%, r =
0.91). The genes in the pink, magenta, and light-yellow modules
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TABLE 1 | Summary of differentially accumulated metabolites (DAMs) between stage 1 and the other groups (stages 2-5).

Group Name Number Up-regulated

Number Down-regulated

Number of differential metabolites

Stage 1 vs. stage 2 24
Stage 1 vs. stage 3 30
Stage 1 vs. stage 4 38
Stage 1 vs. stage 5 36

27 51
27 57
27 65
44 80

Stage 1, seed germination; stage 2, hypocotyl elongation; stage 3, epicotyl elongation; stage 4, two-leaf stage; stage 5, nine-leaf stage.

FIGURE 3 | Differentially accumulated metabolites (DAMs) between stage 1 and the other stages (2-5). (A) Component analysis of DAMs in stage 1 vs. stage 2. (B)
Component analysis of DAMs in stage 1 vs. stage 3. (C) Component analysis of DAMs in stage 1 vs. stage 4. (D) Component analysis of DAMs in stage 1 vs. stage 5.

were most associated with stages 1 (p = 6 X 105, 7r=0.9),2 (p=
0.04, r =0.53), and 3 (p = 0.02, r = 0.58), respectively.

The ME values are the principal component of a gene module,
which represents the gene expression profile of each module.
The eigengene expression profiles of 11 modules were analyzed,
as shown in Figure 5C. MEs of the pink, green-yellow, and
light cyan modules had higher expression levels during stage 1,
whereas MEs of the magenta and grey 60 modules were expressed
at higher levels during stages 2 stage 4. MEs of the light yellow and
tan modules had the highest expression during stage 3. During
stage 5, MEs of the dark red, purple, light green, and red modules
were expressed at higher levels.

The categories of enriched pathways and their mobilization
trends in each module were determined for the purpose of

understanding the changes of biological processes in different
modules. By comparing the number of background genes,
genes in the magenta module were significantly enriched
in six categories: “glycolysis/gluconeogenesis,” “glutathione
metabolism,” “nicotinate and nicotinamide metabolism,’
“biosynthesis of secondary metabolites,” “phenylpropanoid
biosynthesis,” and “alpha-Linolenic acid metabolism.” The light
yellow module was significantly correlated with stage 3, with
“RNA polymerase,” “tropane, piperidine, and pyridine alkaloid
biosynthesis,” and “pyrimidine metabolism” being significantly
enriched. The purple module was significantly associated with
stage 5, with 13 significantly enriched categories identified
(Supplementary Table 5). The number of enriched categories
varied in the other modules.

Frontiers in Plant Science | www.frontiersin.org

134

September 2021 | Volume 12 | Article 731203


https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles

Kan et al.

Multi-Omics Analysis of Madhuca pasquieri

TABLE 2 | Statistics of ribonucleic acid sequencing (RNA-Seq) reads obtained from the 15 samples and mapping to the Madhuca pasquieri (Dubard) H. J. Lam reference

Mapped reads (%)

Genes number (%)

transcriptome.

Sample Low quality(%) All reads number (%)
Stage 1-1 181244 (0.20%) 42154302 (93.50%)
Stage 1-2 155184 (0.19%) 38114744 (95.12%)
Stage 1-3 162132 (0.21%) 36015022 (91.84%)
Stage 2-1 231632 (0.23%) 48029318 (95.71%)
Stage 2-2 220308 (0.27%) 38762952 (93.73%)
Stage 2-3 201792 (0.19%) 49637142 (94.76%)
Stage 3-1 152348 (0.19%) 39303962 (97.36%)
Stage 3-2 257772 (0.29%) 42831964 (96.82%)
Stage 3-3 179708 (0.21%) 41001822 (97.70%)
Stage 4-1 191608 (0.22%) 41645196 (96.09%)
Stage 4-2 181812 (0.18%) 47917986 (95.97%)
Stage 4-3 279144 (0.32%) 41537518 (95.34%)
Stage 5-1 185552 (0.20%) 42246108 (93.45%)
Stage 5-2 214664 (0.20%) 52505450 (96.79%)
Stage 5-3 193572 (0.19%) 49037022 (95.64%)

26796006 (63.57%)
23373476 (61.32%)
22075196 (61.29%)
32195188 (67.03%)
24676470 (63.66%)
34075820 (68.65%)
21313352 (54.23%)
28085726 (65.57%)
26498838 (64.63%)
25515568 (61.27%)
31312242 (65.35%)
25755626 (62.01%)
26543010 (62.83%)
33765504 (64.31%)
31349528 (63.93%)

17575 (69.36%)
17498 (69.06%)
17432 (68.80%)
18274 (72.12%)
18563 (73.26%)
18376 (72.52%)
18289 (72.18%)
18286 (72.17%)
18066 (71.30%)
18112 (71.48%)
18339 (72.37%)
18354 (72.43%)
18781 (74.12%)
19303 (76.18%)
19252 (75.98%)

All read numbers: Unmapped read numbers of rRNA.

Mapped reads: Mapped read numbers of reference genes (ratio = mapped read/all read number).
Gene number: Number of genes expressed in each sample (ratio = gene number/total reference gene number,).

Among the 14 modules, we found that the number of
flavonoids accounted for the largest proportion among the
DAMs in this stage from the metabolome results; thus, the
following main analysis was performed on the grey 60 module.
“Flavonoid biosynthesis,” “biosynthesis of secondary metabolites”
and “phenylalanine metabolism” were significantly enriched in
grey 60 module genes (Figure 6A), which further proved that
“flavonoid biosynthesis” was active in stage 4. WGCNA is also
available for constructing gene co-expression networks, where
each node represents a gene, and the connecting lines between
nodes are called edges, which represent the co-expression of
related genes. The node with the highest connectivity, named hub
gene, may play a vital role in the different modules. The grey 60
module network is shown in Figure 6B, and the top 10 hub genes
are identified by red triangles, among which Isoform0005812,
Isoform0003985, and Isoform0006467 were assigned to
“flavonoid biosynthesis” (ko00941) (Supplementary Table 6).
This indicated that hub genes were mainly involved in “flavonoid
biosynthesis,” except for “metabolic pathways” and “biosynthesis
of secondary metabolites.”

Transcript-Metabolite Correlation Network
To simulate the regulatory properties of DAMs and DEGs,
a subnetwork was constructed for the top 10 hub genes
to determine transcript-metabolite correlations. Pearson’s
correlation tests were carried out between relative quantitative
changes of metabolites and related transcripts, and we set
correlation coefficient > 0.8 as cut-oft in the analysis. Meanwhile,
the pathways involved in DAMs and DEGs were shown by the
pie chart; it can be found that except for “metabolic pathways,”
DAMs and DEGs were most involved in “flavonoid biosynthesis”
(Figure 7). Not only that, in these DAMs, four flavonols and
three flavonoids were found. These results indicated that the top

10 hub genes were highly correlated with their corresponding
metabolites involved in “flavonoid biosynthesis,” and many
flavonols were identified in this process, which reconfirmed the
large accumulation of flavonols and their special importance
during stage 4. The authenticity and accuracy of the metabolic
analysis were validated by transcriptome data.

Flavonol Biosynthesis Pathway

The flavonol biosynthesis pathway involves three pathways:
“phenylpropanoid biosynthesis,” “flavonoid biosynthesis,” and
“flavone and flavonol biosynthesis.” As shown in Figure 8,
after a series of conversions, phenylalanine is converted to p-
Coumaroyl coenzyme A (CoA) through a series of enzymes
in the “phenylpropanoid biosynthesis” pathway. Since then,
many genes and metabolites of the latter two pathways were
upregulated in stage 4, such as chalcone synthase (CHS, five
DEGs), chalcone isomerase (CHI, three DEGs), naringenin 3-
dioxygenase (F3H, four DEGs), flavonol synthase (FLS, three
DEGs), flavonoid 3',5'-hydroxylase (F3’5'H, 2 DEGs), and
flavonoid 3’-monooxygenase (F3'M, 1 DEG).

Most of these genes were significantly upregulated in
stage 4 (Figure8). The expression levels of two CHS genes,
Isoform0003264, and Isoform0003528, were 2.54 and 2.44,
respectively, times higher in stage 4 than in stage 3, indicating
the high accumulation of naringenin chalcone in stage 4.
Naringenin was produced from naringenin chalcone, catalyzed
by CHI (Isoform0010762 and Isoform0015047; 3.91- and
2.88-fold upregulation in stage 4; however, Isoform0013593
downregulated by about one time but upregulated again in stage
5), and naringenin was not upregulated in stage 4, but was
significantly accumulated in stage 5. Naringenin 3-dioxygenase
catalyzes the conversion of naringenin into dihydrokaempferol,
and its encoding gene F3H, Isoform0003066, Isoform0004496,
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Isoform0005727, and Isoform0013502 were upregulated 1.24,
1.89, 3.73, and 2.67 times in stage 4, respectively. The content
of dihydrokaempferol was significantly accumulated in stage 5;
the upregulation was not significant in stage 4. FLS catalyzes the
conversion of dihydrokaempferol into kaempferol, and two genes
(Isoform0005532 and Isoform0006515) were upregulated in stage
4; however, the content of kaempferol was also significantly
increased in stage 5. Meanwhile, F3’5'H and F3'M can catalyze
the conversion of dihydrokaempferol and kaempferol into
dihydroquercetin and quercetin, respectively. In stage 4, there
were two F3'5'H genes (Isoform0022755 and Isoform0025197)
and one F3'M gene (Isoform0022617) that were up-regulated.
Quercetin can also be obtained by the FLS catalytic conversion
of dihydroquercetin, and quercetin can be further catalyzed by
F3/5'H to myricetin.

Plant Hormone Signal Transduction
Pathway

Plant hormones, such as auxin, gibberellin (GA), cytokinine,
and abscisic acid (ABA), are closely related to post-germination
growth. However, 349 genes were found and involved in the
“plant hormone signal transduction” pathway; but only one

metabolite, salicylic acid, was found in the whole pathway
(Supplementary Figure 7). In order to study the genes related
to plant hormones further, 86 DEGs were selected from the
349 genes, and their expression levels were analyzed with a
heatmap. As shown in Figure9, there are 30 auxin-related
DEGs, of which most auxin transporter protein 1 (AUXI)
genes are upregulated in stages 3-5; the expression of transport
inhibitor responsel (TIR1) genes is upregulated in stages 2-4;
most of the auxin/indole-3-acetic acid (AUX/IAA) and auxin
response factor (ARF) genes are upregulated in stage 5; most
of the gretchenhagen 3 (GH3) and small auxin-upregulated
RNA (SAUR) genes are upregulated in the first two stages.
Only three DEGs were associated with GA, namely, GA-
insensitive dwarf mutant 1 (GID1), GA-insensitive dwarf mutant
2 (GID2), and DELLA. Among them, GID1 was upregulated
in stages 2 and 4, GID2 was upregulated in stages 1 and 3,
and DELLA was upregulated in stages 4 and 5. There were 15
ABA-related DEGs, among which all pyrabactin resistance/PYR-
like (PYR/PYL) genes were upregulated in stage 5; however,
most of the protein phosphatase 2C (PP2C), sucrose non-
fermenting 1-related protein kinases subfamily 2 (SnRK2),
and ABRE-binding factor (ABF) genes were upregulated in
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FIGURE 5 | Weighted gene co-expression network analysis (WGCNA) of the significantly changed transcripts. (A) Hierarchical cluster tree showing co-expression
modules and merged modules identified by the WGCNA. Each leaf in the tree is one gene. The dynamic tree cut were modules divided according to the clustering
results, and merged dynamic were modules that were merged with a similar representation pattern based on module similarity. The major tree branches constitute 15
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module and stage is indicated by red. (C) Eigengene expression profile of each module. The y-axis indicates the value of the module eigengene; the x-axis indicates
the sampled post-germination stage (1-5).

the first three stages. Most ethylene-related DEGs, such as
ethylene receptor (ETR), mitogen-activated protein kinase
6 (MPK®6), ethylene insensitive3 (EIN3), EIN3-binding F-
BOX1 and 2 (EBF1/2), and ethylene-responsive transcription
factors 1 and 2 (ERF1/2), were upregulated in stages 1
and 2. Most of the brassinosteroid insensitive 1-associated
receptor kinase 1 (BAK1), brassinosteroid-insensitive 1 (BRI1),
xyloglucosyl transferase TCH4 (TCH4), and cyclin D3 (CYCD3)
genes related to brassinosteroid, and jasmonic acid resistantl
(JAR1), jasmonate ZIM domain-containing protein (JAZ), and
transcription factor MYC2 (MYC2) genes related to jasmonic

acid were upregulated in stage 5. However, DEGs related to
salicylic acid, transcription factor TGA (TGA) and pathogenesis-
related protein 1 (PR-1), were upregulated in the different stages.
The cytokinine-related genes changed indistinctively in stages
1-5, so they were not included in this analysis.

Flavonol Affects Polar Auxin Transport

In all, the 349 genes were upregulated and involved in the
“plant hormone signal transduction” pathway; however, only
one metabolite, salicylic acid, was found in the whole pathway
(Supplementary Figure 7). In many previous studies, flavonols,
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a flavonoid subgroup, have been found to significantly affect
the polar transport of auxin and can be used as plant transport
inhibitors (Buer et al., 2010). Polar auxin transport carrier
was mainly completed by the influx carrier Auxinl/Like-AUX1
(AUX/LAX), efflux carrier ATP-binding cassette subfamily Bs/P-
glycoprotein (ABCBs/PGP), and the pin-formed (PIN) protein
family (Teale and Palme, 2018). The gene expression levels of the
above five encoding proteins at each stage were analyzed, and
no gene encoding PGP was found in M. pasquieri transcripts
in all the stages. Five genes were encoding AUX, among
which Isoform0006674 and Isoform0007151 were significantly
down- and upregulated in stage 4, respectively, while the
other genes had no significant changes (Figure 10A). Among
the six genes encoding LAX, Isoform0008732, Isoform0010377,
Isoform0018938, and Isoform0002221 are all downregulated in
stage 4 and upregulated in stage 5 (Figure 10B). Seven and
13 genes were found encoding PIN and ABCB, respectively,
but only one gene (Isoform0013295) was found encoding pin-
formed protein4 (PIN4), and two genes were found encoding
ATP-binding cassette subfamily B1 (ABCBI, Isoform0001269,
and Isoform0019016). Among them, no significant expression
difference of Isoform0013295 in each stage had been found. The
expression level of Isoform0001269 was downregulated in stages
4 and 5, but not significantly, while Isoform0019016 had a higher
expression in stage 4 (Figures 10C,D).

To further investigate the relationship between flavonols
and gene expression of these polar auxin transport carriers,
a correlation heatmap was constructed (Figure 10E). The

result showed that the contents of kaempferol (mwsl068)
and myricetin (mws0032) were negatively and significantly
correlated with the expression level of the PIN4 encoding
gene (Isoform0013295), respectively, while kaempferol was
positively and significantly associated with the expression
levels of four genes encoding LAX (Isoform0008732,
Isoform0010377, Isoform0018938, and Isoform0002221),
respectively. Additionally, there was no obvious correlation
between the content of myricetin and the expression levels of
genes encoding LAX, or between the contents of kaempferol and
myricetin and the expression levels of ABCB1 encoding genes.

Validating Gene Expression Patterns by
RT-gPCR

To identify the actual expression patterns of key DEGs involved
in the flavonol biosynthesis pathway and polar auxin transport,
RT-qPCR was performed to validate the seven DEGs encoding
CHS (1), CHI (2), F3H (1), FLS (1), F3’5'H (1), and F3'M (1)
from the flavonol biosynthesis pathway and eight DEGs encoding
LAX (3), AUX (1), ABCB (2), and PIN (2) belong to the polar
auxin transport carriers in the five post-germination stages of M.
pasquieri. The results of the RT-qPCR were consistent with the
RNA-Seq data (Figure 11A) and indicated that the qRT-PCR and
RNA-Seq data were highly correlated and presented consistency
in the upregulation and downregulation of DEG expression (12 =
0.8846) (Figure 11B). These results indicated that the RNA-Seq
data were reliable.
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FIGURE 7 | Transcript-metabolite Pearson’s correlation network representing DAMs and DEGs involved in M. pasquieri. The gene-metabolite pairs were connected
within the network by edges. Red nodes represent genes, and purple nodes represent metabolites. The edges between nodes represent correlation. The color bar
below indicates red edges represent positive correlations, and blue edges represent negative correlations. Only correlation pairs with a correlation coefficient > 0.8
were included in the network. The pie chart on the nodes shows part of pathways involved in DAM and DEG. DAMSs, differentially accumulated metabolites; DEGs
differentially expressed genes. Lmbp003393, quercetin-3-O-a-L-rhamnopyranoside; pme0321, kaempferol 7-O-rhamnoside; pmn001640, myricetin
3-a-L-arabinofuranoside; Lmbp003737, kaempferol-3-O-rhamnoside; HmMINO01933, myricetin 3-O-galactoside; HMpp003391, luteolin-3'-O-B-D-glucoside;
Hmpp003270, luteolin-4’-O-B-D-glucoside; mws0178, chlorogenic acid; pmn001421, 3-O-(E)-p-Coumaroyl quinic acid; pmp000231, trans-3-O-p-coumaric quinic
acid; pme1816, neochlorogenic acid; LmIn001856, 5,7-dihydroxy-4-oxo-2-(3,4,5-trihydroxyphenyl)-4H-chromen-3-yl-g-D-allopyranoside.

DISCUSSION

Differentially Accumulated Metabolites
(DAMSs) Specifically Involved in Different

Post-Germination Stages

We detected a total of 497 metabolites in the five post-
germination stages of M. pasquieri, including 34 substances
and their derivatives (Supplementary Table 2), among which
phenolic acids (82, 16.5%), amino acids and derivatives (76,
15.3%), organic acids (39, 7.8%), nucleotides and derivatives
(38, 7.6%) and flavonols (32, 6.4%) accounted for the largest
proportion (Figure 2B). However, Wang et al. (2020) only
identified 57 metabolites in mung bean by untargeted
metabolome analysis performing gas chromatography-mass
spectrometry (GC-MS), and most of the metabolites were sugar
metabolism compounds, amino acid metabolism compounds,
tricarboxylic acid (TCA), and other organic acid metabolism
compounds. Seven hundred thirty metabolites were detected
in the germination and post-germination growth stages of the
two varieties of rice by widely targeted metabolome, including
32 substances and their derivatives, among which flavone (74,
10.1%), organic acids (67, 9.2%), amino acid derivatives (60,
8.2%), nucleotide and its derivates (57, 7.8%), and flavone C-
glycosides (44, 6.0%) accounted for the largest proportion (Yang
et al., 2020). This indicated that the widely targeted metabolome

method could identify more metabolites than the untargeted
metabolome method, and the metabolites of rice were far more
than that of M. pasquieri, which may be related to the different
species and germination stages.

We found that the maximum number of DAM was observed
in stage 5, which may be because the seedlings in the
nine-leaf stage have begun to use photosynthesis for energy
supply, participate in a variety of metabolic pathways, and are
active in the synthesis and degradation of various metabolites.
Interestingly, except for the highest proportion of flavonoids
in the DAMs for stage 4 vs. stage 1, the DAMs of the other
groups had the largest proportion of amino acids and derivatives
(Figure 3), indicating the largest change in flavonoid substances
in stage 4. In addition, the contents of organic acids, phenolic
acids, tannins, and lipids also changed significantly in each stage.

In the analysis of DAMs in the five stages, it was found that
compared with stage 1, most of the lipids were significantly
accumulated in stages 2 and 5, the majority of tannins were
significantly accumulated in stages 2 and 3, terpenoids were
mainly significantly accumulated in stage 3, and most of the
phenolic acids were significantly accumulated in stages 4 and
5. Most of flavonoids were increased to different degrees in the
five stages (Supplementary Table 3). However, in a study on
poplar post-germination, lipids were found decreased during the
hypocotyl elongation stage and increased in the seedling stage,
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suggesting that this may be related to the increased demand for
lipids in poplar seeds (Qu et al., 2019a). This result was contrary
to those of this study, which may be because of the fact that M.
pasquieri is a woody oil tree, whose seeds have a high oil content,
so its lipids metabolism was still active in stage 2. Interestingly, in
both poplar and mung bean studies, amino acids and derivatives
were obviously upregulated from the hypocotyl elongation stage,
which may be related to the decomposition of storage proteins
(Qu et al., 2019a; Wang et al., 2020). However, in this study,
most of the amino acids and derivatives were significantly
downregulated in stages 2-5 (Supplementary Table 3), which
may be caused by the requirement of high levels of protein
synthesis in the post-germination of M. pasquieri, but more in-
depth studies are needed. These results indicate that although

poplar and M. pasquieri are both woody plants, they belong to
Sapotaceae and Salicaceae, respectively, and there are significant
differences in the changes in metabolites in post-germination
growth. In addition, most tannins were significantly upregulated
in stages 2 and 3, which was consistent with the previously
reported tannins in M. pasquieri (Kan et al., 2020), indicating that
tannins had begun to accumulate in the early post-germination
stage. The terpenoids accumulated significantly in stage 3 and
were all triterpene (Supplementary Table 3). Triterpene is not
only important for the formation of saponins and resins in
plants; it is also related to defense function (Kemen et al., 2014),
indicating that terpenoid metabolism became active in stage 3,
possibly in preparation for environmental adaptation. Moreover,
phenolic acids, which act as signal molecule and defense plant
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flavonol biosynthesis and polar auxin transport in five post-germination stages of M. pasquieri (from stages 1 to 5). Each column represents an average of three
biological replicates, with standard errors indicated by vertical bars. Values with a different accompanying letter are statistically significantly different according to
Duncan’s multiple range test at p < 0.05. (B) Correlation of the expression levels of 15 selected genes measured by RNA-seq and RT-gPCR.

Frontiers in Plant Science | www.frontiersin.org

114&3 September 2021 | Volume 12 | Article 731203


https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles

Kan et al.

Multi-Omics Analysis of Madhuca pasquieri

herbivores and pathogens, accumulated significantly in later two
stages (Mandal et al., 2010). These indicated that secondary
metabolites had been gradually active since stage 3 in M.
pasquieri. All the DAMs that were upregulated in each stage
had flavonoids, indicating that they played a vital role in the
post-germination growth of M. pasquieri.

Transcriptome Analysis of

Post-germination Stages in M. pasquieri
This study found that the mapped rate of transcripts from the
five post-germination stages to the reference sequence of M.
pasquieri was 68.8-76.18%, which was lower than that of other
studies. For example, 78.7-83.9% of the reads were mapped
on the mung bean reference genome (Wang et al., 2020). The
average rates of mapped transcripts for the indica rice and
japonica rice in the Nipponbare reference genome were 80.94
and 80.27%, respectively (Yang et al., 2020). This is because
M. pasquieri lacks genomic information and only full-length
transcriptome sequences are used as reference sequences, while
the third-generation sequencing uses mixed samples, which may
filter some low-quality reads during assembly, and the transcript
length is longer, leading to a relatively lower mapped rate with
the single RNA-Seq samples. Transcripts of stages 2-5 were
compared with those of stage 1 to obtain DEGs for WGCNA.
Weighted gene co-expression network analysis is a biological
tool that provides an effective way to analyze correlations
between gene expression levels from complex RNA-Seq
data at different developmental stages, treatments, and time
courses (Yuan et al, 2018). The WGCNA results showed
that the magenta and light yellow modules were mostly
correlated with stages 2 (hypocotyl elongation) and 3 (epicotyl
elongation). Genes of the magenta module were mainly enriched
in  “glycolysis/gluconeogenesis,”  “glutathione metabolism,”
“nicotinate and nicotinamide metabolism,” “biosynthesis of
secondary metabolites,” and “phenylpropanoid biosynthesis”
(Supplementary Table 5), which were consistent with the
enrichment pathways of the rice hypocotyl elongation stage
(Yang et al., 2020). However, in other studies, the genes during
this stage were significantly enriched in starch and sucrose
metabolism, glycolysis, TCA cycle, biosynthesis of amino acids,
and plant hormone signal transduction pathway (Sreenivasulu
et al., 2008; Wang et al., 2020), where glycolysis and TCA cycle
provide the required energy for subsequent growth. The light
yellow module was significantly enriched in “RNA polymerase,”
“tropane, piperidine, and pyridine alkaloid biosynthesis,” and
“pyrimidine metabolism” pathways (Supplementary Table 5),
which was completely different from previous reports that
DEGs were significantly enriched in carbohydrate synthesis,
biosynthesis of amino acids, and plant hormone signal
transduction during the epicotyl elongation stage in mung
bean (Wang et al., 2020). This may be caused by the specific
growth characteristics of woody plants and herbaceous plants,
and the bias of different growth stages in post-germination,
leading to different enrichment pathways. The purple module
had the strongest correlation with stage 5 (nine-leaf), which

was mainly enriched in photosynthesis, photosynthesis-
related metabolic pathways, nitrogen metabolism, carbon
metabolism, and amino acid metabolism pathways, which
was consistent with previous studies (An and Lin, 2011; Qu
et al., 2019b). It is worth noting that the grey 60 module had
the strongest correlation with stage 4 (two-leaf), significantly
enriched in secondary metabolites biosynthesis pathways,
such as flavonoid biosynthesis, phenylalanine metabolism,
stilbenoid,  diarylheptanoid, and gingerol biosynthesis
(Supplementary Table 5), and the key genes with the high
connectivity within the module were also mainly involved in
flavonoid biosynthesis (Supplementary Table 6). However, using
the same WGCNA method, the study on poplar germination
in different stages showed that the module key genes of the
highest correlation with the two-leaf stage were mainly involved
in CHO, cell wall, lipids metabolism, and PS (Qu et al., 2019b);
this discrepancy may be the result of differences between the
species being studied. We speculate that the energy reserve and
secondary metabolite synthesis significantly changed in stage
2 of M. pasquieri, that photosynthesis significantly changed in
stage 5, and that the pathway significantly enriched in stage 3 still
needs to be further studied. The significant changes in secondary
metabolites, such as flavonoid biosynthesis in stage 4, might be
the potential reason for the slow growth of M. pasquieri seedlings
in the early culture process.

Post-germination growth is regulated by the synergistic
interaction of various endogenous plant hormones (Miransari
and Smith, 2014). However, the WGCNA results showed that
the genes in the modules of interest were not significantly
enriched in the “plant hormone signal transduction” pathway
(Supplementary Table 5), and that only one metabolite, salicylic
acid, was detected in this pathway (Supplementary Figure 7).
In order to further explore these results, the expression levels
of plant hormone-related genes in the pathway were analyzed
(Figure 9). Auxin is known to promote cell elongation and plays
an important role in post-germination growth (Pacifici et al,
2015). Most of the DEGs related to auxin signal transduction,
such as AUX1, TIR1, AUX/IAA, and ARE were upregulated in
stage 3-5, indicating that the auxin signal transduction process
was active from epicotyl elongation and promoted the growth of
M. pasquieri. GA promotes growth mainly by stimulating radicle
elongation (Romero-Rodriguez et al., 2018; Song et al., 2019);
we have also found that its related DEGs were upregulated in
the different stages of M. pasquieri (Figure9). In addition to
inhibiting seed germination, ABA is also involved in regulating
stomatal closure and reducing evapotranspiration (Jin et al.,
2013). In this study, most ABA-related genes, such as PP2C,
SnRK2, and ABE, were upregulated in the first three stages, while
PYR/PYL genes were upregulated in stage 5, which may be related
to different environmental stress conditions in the different
stages. Except for auxin, GA, and ABA, other plant hormones like
ethylene, brassinosteroid, jasmonic acid, and salicylic acid were
also important in the growth of post-germination. Ethylene not
only promotes fruit ripening and senescence, in other studies, it
has also been reported to promote seed germination and growth
(Wang et al., 2020). Based on the results of this study, it was found
that most of the ethylene-related DEGs were upregulated in
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stages 1 and 2 (Figure 9), which may be related to the promotion
of growth in the early post-germination stages. Studies have
reported that brassinosteroid mainly promotes cell division and
cell elongation (Pacifici et al., 2015), and that jasmonic acid is
mainly involved in stress response (Zhao et al, 2019). Most
of the DEGs related to brassinosteroid and jasmonic acid were
increased in stage 5 (Figure 9), indicating that other than growth
promotion, there may have been anti-stress involved in stage
5. Salicylic acid, known for its disease resistance response, is
also involved in the regulation of physiological and chemical
processes in plants (Matic et al., 2016). Salicylic acid was also the
only plant hormone detected in this study, and was significantly
accumulated in all the stages, while its related DEGs upregulated
in the different stages (Figure9), indicating that salicylic acid
metabolism was activated from stage 1, which may be actively
involved in the regulation of disease resistance process.

Flavonol Affects Polar Auxin Transport
Flavonoids are secondary metabolites widely distributed in plants
with diverse physiological functions (Taylor and Grotewold,
2005; D’Amelia et al., 2018), which play important roles such as
ultraviolet photo-damage protection (Biever and Gardner, 2016),
defense against pathogens and pests (Zhao et al., 2020), stress
response (Gu et al., 2020), pollen and pollen tube formation
(Zhang et al., 2020b), and auxin transport regulation (Ramos
et al., 2016). Flavonols, a subgroup of flavonoids, regulate
auxin transport and auxin-dependent physiological processes,
and act as an auxin transport inhibitor (Pollastri and Tattini,
2011; Brunetti et al., 2018). Many studies have reported that
flavonols, such as kaempferol, quercetin, isorhamnetin, and
myricetin, are distributed in plants (Zhang et al., 2020a). In
addition, naringenin, as a precursor of flavonols, has strong
inhibitory effects on Arabidopsis seed germination and main root
growth of seedlings (Herndndez and Munné-Bosch, 2012). The
polar auxin transport carriers are mainly completed by influx
carrier AUX/LAX, efflux carrier ABCBs/PGP, and PIN protein
families (Mohanta et al., 2018). However, flavonol can affect
ABCBs/PGP and PIN carriers (Teale and Palme, 2018), and
can also be converted to the glycosyl form under the action of
UDP-glycosyltransferase to affect auxin transport carriers (Kuhn
et al, 2016; Yin et al,, 2017). The expression levels of pin-
formed proteinl (PIN1) were found to be decreased in the tt4
mutant (without flavonoid synthesis), which affects PINs protein
aggregation and circulation, and enhances auxin transport; while
the high content of quercetin and kaempferol in the ##7 mutant
(excessive accumulation of kaempferol) inhibits auxin transport
(Peer et al., 2004; Buer et al., 2013).

At present, the chemosmosis hypothesis is widely accepted
in the study on polar auxin transport, that is, auxin can form
ionized IAAH™ outside plastid (pH = 5.5), and the lipophilicity
of ionized IAAH™ can be diffused or form the ion with influx
carrier AUX/LAX flow into the cytoplasm. After entering the
cell, auxin is deionized in the neutral cytoplasm and can only be
transported out of the cell by efflux carrier ABCBs/PGP and PIN,
among which ABCBs are mainly responsible for long-distance
non-directional transport, while PIN is mainly involved in the
intercellular directional transport of auxin (Mohanta et al., 2018).

There have been many reports that flavonol is considered an
auxin transport inhibitor (Ramos et al., 2016; Brunetti et al.,
2018). The results of this study found that most of the genes that
participated in the flavonol biosynthesis pathway were obviously
upregulated during stage 4, and some were upregulated during
stage 5, but most of the metabolites involved in the pathway
were apparently accumulated only in stage 5, such as the final
flavonols, kaempferol, and myricetin (Figure 8). It might be
that the flavonol biosynthesis pathway in stage 4 significantly
enriched (Figure 6A), which was consistent with the WGCNA
results. In this stage, most genes began to be upregulated to
carry out transcription and translation and eventually become
metabolites, which took some time. Therefore, most of the
metabolites accumulated significantly in stage 4, indicating that
the changes in the metabolites seemed to be driven by increased
transcript levels. In addition, in the metabolome data, it can
be found that flavonoid accounted for the largest proportion of
DAMs in stage 4 (Figure 3C), indicating that flavonoid changed
significantly in stage 4, but that it still needed a certain time for
the accumulation of substances.

PGPs belong to the ABCB transporter family and can
hydrolyze ATP to transport substrates (Peer and Murphy,
2007). Some studies have shown that flavonols can inhibit P-
glycoproteins (PGP) transport auxin by affecting the expression
pattern of the PGP gene and its subcellular localization (Lewis
et al., 2007). In this study, no transcript encoding PGP was
found, so it was speculated that the accumulation of flavonols
may directly inhibit the expression of PGP encoding genes, which
needed further studies. PIN plays an essential part in regulating
auxin distribution in plants and affecting plant development
(Krecek et al., 2009). Studies have shown that the PIN protein
mediates auxin effluxion (Zhou and Luo, 2018; Yang et al,
2019a). Flavonols can indirectly affect the gene expression and
subcellular localization of PIN1 and pin-formed protein2 (PIN2)
(Peer and Murphy, 2007; Santelia et al., 2008). In a study on
Arabidopsis roll1-2 mutants, it was found that flavonols changed
the polar localization of PIN2, thus affecting auxin transport
(Kuhn et al., 2017). It has also been shown that a flavonol
interacted with the protein complex of PIN1, making it more
stable and less able to mediate cellular auxin efflux (Teale et al.,
2021). Moreover, some research studies have found that flavonols
directly affected PIN4 expression and subcellular localization,
and changed the intercellular concentration of auxin (Peer and
Murphy, 2007). In this study, seven genes encoding PIN were
found, but only one gene encoding PIN4 (Isoform0013295)
was downregulated in stage 5, but not significant (Figure 10C).
Further correlation analysis revealed that the contents of
kaempferol and myricetin were significantly negatively correlated
with Isoform0013295 in stages 4 and 5, respectively (Figure 10E),
which suggested that flavonols might inhibit PIN4 encoding
gene expression to some extent. Some studies suggest that
ATP-binding cassette subfamily B19 (ABCBI19), rather than
PIN1, was the target of 1-naphthylphthalamic acid (NPA)-
mediated polar auxin transport inhibition, and that flavonols can
compete with NPA for binding sites (Geisler et al., 2016). In
addition, flavonols can bind and inhibit the transport proteins
ABCBI1 and ABCBI19, and interfere with their interaction with
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FK506-binding protein TWISTED DWARF1 (FKBP42/TWD1),
thus inhibiting the transport of auxins, among which quercetin
has the best effect (Muday et al., 2006; Geisler et al., 2016),
but no studies have proved that flavonols directly inhibit the
expression of ABCB encoding genes. A total of 13 ABCB
encoding genes were found in this study, two of which were
encoding ABCB1 (Isoform0001269 and Isoform0019016), but
no ABCBI19 encoding gene was found. Isoform0001269 was
downregulated in stage 5, but not significant. Compared with
stage 4, Isoform0019016 was significantly downregulated in stage
5 (Figure 10D). However, the correlation heatmap displayed
no obvious correlation between the expression levels of these
two genes and flavonols contents (Figure 10E), so whether
flavonols directly affect the expression of ABCB encoding
genes needs further experiments to be proved. There were also
data supporting the interaction between PIN1 and ABCB19 in
Arabidopsis, but PIN1 and ABCB19 were not associated at any
time in terms of the ratio of the two proteins in PIN1-GFP
affinity precipitates (Teale et al., 2021). Meanwhile, biochemical
data indicated that ABCBs and TWD1 were targets of the
flavonol inhibition of polar auxin transport, while genetic data
pointed to PIN1 (Mohanta et al, 2018), indicating that the
process of flavonols regulating polar auxin transport was very
complex. Moreover, the effects of flavonols on polar auxin
transport and PIN localization varied with tissue and cell type
(Kuhn et al., 2017).

At present, although no studies have reported the effect
of flavonols on influx carrier AUX/LAX, six genes encoding
AUX and six genes encoding LAX were found based on the
results this study. AUX encoding gene expression changed
irregularly in different stages (Figure 10A). However, most of
the genes encoding LAX (Isoform0008732, Isoform0010377,
Isoform0018938, and Isoform0002221) were downregulated in
stage 4 but were upregulated in stage 5 (Figure 10B). We
speculated that flavonols may bind to LAX, and that to
maintain normal auxin transport, the system may promote the
expression of genes encoding LAX, leading to the increase in
its expression in stage 5. The correlation heatmap also showed
a significant positive correlation between kaempferol content
and the expression levels of Isoform0008732, Isoform0010377,
Isoform0018938, and Isoform0002221, but this process still
needs further studies. Interestingly, there was no significant
correlation between myricetin content and these four genes
expression levels. Previous studies have reported that the impact
of different flavonols on PIN binding affinity and induction of
PIN subcellular localization is different; for example, compared
with other flavonols, morin can relatively effectively stabilize
the PIN complex (Teale et al, 2021). Based on the results
of this study, it can also be speculated that compared with
myricetin, kaempferol has more effective impact on LAX gene
expression, and that the regulatory mechanism of this process
can also become the direction of further research in the future.
Meanwhile, these results indicated that a large amount of
flavonols was accumulated in stage 5 of M. pasquieri, and that
flavonols may affect the expression of polar auxin transport
carriers encoding genes at the transcriptional level, which may

lead to the inhibition of polar auxin transport, resulting in
slow growth.

Although the effects of flavonols on auxin transport have been
studied from the perspective of proteomics and metabolomics
(Geisler et al., 2016; Kuhn et al., 2017), so far, few studies have
combined transcriptome and metabolome to study how flavonols
affect polar auxin transport in post-germination growth. This
is the novelty of this study, but it does not involve proteome
analysis, which leads to certain limitations of the analysis.
To further explore the mechanisms by which flavonols affect
polar auxin transport, genetic approaches should be used in
combination with computational analyses of large datasets,
such as genomes, transcriptome, proteome, and metabolome,
which may help identify new regulatory and related candidate
relationships. In addition, the results of this study showed that
349 genes were found involved in the plant hormone signal
transduction pathway, but that only one metabolite, salicylic acid,
was found in the whole pathway, and that no auxin was detected
(Supplementary Figure 7). This may be because of the relatively
low content of plant hormones, and we performed widely
targeted metabolomics, so they were undetected. Therefore, in
the latter study, targeted metabolome detection methods should
be used to detect plant hormone substances to better study the
polar auxin transport and further verify the specific reasons for
the slow growth of M. pasquieri seedlings. Furthermore, the
samples were mixed samples of the whole organism, and there
was no separate sampling and sequencing for different tissues,
so the expression of transcription and metabolism of each tissue
could not be determined in the later analysis, which hindered
the study on the effect of flavonols on polar auxin transport
in different tissues. In addition, the relationship between the
binding affinity of different flavonols with different auxin
transport carriers, the induction of their subcellular localization,
and the inhibition intensity of polar auxin transport also needs to
be further studied.

In summary, this study investigated M. pasquieri post-
germination biological processes using a combination
of transcriptomic and metabolomic methods. Using the
morphological differential strategy, we have addressed the
combination of molecular level and morphology better. The
results of WGCNA showed that the flavonoid biosynthesis
pathway was significantly enriched in stage 4, and that most
of the key genes within the modules were also involved in
this pathway. In addition, the transcriptome and metabolome
association analysis showed that the genes encoding flavonol
biosynthesis were significantly upregulated in stage 4 and
promoted the accumulation of flavonols in stage 5, suggesting
that the changes in metabolites were driven by the level of
transcript. By analyzing the expression level of the genes
encoding auxin transport carriers and its association with
flavonol content, it was speculated that flavonols may directly
inhibit the expression of the PIN4 encoding gene and indirectly
affect other genes encoding polar auxin transport carriers in
M. pasquieri, which might also explain the slow growth of the
M. pasquieri seedlings. This study was the first to reveal the
dynamic changes in DEGs and DAMs of M. pasquieri in the
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post-germination stages using the multi-omics method, which
laid a foundation for the study on the growth and development of
the seedlings of M. pasquieri at the molecular level and provided
new insights for the protection of this rare and endangered plant.
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Abstract: Madhuca pasquieri (Dubard) Lam. is a tree on the International Union for Conservation
of Nature Red List and a national key protected wild plant (II) of China, known for its seed oil
and timber. However, lacking of genomic and transcriptome data for this species hampers study
of its reproduction, utilization, and conservation. Here, single-molecule long-read sequencing
(PacBio) and next-generation sequencing (Illumina) were combined to obtain the transcriptome
from five developmental stages of M. pasquieri. Overall, 25,339 transcript isoforms were detected by
PacBio, including 24,492 coding sequences (CDSs), 9440 simple sequence repeats (SSRs), 149 long
non-coding RNAs (IncRNAs), and 182 alternative splicing (AS) events, a majority was retained
intron (RI). A further 1058 transcripts were identified as transcriptional factors (TFs) from 51 TF
families. PacBio recovered more full-length transcript isoforms with a longer length, and a higher
expression level, whereas larger number of transcripts (124,405) was captured in de novo from Illumina.
Using Nr, Swissprot, KOG, and KEGG databases, 24,405 transcripts (96.31%) were annotated by
PacBio. Functional annotation revealed a role for the auxin, abscisic acid, gibberellin, and cytokinine
metabolic pathways in seed germination and post-germination. These findings support further
studies on seed germination mechanism and genome of M. pasquieri, and better protection of this
endangered species.

Keywords: Madhuca pasquieri (Dubard) Lam.; SMRT sequencing; Illumina; alternative splicing; IncRNA

1. Introduction

Madhuca pasquieri (Dubard) Lam., a member of the Sapotaceae family, is considered a vulnerable
(VU) species on the International Union for Conservation of Nature (IUCN) Red List, and in
China, is listed as a national key protected wild plant (II) and wild plant of extremely small
population. This tree is endemic to southwest Guangdong, southern Guangxi, and southeast
Yunnan, China, and usually grows in mixed forests or mountain forest margins at elevations below
1100 m. The oil content of M. pasquieri seeds can reach approximately 30%. In addition, it is a
precious timber species, with a basic density of 0.711 and an air-dry density of 0.893, which is
often used for its strength, wear resistance, when used for equipment or furniture, and in veneer
manufacturing. The whole M. pasquieri plant is rich in latex; its bark contains tannin, which can be
extracted for hard rubber and rubber. However, we previously showed that understory seedlings of
M. pasquieri are rare, and its native habitat is fragmented or lost due to excessive logging and digging,
which affects regeneration (including seed germination, seedling survival, and growth) of the wild
M. pasquieri community. To date, few studies have investigated the in-situ protection, ex-situ protection,
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chemical composition, and artificial cultivation of this species; however, such studies remain in the
preliminary stage, and data from long-term follow-up are lacking. Moreover, a lack of genomic and
high-quality transcriptome information acts as a barrier to the development of in-depth molecular
studies, preventing a comprehensive exploration of the plant’s value.

Knowledge on the transcriptome, which comprises all RNA transcripts produced by the genome,
is vital for understanding the relationship between genotype and phenotype [1]. Next-generation high-
throughput sequencing (NGS) technology, also known as second-generation sequencing,
is a revolutionary tool that aims to better understand differential gene expression and regulatory
mechanisms due to its lower costs and greater sequencing depth compared with first-generation Sanger
sequencing technology [2]. This approach requires no strict reference genome sequence [3]; therefore,
it is suitable for model species, such as Arabidopsis (Arabidopsis pumila [Steph.] N. Busch) [4] and
rice (Oryza sativa L.) [5], or non-model species, such as sugarcane (Saccharum officinarum L.) [6]
and Nothapodytes nimmoniana (Graham) Mabb [7]. Transcriptome sequences obtained by NGS
have been important for capturing diversity in RNA populations at a high sequencing depth [8].
However, incomplete and low-quality transcripts are a major limitation in NGS short-read sequencing,
which makes it difficult to analyze alternative splicing (AS) variants and to correct annotation [9].
Single-molecule real-time (SMRT) sequencing, developed by Pacific Biosciences (PacBio, Menlo Park,
CA, USA), enables long-read or full-length (FL) transcriptomes to be obtained without assembly,
permitting the collection of large-scale long-read transcripts with complete coding sequences, and the
subsequent characterization of gene families [10,11]. FL transcripts can significantly improve the
accuracy of genome annotation and transcriptome information [12]. Thus, the PacBio platform provides
a user-friendly and accurate technique that can be used for gene annotation [13], novel gene and
isoform identification [14], AS identification [15], and long non-coding RNA (IncRNA) discovery [16].
For example, RNA-Seq was able to map up to 85.94% of the castor (Ricinus communis) genome to
the reference genome; however, using PacBio, 22.71% of the transcripts were completely or partially
mapped to the reference genome, and nearly 62% of those might be new transcripts of known genes.
This indicates that the information content of the genome covered by SMRT sequencing is greater
than that of the known genome [11]. Using PacBio transcriptome sequencing, 30,591 transcripts were
identified in ramie (Boehmeria nivea L. Gaud), with an average length of 2629 bp, 91.1% of which were
functionally annotated. Compared with previous studies, PacBio significantly improved the length
and number of annotated transcripts, further demonstrating the advantage of PacBio in transcriptome
sequencing [17]. So far, no report has been found about the application of SMRT technology in a plant
species from the family Sapotaceae.

Although PacBio reads are longer than Illumina reads, PacBio provides inaccurate isoforms
on genes and less coverage of genes, leading to a high error rate [18]; this can be corrected using
IMlumina RN A-Seq reads and circular consensus sequence (CCS) reads [19]. In a study on the highly
polyploid sugarcane, Illumina RNA-Seq was used to improve the PacBio transcript isoforms by
short-read error correction. The results showed that the corrected PacBio dataset was more complete
than the non-corrected dataset (CEGMA (Core eukaryotic genes mapping approach): 98 and 96%;
BUSCO (Benchmarking universal single-copy orthologs): 90 and 87%, respectively) [20]. Recently,
PacBio and Illumina have been combined to obtain comprehensive information, detect more gene
isoforms, and determine functional variety on a transcriptional level. Thus, the genome database offers
a scientific basis for species conservation and molecular breeding [21-24].

According to our previous investigation, we found that the seedlings of M. pasquieri in understory
were very rare, and difficult to regenerate. Seed germination is the beginning of plant life cycle [25],
and seed germination and post-germination directly affect the maintenance of the population and its
quantity in time and space, which is particularly important for the protection of rare and endangered
plants [26]. To evaluate seed germination and post-germination stages, and ensure wide coverage of
transcript isoforms, M. pasquieri plants from five developmental stages, including seed germination,
hypocotyl elongation, epicotyl elongation, two-leaf, and nine-leaf stages, were mixed for transcriptome
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analysis by SMRT. The PacBio Sequel platform has been used to generate comprehensive full-length
transcriptome of M. pasquieri, and combined with Illumina platform to obtain a more complete
transcriptome. In this study, Illumina RNA-Seq was used to correct short-read errors on SMRT
transcripts obtained from PacBio, allowing differences to be compared between the two platforms. Then,
we functionally annotated the full-length transcriptomes. Isoform analysis revealed the complexity of AS
in M. pasquieri, and IncRNAs were also identified. Thus, we systematically characterized the complexity
of the M. pasquieri transcriptome, as well as its structure and functional annotation. This in-depth
characterization will provide a valuable tool for understanding the seed germination and growth
mechanism of M. pasquieri and for future conservation purposes. Furthermore, this transcriptome
provides basic data and important references for future studies on functional gene mining and
utilization, genetic resource classification and evolution, and molecular marker development to
promote the efficient and sustainable exploitation of this precious biological resource.

2. Materials and Methods

2.1. Plant Materials

M. pasquieri was grown in an artificial climate chamber, with a light cycle of 14 h/10 h (day/night),
17,600 Ix, temperature 25 °C, and humidity of 60%-80%, at South China Agricultural University in
China. During seed germination and post-germination growth, M. pasquieri plants were selected
based on five developmental stages from the same batch of light matrix culture in the artificial climate
chamber (seed germination, hypocotyl elongation, epicotyl elongation, two-leaf, and nine-leaf stages;
Figure 1), with three biological replicates per stage. Collected samples were snap frozen in liquid
nitrogen and stored at —80 °C until use.

2.2. Library Construction and SMRT Sequencing

Total M. pasquieri plants from five developmental stages, with three biological replicates per
stage, were pooled. Total RNA was extracted by grinding tissue in TRIzol reagent (Life Technologies,
Carlsbad, CA, USA) on dry ice and processed following the manufacturer’s protocol. RNA integrity
was determined using the Agilent 2100 Bioanalyzer and agarose gel electrophoresis. RNA purity and
concentration were determined via a Nanodrop micro-spectrophotometer (Thermo Fisher Scientific,
Wilmington, DE, USA). mRNA was enriched by Oligo (dT) magnetic beads, and then reverse-transcribed
into cDNA using the Clontech SMARTer PCR cDNA Synthesis Kit (Clontech Laboratories, CA, USA).
The PCR program was optimized to determine the optimal number of amplification cycles for the
downstream large-scale PCR. Then, the optimized cycle number was used to generate double-stranded
cDNA. In addition, cDNA of >4 kb was selected using the BluePippin™ Size Selection System
(Sage Science, Beverly, MA, USA) and mixed equally with the no-size-selection cDNA. Large-scale
PCR was also performed to construct the next SMRTbell library. cDNA underwent DNA-damage
repair, end-repair, and was ligated to sequencing adapters. The SMRTbell template was annealed to a
sequencing primer, bound to a polymerase, and sequenced on the PacBio Sequel platform using P6-C6
chemistry with 10 h movies.

2.3. Analysis of SMIRT Sequencing Data

The raw sequencing reads of cDNA libraries were classified and clustered into a transcript
consensus using the SMRT Link v5.0.1 pipeline supported by Pacific Biosciences. CCS reads were
extracted from subreads BAM files and then were classified as FL non-chimeric, non-full-length (nFL),
chimeras, or short reads based on cDNA primers and the polyA tail signal. Short reads were discarded.
Subsequently, the full-length non-chimeric (FLNC) reads were clustered by Iterative Clustering for
Error Correction (ICE) software to generate the cluster consensus isoforms. To improve the accuracy
of PacBio reads, two strategies were employed: (1) the nFL reads were used to polish the obtained
cluster consensus isoforms by Quiver software to attain FL polished high-quality consensus sequences
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(accuracy > 99%). (2) The LoRDEC tool (version 0.8) was used to further correct the low-quality
isoforms using Illumina short reads obtained from the same samples. Then, the final transcriptome
isoform sequences were filtered by removing redundant sequences using the software CD-HIT-v4.6.7
with a threshold of 0.99 identities (Figure 1).

Whole plants from five developmental stages (15 samples)

e Hypocotyl Epicotyl '
Seed germination elongation elongation Two-leaf stage Nine-leaf stage
PacBio/ \ llumina
Raw reads
Raw reads
(pooled sample) Fastp

Low-quality data filtering
Reads classify

ICE
(cluster and polish)

Unpolished consensus isoforms Base mass analysis
Quiver Trinity
(alini LoRDEC (assembly)
High-quality Low-quality h .
isoforms isoforms (RNA-Seq) Assembled unigenes

BUSCO
(assessment)
High-quality consensus isoforms Al unigenes

Cd-hit-v
(elimination of redundancy)

Full-length transcripts

Figure 1. Images of Madhuca pasquieri (Dubard) Lam., which was used for sequencing, and the
workflows used in this study.

2.4. Nlumina RNA Sequencing and De Novo Assembly of Short Reads

M. pasquieri plants sampled at five developmental stages, with three biological replicates per
stage, were each used for Illumina RNA sequencing. After total RNA was extracted, eukaryotic
mRNA with a polyA tail was enriched by Oligo (dT) beads, and then the enriched mRNA was
fragmented into short fragments by ultrasonic waves and reverse-transcribed into cDNA using
random primers. Second-strand cDNA was synthesized by DNA polymerase I, RNase H, dNTP,
and buffer (New England Biolabs, Ipswich, MA, USA). Next, the cDNA fragments were purified
using a QiaQuick PCR extraction kit (Qiagen, Diisseldorf, GER) end-repaired, the polyA was added,
and the fragments were then ligated to Illumina sequencing adapters. The ligation products were
size-selected by agarose gel electrophoresis, amplified by PCR, and sequenced using Illumina HiSeq™
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4000. SMRT sequencing and Illumina RNA sequencing were performed by Gene Denovo Biotechnology
Company (Guangzhou, China).

Reads obtained from the sequencing machines included raw reads containing adapters or
low-quality bases, which affect subsequent assembly and analysis. Thus, high-quality clean reads
were obtained by further filtering according to the following rules: (1) removal of reads containing
adapters; (2) removal of reads containing more than 10% of unknown nucleotides (N); (3) removal of
reads containing all A bases; (4) removal of low-quality reads containing more than 50% low-quality
(Q-value < 20) bases. After filtering the data, base composition and mass distribution were analyzed to
visualize data quality. The more balanced the base composition, the higher the quality, and the more
accurate the subsequent analysis will be. Then, Trinity v2.8.4 software was used to assemble reads
(Figure 1), and the quality of the assembly could be evaluated from the N50 value.

2.5. Evaluation of Sequencing Results

The protein sequences predicted from two sequencing results were analyzed using BUSCO v3
i to determine the completeness of the conserved content in the transcriptome. The percentage of
transcripts that fully aligned (>70%) and partially aligned to the conserved proteins, as well as the
percentage missing proteins were determined and compared.

2.6. Prediction of Coding Sequences (CDSs), Simple Sequence Repeats (SSRs), and Transcription Factors (TFs)

Open reading frames (ORFs) in the isoform sequences were detected using ANGEL software in
order to determine the CDSs, protein sequences, and untranslated region (UTR) sequences.

SSR prediction was analyzed using the MISA (version 1) software (http://pgrc.ipk-gatersleben.de/
misa/) 64 with default parameters in the whole transcriptome. Based on the MISA results, Primer 1.1.4
was used to design primer pairs specific for the flanking regions of SSRs for subsequent validation.

Protein coding sequences of isoforms were aligned by hmmscan to Plant TFdb (http://planttfdb.
cbi.pku.edu.cn/) or Animal TFdb (http://www.bioguo.org/AnimalTFdb/) to predict TF families.

2.7. Characterization of AS Events

To analyze AS events of transcript isoforms, the COding GENome reconstruction Tool (Cogent)
was first used to partition transcripts into gene families based on k-mer similarity, and to reconstruct
each family into a coding reference genome based on De Bruijn graph methods. Then, the SUPPA
tool was used to analyze AS events of transcript isoforms. Five major types of AS events, namely A3
(alternative 3’ splice sites), A5 (alternative 5 splice sites), AF (alternative first exon), RI (retained intron),
and SE (skipping exons), were extracted from the output files and counted.

2.8. LncRNA Identification from PacBio Sequences

CNCI (version 2), CPAT, CPC (version 1), and Pfam were used to assess the protein-coding
potential of transcripts without annotations by default parameters for potential IncRNAs. To better
annotate IncRNAs on an evolutionary level, the software Infernal (http://eddylab.org/infernal/)
was used for sequence alignment. LncRNAs were classified based on their secondary structures and
sequence conservation.

2.9. Functional Annotation

Corrected isoforms were analyzed by BLAST against the NCBI non-redundant protein (Nr)
database (http://www.ncbi.nlm.nih.gov), the Swiss-Prot protein database (http://www.expasy.ch/sprot),
the Kyoto Encyclopedia of Genes and Genomes (KEGG) database (http://www.genome.jp/kegg),
and the COG/KOG database (http://www.ncbi.nlm.nih.gov/COG) using the BLASTx program (http:
//www.ncbi.nlm.nih.gov/BLAST/) at an E-value threshold of 1 x 107 to evaluate sequence similarity
with genes of other species. Gene Ontology (GO) annotation was analyzed by Blast2GO software
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with Nr annotation results of isoforms. Isoforms with the top 20 highest scores, and no shorter than
33 high-scoring segment pair (HSP) hits were selected for Blast2GO analysis. Then, isoforms were
functionally classified using WEGO software.

3. Results

3.1. General Properties of Single-Molecule Long-Reads

In order to obtain M. pasquieri transcripts that were as complete as possible, high-quality total
RNA was extracted from each pooled sample representing the five different developmental stages.
Because PacBio Sequel does not screen fragments, a full library of samples was built. After filtering,
22,704,140 subreads were obtained, with a mean length of 1193 bp and a N50 of 1529 bp. A total
of 438,795 CCSs with an average depth of nine passes were generated from subreads after merging
and correcting errors by multiple sequencing. The length distribution of CCSs was consistent with
the expected size (Figure 2a). Furthermore, ICE and Quiver algorithms were used to obtain 29,003
high-quality sequences and 85 low-quality sequences. The length distribution of consensus isoforms is
shown in Figure 2b.
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Figure 2. The length distribution of PacBio single-molecule long-read (SMRT) sequencing.

(a) Length distribution of circular consensus sequences (CCSs). (b) Length distribution of consensus

isoforms. (c) Length distribution of isoforms sequences.

3.2. Acquisition of High-Quality Sequences and Error Correction of Long Reads Using Illumina Data

The basic error rate of the SMRT sequences was 12-15%, mainly due to the insertion of extra
bases. Low-quality sequences obtained on the PacBio Sequel platform were corrected using Illumina
RNA-Seq transcripts and LoRDEC (version 0.8). After polishing, low-quality sequences with polish
coverage (percentage of bases corrected by the second-generation data in the third-generation consistent
sequence) of more than 99% were combined with the high-quality sequences obtained by Quiver polish.
Finally, 29,042 sequences were obtained, with a mean length of 1438.11 bp, a N50 of 1645 bp, and GC
content of 44.59% (Table S1). Then, cd-hit-v4.6.7 software was used to remove redundant sequences
from the high-quality consistent sequences in the library. Local alignment was adopted, where the
alignment rate was 99% for shorter sequences and the number of bases unaligned was less than 30 bp.
For longer sequences, the alignment rate was 90% and the number of bases unaligned was less than
100 bp. The final set of PacBio transcript isoforms contained 25,339 sequences, with a mean length of
1436.77 bp, a N50 of 1652 bp, and GC content of 44.39% (Table S1); the length distribution of these
isoforms is shown in Figure 2c. Overall, correcting errors improved transcript prediction, with more
transcripts covering the full-length of known proteins, and a longer N50, which is suitable for further
structural and functional analysis. To assess the completeness of our transcriptome, BUSCO was used
to evaluate the sequencing results and showed that 26.81% were complete and single-copy BUSCOs,
12.22% were complete and duplicated BUSCOs, 3.54% were fragmented BUSCOs, and 57.43% were
missing BUSCOs (Figure S1).
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3.3. Comparison of PacBio and Illumina Transcripts and Sequencing Depth

De novo assembly has been used widely to construct transcriptomes without any reference
sequence; therefore, the M. pasquieri transcriptome was assembled from Illumina short-reads to provide
a comparative reference for the isoform transcript sequences obtained from PacBio Sequel. In this
study, 15 samples were tested, generating an average of 45,627,996 raw reads. Then, fastp 0.18.0
was used to filter raw data and obtain clean reads (each sample > 99.5%, Table S2). After filtering,
the base composition and mass distribution was analyzed to visualize data quality. The results showed
that the Q20 and Q30 of each sample were both >90% and the GC content of each sample was >47%
(Table S3), indicating the quality of data sequencing. Trinity v2.8.4 was used to assemble reads,
resulting in 124,405 unigenes, with a mean length of 834 bp, a N50 of 1387 bp, and a GC content of
44.89% (Table S1). The length distribution of assembled unigenes is shown in Figure S2. BUSCO was
then used to evaluate the sequencing results; there were 1035 (71.88%) complete and single-copy
BUSCOs, 108 (7.5%) complete and duplicated BUSCOs, 170 (11.81%) fragmented BUSCOs, and 127
(8.82%) missing BUSCOs (Figure S1).

Compared to PacBio transcript isoforms, de novo assembly form Illumina detected more
unigenes (124,405), as well as more annotated unigenes (66,026 de novo versus 24,405 PacBio)
(Figure 3a and Figure S3). Of the annotated transcripts, 8.2% of the de novo transcript unigenes
(10,140 unigenes) exhibited similarity to 61.4% of the PacBio transcript isoforms (15,564 isoforms)
by BLASTN (e-value < 1 x 1072, pairwise identity > 75%, min bit score > 100), and 114,265 (91.8%)
de novo transcript unigenes, and 9775 (38.6%) PacBio transcript isoforms were specifically identified
by each of the datasets (Figure 3b). Moreover, the de novo transcript unigenes from Illumina were
expressed at low levels and were shorter than the PacBio transcript isoforms in SMRT (Figure 3c,d).
In conclusion, these results indicated that although the SMRT sequencing depth was less than that of
the Illumina platform, SMRT significantly improved the length and expression level of transcripts.

3.4. Prediction of CDSs, SSRs, and TFs

CDS is a sequence of protein products that correspond exactly to a protein codon. A total of
24,492 CDSs were predicted by PacBio Sequel, and the number and length distribution of proteins
encoded by CDS regions are shown in Figure 4. Additionally, 65,297 CDSs were identified based on
Illumina data; however, the mean length was less than that predicted by PacBio (Figure S4).

SSR markers can serve as useful tools for genetic diversity analysis, genetic linkage,
evolutionary studies, and marker-assisted breeding in many species, especially endangered species,
due to their abundance, highly polymorphic nature, co-dominant inheritance, and random distribution
throughout the genome [27-30]. In this study, 9400 SSRs and 7819 SSR-containing sequences were
detected across 25,339 transcripts from M. pasquieri. Of these, 1363 transcripts contained more than one
SSR, and 1033 contained compound SSRs. Di-nucleotide repeat transcripts were the most frequent type
(5269, 67.39%) with six to 30 repeats, followed by 1718 (21.97%) tri-nucleotide repeats transcripts with
five to 24 repeats, 369 (4.72%) tetra-nucleotide repeats transcripts with four to eight repeats, 162 (2.07%)
penta-nucleotide repeats, and 141 (1.80%) hexa-nucleotide repeats both with four to seven repeats
(Figure 5a). Among the di-, tri-, and tetra-nucleotide repeats, the motifs were AC/GT, AAC/GTT,
and AAAT/TTTA, respectively. Detailed information is shown in Figure 5b. A total of 18,070 SSRs
and 15,444 SSR-containing sequences were detected across 124,405 unigenes. Di-nucleotide repeat
unigenes were also the most frequent type (11,633), followed by 5105 tri-nucleotide repeats unigenes,
1081 tetra-nucleotide repeats unigenes, 451 penta-nucleotide repeats unigenes, and 326 hexa-nucleotide
repeats unigenes (Table S4). In the di-, tri-, tetra- and penta-nucleotide repeats, the motif was AG/CT,
AAG/CTT, AAAT/ATTT, and AAACC/GGTTT, respectively (Figure S5).

TFs play important roles in the regulation of plant growth and development [31]. We compared
the predicted protein sequences with the corresponding TF database (plant TFdb/animal TFdb)
for hmmscan. A total of 1058 transcripts were identified as TFs and classified into 51 TF families.
The top 10 TF families were ERF (121, 11.44%), WRKY (96, 9.07%), GRAS (87, 8.22%), NAC (71, 6.71%),
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bHLH (70, 6.62%), C3H (68, 6.43%), bZIP (49, 4.63%), C2H2 (46, 4.35%), MYB_related (45, 4.25%),
and TALE (38, 3.59%) (Table 1). Conversely, among the de novo transcript unigenes, we identified
2048 TFs from 57 TF families, among which HB-PHD, SRS, SAP, STAT, LFY and HRT-like families
were specific. And C2H2 (241, 11.77%), bHLH (172, 8.40%), ERF (154, 7.52%), bZIP (141, 6.88%),
MYB (124, 6.05%), NAC (99, 4.83%), GRAS (88, 4.30%), WRKY (83, 4.05%), MYB_related (82, 4.00%),
and C3H (72, 3.52%) were the top 10 TF families (Table 1).
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Figure 3. Comparison of PacBio and Illumina data. (a) The number of transcripts detected by PacBio
and Illumina. (b) Comparison between the M. pasquieri PacBio transcript isoforms and de novo transcript
unigenes. (c) Boxplot showing the length of transcript isoforms in PacBio and transcript unigenes in
Ilumina. (d) Boxplot showing the expression level of transcript isoforms in PacBio and transcript
unigenes in Illumina.
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Figure 5. Distribution of simple sequence repeat (SSR) nucleotide classes among different nucleotide
types in the transcriptome of M. pasquieri. (a) Distribution statistics for six types of SSRs from M.
pasquieri. (b) The proportion of SSRs of different types of tandem repeat elements in total SSRs.
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Table 1. Statistics for the transcriptional factor (TF) family predicted by Illumina and PacBio in M. pasquieri.

Family PacBio Illumina  Family  PacBio Illumina  Family PacBio Illumina
ERF 121 154 TCP 13 28 ARR-B 2 8
WRKY 96 83 BBR-BPC 12 9 CPP 2 11
GRAS 87 88 ARF 11 24 LSD 2 8
NAC 71 99 B3 11 37 M-type 2 22
bHLH 70 172 BES1 11 10 S1Fa-like 2 6
C3H 68 72 DBB 10 13 YABBY 2 9
bZIP 49 141 Dof 9 42 CAMTA 1 7
C2H2 46 241 GeBP 9 6 E2F/DP 1 7
MYB_related 45 82 CO-like 6 12 GRF 1 11
TALE 38 29 ZF-HD 6 22 HB-other 1 11
MYB 28 124 FAR1 5 38 Whirly 1 3
EIL 27 6 LBD 5 32 HB-PHD 0 2
HD-ZIP 25 55 NF-YA 5 11 HRT-like 0 1
Trihelix 25 47 NF-YB 5 30 LFY 0 1
GATA 23 48 SBP 5 22 SAP 0 2
Nin-like 19 13 AP2 4 20 SRS 0 8
G2-like 18 40 RAV 4 2 STAT 0 1
HSF 17 32 WOX 4 5
NF-YC 14 18 NF-X1 3 2
MIKC 13 20 voz 3 1

3.5. AS Events Detected from PacBio Sequel

Using the results obtained from PacBio transcript isoforms, 182 AS events were identified,
including 42 (23.08%) A3, 33 (18.13%) A5, 18 (9.89%) AF, 82 (45.05%) RI, and seven (3.85%) SE,
among which RI was the main AS event (Figure 6a,b). The AS events in our study largely enriched
the transcript information for M. pasquieri. Due to the lack of a genome database, splice isoforms of
unannotated genes remain unknown. Results from the PacBio analysis indicated that only a single
isoform was detected in 109 (2.44%) genes, and two or more isoforms were found in 4353 genes (97.55%)
(Figure 6¢). Ten; and more than ten splice isoforms were detected in 204 (4.57%) genes. For example,
16 different COGENT000951 isoforms were identified in this study and were predicted to be associated
with metabolic pathways, biosynthesis of secondary metabolites, and phenylpropanoid biosynthesis;
sequencing results are shown in Figure 6d (example of A3). Additionally, 11 different COGENT002109
isoforms were identified, and the results are shown in Figure 6e, which were predicted to be associated
with plant hormone signal transduction (an example of RI).

3.6. LncRNA Detected from PacBio Sequel

Four computational approaches (CNCI, CPAT, CPC, and Pfam) were combined to predict IncRNAs
from putative protein-coding RNAs among the unknown transcripts. From the four different analyses,
779, 264, 866, and 933 transcripts longer than 200 nt were selected as IncRNAs, among which
149 common IncRNAs were predicted for subsequent analysis (Figure 7a). Some of these IncRNAs
were up to 4000nt long (Figure 7b).

3.7. Functional Annotation of Transcripts

All 25,339 transcripts (corrected isoforms) were functionally annotated by searching Nr, Swissprot,
KOG, and KEGG databases, and 24,405 transcripts (96.31%) were annotated in PacBio. Of these,
24,358 transcripts were annotated in the Nr database, 21,059 were annotated in the Swissprot database,
16,957 were annotated in the KOG database, and 13,185 were annotated in the KEGG database
(Figure 8a and Figure S3). A total of 934 transcripts did not return any matches and may reflect novel
transcripts in the M. pasquieri transcriptome. Homologous species were analyzed by comparing the
transcript sequences with those in the Nr database, and the results showed that the highest numbers of
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transcripts were found in Vitis vinifera (3484, 14.30%), Theobroma cacao (1432, 5.88%), Sesamum indicum
(1182,4.85%), Juglans regia (1182, 4.85%), Nelumbo nucifera (1063, 4.36%), Cephalotus follicularis (895, 3.67 %),
Ziziphus jujuba (753, 3.09%), Camellia sinensis (725, 2.98%), Jatropha curcas (664, 2.73%), and Citrus sinensis
(535, 2.20%) (Figure 8b).

3.8. Gene Ontology (GO) Annotation

GO analysis showed that 11,810 PacBio transcript isoforms (46.61% of total set) could be divided
into three groups; biological processes, molecular functions, and cellular components. Transcripts in
‘biological processes’ were mainly enriched for metabolic process, cellular process, single-organism
process, and others (Figure 9). Transcripts involved in ‘cellular components’ consisted of cell, cell
part, organelle, membrane, and membrane part. For the category ‘molecular function’, transcripts
were mainly involved in catalytic activity, binding, and transporter activity. A comparison of enriched
GO terms between the PacBio transcript isoforms and de novo transcript unigenes (which had 76,548
unigenes annotated, accounting for 61.53% of the total de novo set) is presented in Figure 9.
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Figure 6. Analysis of alternative splicing (AS) events in the M. pasquieri transcriptome. (a) Schematic
representation of five AS modes. (b) The number and percentage of different types of AS events
detected by PacBio. A3, alternative 3’ splice site; A5, alternative 5 splice site; AF, alternative first exon;
RI, retained intron; SE, skipping exon. (c) Statistics for the isoforms of some genes. (d) Sequence analysis
of different COGENTO000951 isoforms. (e) Sequence analysis of different COGENT002109 isoforms.
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Figure 7. Identification of M. pasquieri long non-coding RNAs (IncRNA). (a) Venn diagram of IncRNAs
predicted by CNCI, CPAT, CPC, and Pfam computational approaches. (b) Length distribution of
identified IncRNAs.

3.9. Analysis of KEGG Pathways and Gene Annotation Information

KEGG pathway analysis provided additional functional information relating to the pathways
associated with each transcript isoform, since one gene could be assigned to more than one
GO term in the Gene Ontology annotation. The KEGG results demonstrated that 13,185 PacBio
transcript isoforms (52.03% of the total) from M. pasquieri were annotated to 132 KEGG pathways,
while 55,975 de novo transcript unigenes (44.99% of the total) were annotated to 136 KEGG pathways
(Figure 10). The functional pathway was first assigned to five KEGG biochemical pathways,
including cellular processes, environmental information processing, genetic information processing,
metabolism, and organismal systems. ‘Metabolism’ represented the largest group in both PacBio
and de novo transcript datasets, containing 102 and 105 pathways, respectively. With most associated
with metabolic pathway (3795/7267), biosynthesis of secondary metabolites (2189/4069), biosynthesis
of antibiotics (1229/0), microbial metabolism in diverse environments (1081/0), carbon metabolism
(910/1504), and biosynthesis of amino acids (679/1236). Those pathways related to genetic information
processing were the second largest group, including transcripts involved in protein processing in
endoplasmic reticulum (715/971), ribosome (672/2321), spliceosome (509/780), and RNNA transport
(387/718). The third largest group comprised cellular processes, with a majority of transcripts involved
in endocytosis (381/618) and phagosome (220/430). Plant hormone signal transduction (349/436)
and plant-pathogen interaction (336/728) were the most in environmental information processing
and organismal systems, respectively. In addition, some important pathways were also found in
M. pasquieri, including carbon fixation in photosynthetic organisms, photosynthesis, phenylpropanoid
biosynthesis, flavonoid biosynthesis, anthocyanin biosynthesis, isoflavonoid biosynthesis, flavone and
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flavonol biosynthesis, terpenoid backbone biosynthesis, sesquiterpenoid and triterpenoid biosynthesis,
monoterpenoid biosynthesis, and diterpenoid biosynthesis (Table S5). These results provide a valuable
resource for investigating metabolic pathways in M. pasquieri.
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Figure 8. Functional annotation of corrected isoforms. (a) Venn diagram of annotated result in four
different databases, Nr, Swissprot, KOG, and KEGG. (b) Distribution diagram showing the top ten Nr
homologous species of transcripts.
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The top 17 KEGG metabolic pathways with the highest transcript numbers

Plant hormone signal transduction —[— . PacBio transcript isoforms
Amino sugar and nucleotide sugar metabolisim - De novo transcript unigenes
Glyoxylate and dicarboxylate metabolism [ —
Pyruvate metabolism [—
Endocytosis
Purine metabolism
Glycolysis / Gluconeogenesis
RNA transport
Plant-pathogen interaction

Oxidative phosphorylation

Spliceosome
Protein processing in endoplasmic reticulum | EE———
Biosynthesis of amino acids |E————

Carbon metabolism | —
Ribosome | E—
Biosynthesis of secondary metabolites | —

Metabolic pathways _e—————————

o
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Percent of KEGG annotated transcript(%)

Figure 10. KEGG metabolic pathway classification of M. pasquieri PacBio transcript isoforms and de novo

transcript unigenes.

Plant hormone signal transduction is important for regulating germination and growth,
and 349 PacBio transcript isoforms have been shown to be involved in plant hormone signal
transduction pathway (ko04075; Table S5). Auxin, gibberellin (GA), and cytokinine signal transduction
pathways accelerate seed germination and plant development, while abscisic acid (ABA) signal
transduction pathway plays the opposite role. In the auxin pathway, 59 transcripts were annotated
as key genes, which encoded auxin transporter protein 1 (AUX1), transport inhibitor response
1 (TIR1), auxin/indole-3-acetic acid (AUX/IAA), auxin response factor (ARF), gretchen hagen 3 (GH3),
and small auxin upregulated RNA (SAUR). In the GA pathway, 22 transcripts were annotated as four
key genes, GA-insensitive dwarf mutant 1 (GID1), GA-insensitive dwarf mutant 2 (GID2), DELLA,
and TF. In the cytokinine pathway, nine transcripts were annotated as four key genes, cytokinin response
1 (CREL1), arabidopsis histidine-containing phosphotransfer protein (AHP), type-B arabidopsis response
regulators (B-ARR), and type-A arabidopsis response regulators (A-ARR). In the ABA pathway,
47 transcripts were annotated as pyrabactin resistance/PYR-like (PYR/PYL), Protein Phosphatase 2 C
(PP2C), Sucrose non-fermenting 1-related protein kinases subfamily 2 (SnRK2), and ABRE-binding
factor (ABF) (ko04075; Figure S6).

4. Discussion

4.1. Comparison of PacBio Transcripts and De Novo Unigenes

The de novo transcriptome assembly of second-generation sequencing technology has been used
widely for transcriptome analysis in species without a genomic reference. Large-scale sequencing
of transcriptome data by second-generation sequencing cannot generate full-length sequences or
alternatively spliced forms of RNA. With the emergence of SMRT sequencing technology, full-length
transcripts could be obtained without large-scale assembly. For example, de novo assembly from short
reads only reconstructed 8% of PacBio isoforms in maize (Zea mays) [32]. Moreover, compared with
RNA-Seq data or previously annotated references, PacBio retrieved longer transcripts, including
for Amborella trichopoda [33], avocado (Persea americana) [34], and Populus alba var. pyramidalis [35].
To date, no genomic or transcriptome information for M. pasquieri has been reported. In this study,
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five developmental stages of M. pasquieri were sampled to obtain more comprehensive transcript
information, and 438,795 CCSs were obtained by PacBio Sequel. Due to the high error rate associated
with third-generation sequencing, Illumina RNA-Seq transcripts and LoRDEC (v 0.8) were used
to correct the low-quality sequences. Finally, 25,339 full-length transcripts were obtained, with a
mean length of 1436.77 bp and an N50 value of 1652 bp, which will benefit further studies on
M. pasquieri. However, these transcripts were shorter than reported in previous transcriptome studies
of alfalfa (Medicago sativa L.) (mean length = 2551 bp, N50 = 2928 bp) [36] and Gnetum luofuense
(mean length = 3237 bp, N50 = 3629 bp) [37], using the same technology. This result may be related to
the differences in the parameters and nature characteristics of the species.

In this study, de novo assembly from Illumina using the same experimental material generated
more transcripts (124,405 unigenes) than PacBio Sequel; however, the mean length of the transcripts
was 834 bp and the N50 was 1387 bp, which were substantially shorter than those obtained by PacBio,
at1436.77 bp and 1652 bp, respectively (Table S1). The results indicate that PacBio is better able to capture
long transcript sequences, similar to those reported in adlay (Coix lacryma-jobi) [38]. Although de novo
assembly resulted in a higher number of transcripts and annotated transcripts (66,026), the latter
accounted for only 53.07% of the total transcripts, which was much lower than the 96.31% obtained by
PacBio. Notably, the annotation rate in all databases was significantly higher with PacBio sequencing
data compared with [llumina data; for example, Nr, 51.19% Illumina versus 96.13% PacBio; Swissprot,
36.69% Illumina versus 83.11% PacBio; COG/KOG, 30.58% Illumina versus 66.92% PacBio; and KEGG,
44.99% Illumina versus 52.03% PacBio) (Figure 3a and Figure S3). By comparing de novo and PacBio
transcripts, 10,140 unigenes and 15,564 isoforms were found in common by BLASTN, accounting for
8.2 and 61.4% respectively. Additionally, 91.8% (114,265) transcripts were found specifically in de novo
assembly, and 38.6% (9775) in PacBio (Figure 3b). Thus, although de novo assembly can obtain a
large number of transcripts and annotated transcripts, this may account for the great depth of reads
used for assembly [20], while a large number of unannotated transcripts may contain many new
transcripts. Therefore, although Illumina provides more transcripts and greater sequencing depth
compared with PacBio Sequel, the PacBio Sequel method can detect more full-length transcripts
and more accurately annotated transcripts; this is more conducive to obtaining accurate transcript
information for M. pasquieri.

4.2. Analysis of Alternative Splicing in Transcriptomes

AS of precursor mRNAs (pre-mRNAs) during eukaryotic gene transcription may increase the
number of protein isoforms produced by the removal of introns and the joining of exons [39-41].
The splicing mode of multi-exon mRNA may vary in several ways, and is usually divided into SE,
A5, A3, Mutually Exclusive Exon (MX), RI, AF, and Alternative Last Exon (AL), leading to multiple
transcripts of some genes [42]. Therefore, AS markedly increases the complexity and flexibility of the
transcriptome and proteome [43]. In addition, AS is involved in the regulation of growth, development,
signal transduction, flowering, and responses to various abiotic stresses [44—47]. Although RNA-Seq
can accurately quantify and annotate individual AS events, it is hard to deduce full-length splicing
isoforms that contain a combination of these individual events [48,49]. SMRT sequencing enables
the generation of full-length sequences and the identification of complex splice isoforms, which are
difficult to detect and reconstruct by RNA-Seq [50]. For example, PacBio identified more AS events in
strawberry (Fragaria vesca) (17,260) compared with Illumina (12,080) [42]. In cotton (Gossypium spp.),
PacBio (133,229) retrieved eight-times more AS events than Illumina (16,437) [51]. In the present
study, 182 AS events were identified by PacBio Sequel in M. pasquieri, which were classified into five
types, including 42 A3, 33 A5, 18 AF, 82 RI, and seven SE (Figure 6b,c). The majority of AS events
were RI (45.5%), similar to previous reports in other plant species, such as sorghum (Sorghum bicolor
BTx623) [52], bread wheat (Triticum aestivum L.) [53], and cassava (Manihot esculenta) [54]. In our study,
these AS events greatly enriched the transcriptional information of M. pasquieri. Studies have reported
specific expression of AS events in different plant tissues. For example, the proportion of different AS
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events varied among maize and sorghum tissues [55]. Dynamic changes in AS events occur during
different development stages and tissues of strawberry; for example, anthers at floral stages 7 and 8
had more AS genes compared with anthers from other anther stages [42]. These studies also provide
direction for further research on AS events in M. pasquieri.

4.3. Analysis of IncRNAs Detected by PacBio Sequel

In addition to protein-coding RNAs, non-coding RNAs constitute a major component of the
transcriptome [56]. Generally, IncRNAs are more than 200 nt in length, possess no apparent CDS
or ORE, and lack protein coding capability [57]. Based on their genomic location, IncRNAs can be
classified as antisense, intronic, and long intergenic noncoding RNA [58]. In recent years, studies have
found that IncRNAs play a significant role in the physiology and development of plants, especially in
some key biological processes [59]. However, only a small number of IncRNA functions have been
determined. For example, studies have confirmed that IncRNAs participate in abiotic stress responses
and act as regulatory factors [60]. In a transcriptional study on soybean (Glycine max) roots under
continuous salt stress, about 77% of identified IncRNAs were activated or up-regulated by more than
two-fold, and functional analysis of proteins with binding and catalytic activities were major targets of
these newly identified IncRNAs, indicating the regulatory role of IncRNAs in soybean roots resistant
to salt stress [61]. RNA Seq short-read sequencing, which is a powerful tool used to describe gene
expression, has been widely used; however, it cannot provide full-length sequences for each RNA,
which also increases the difficulty of detecting IncRNAs. Nevertheless, SMRT-seq technology can
effectively capture full-length sequences of the genome and transcriptome [50]. In a study investigating
the maize transcriptome, SMRT-seq identified 867 novel high-confidence IncRNAs with a mean length
of 1.1 kb, which were much longer than the IncRNAs identified by RNA-Seq short-read sequencing [32].
LncRNAs have not yet been identified in M. pasquieri. In the present study, 149 common IncRNAs
were predicted by four programs (Figure 7a), which will contribute to the functional study of IncRNAs
in M. pasquieri. Although IncRNAs were identified by PacBio Sequel in this study, they could not
be classified nor further studied due to a lack of genome data for M. pasquieri. A previous study
also detected 223 and 205 IncRNAs in the leaf and root of Astragalus membranaceus, respectively [62],
which may be helpful for the further study of IncRNA expression in different tissues of M. pasquieri.

4.4. Analysis of Nr Annotation and Transcription Factors

Among 25,339 transcripts, a total of 24,405 transcripts were annotated using four databases
(N1, Swissprot, KOG, and KEGG), including 24,358 transcripts annotated in the Nr database,
accounting for 96.13% of the total annotated transcripts (Figure 3a and Figure S3). Comparison of
M. pasquieri transcripts with the Nr data revealed that M. pasquieri shares homology with Vitis vinifera
(3484, 14.30%), Theobroma cacao (1432, 5.88%), Sesamum indicum (1182, 4.85%), Juglans regia (1182, 4.85%),
and Nelumbo nucifera (1063, 4.36%) (Figure 8b). Vitis vinifera possesses the highest homology, which may
be explained by its relatively extensive database and better annotation compared with that of other
species; however, its homology ratio is relatively low compared with other species. For example, in
coffee (Coffea arabica) bean, a Nr-annotated tobacco species was much larger than that of Coffea canephora
(1,746,308 versus 142,656 hits; maximum 50 hits per sequence) [63]. This is not unexpected, since there
is no available genomic and transcriptomic information for M. pasquieri or a comprehensive genomic
resource for Sapotaceae, only the genome of Argania spinosa has been reported [64], so as the plastome
sequence of Pouteria campechiana (Kunth) Baehni [65], Manilkara zapota (L.) PRoyen [66], and chloroplast
genome of Lucuma nervosa [67], Vitellaria paradoxa, and Sideroxylon wightianum [68]. Since studies on
M. pasquieri remain in their infancy, and information available from other plants is relatively limited,
further research is needed.

TFs are important regulatory components for seed germination and plant development [69],
and many TF families, including WRKY, MYB, NAC, and bHLH, have been studied extensively in model
plants and crops [70], but fewer studied in non-model plants [71]. For example, members of the MYB
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(HORVUOHr1G018970, HORVU2Hr1G010450) and NAC (HORVU2Hr1G077320) family were found
associated with regulating germination or root development in barley (Hordeum vulgare) [72]. SPATULA,
a member of bHLH, mediates seed germination by affecting cell elongation in Arabidopsis [73]. Here,
1058 and 2048 TF genes were identified by PacBio and Illumina, and were classified into 51 and 57 TF
families, respectively. Moreover, we found that they have the same abundant TF families, including ERF,
WRKY, GRAS, NAC, bHLH, C3H, bZIP, C2H2, and MYB_related (Table 1). This indicated that these
TF families were actively involved in the material synthesis and growth metabolism of M. pasquieri
during all stages, which requires further studies.

4.5. Excavation of KEGG Annotation Pathways Gene Annotation Information in M. pasquieri

A large number of transcripts from M. pasquieri were associated with metabolic pathways (3795),
biosynthesis of secondary metabolites (2189), biosynthesis of antibiotics (1229), microbial metabolism
in diverse environments (1081), and carbon metabolism (910), indicating that the germination and
growth of M. pasquieri requires varied metabolic supports. This also shows that there are multiple
functional metabolites in M. pasquieri, many of which may be of potential value. Although some
pathways were associated with fewer transcripts, they may still be worth noting.

Previous studies have indicated that most phytohormones, such as ABA, GA, auxin, ethylene,
cytokinine, brassinosteroid and jasmonic acid are involved in seed germination and growth
regulation [74]. In this study, 349 PacBio transcript isoforms have been involved in plant hormone signal
transduction pathway (ko04075; Table S5). Studies have shown that GA promotes seed germination,
whereas ABA is the most notorious GA antagonist for its inhibitory effect on seed germination [75,76].
It has been reported that GA mainly stimulates germination by promoting radicle elongation and
penetration of the seed coat [71], and GA-GID1 complex induces the degradation of the plant growth
inhibitor DELLA proteins to promote plant germination [77]. In the study, 22 transcripts were involved
in GA pathway, and nine and ten transcripts were annotated as GID1 and DELLA, respectively.
These results might suggest that specific members of the GID1 and DELLA genes of M. pasquieri are
involved in the regulation of seed germination. Furthermore, PYR/PYL (17), PP2C (10), SnRK2 (19),
and ABF (11), associated with ABA pathway, were identified in our study, which have been proven to be
key components of ABA signaling in sheepgrass (Leymus chinensis) [78]. Auxin is present in the seedling
radicle tip during and after germination, and cytokinine is activated during germination [79]. And,
we found AUXI1 (8), TIR1 (5), AUX/IAA (26), ARF (12), GH3 (2), and SAUR (6) were involved in auxin
pathway; CRE1 (1), AHP (2), B-ARR (3), and A-ARR (3) in cytokinine pathway of M. pasquieri. Although,
these results might indicate that these specific transcripts were associated with the regulation of seed
germination and post-germination in M. pasquieri, we could not obtain more accurate information in
specific time, and tissues.

Other pathways, like carbon fixation in photosynthetic organisms (ko00710),
photosynthesis (ko00195) pathways were also important in M. pasquieri, especially in post-germination
stages. Notably, during cultivation of M. pasquieri, the leaves changed from a distinct red to a dark red,
and finally to green between the two to the nine-leaf stage, which may be associated with anthocyanin
biosynthesis pathway (ko00942) and 20 annotated transcripts were involved in the study. Furthermore,
flavonoid biosynthesis pathway (ko00941), isoflavonoid biosynthesis pathway (ko00943), flavone and
flavonol biosynthesis pathway (ko00944), terpenoid backbone biosynthesis (ko00900), sesquiterpenoid
and triterpenoid biosynthesis (ko00909), monoterpenoid biosynthesis (ko00902), and diterpenoid
biosynthesis (ko00904) pathways were also found, providing support for development and utilization
of M. pasquieri.

Interestingly, 1229 and 1081 PacBio transcript isoforms have been involved in biosynthesis of
antibiotics (ko01130) and microbial metabolism in diverse environments (ko01120), respectively,
while none of transcript unigenes involved in de novo assembly from Illumina. On the one hand,
this might be the differences between PacBio and Illumina platforms. And the sample used in SMRT
sequencing were mixed, however in NGS de novo assembly were individual samples, which may filter
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some lowquality reads during assembly, resulting in different transcripts being obtained. On the other
hand, previous studies have shown that the annotation rate of PacBio isoforms were much higher
than that of the de novo unigenes [42,80]. And our results showed the same conclusion (96.31% versus
53.07%), suggesting that longer transcripts may be easier annotated. This may explain that transcript
unigenes, involved in biosynthesis of antibiotics and microbial metabolism in diverse environments,
were not annotated, which need further studies.

5. Conclusions

In conclusion, this was the first comprehensive transcriptome analysis of M. pasquieri combining
SMRT and NGS sequencing. We identified 25,339 transcript isoforms by PacBio, including 24,492 CDSs,
9440 SSRs, and 149 IncRNAs. A total of 1058 transcripts were identified as TFs, which were classified
into 51 TF families. Additionally, 182 AS events were detected across five types (A3, A5, AF, R,
and SE), among which a majority was IR. Although de novo assembly from Illumina obtained more
unigenes (124,405) owing to its greater sequencing depth, PacBio Sequel recovered more FL transcripts,
with a longer mean length and N50, longer CDSs, and higher expression level. Using four databases,
24,405 transcripts (96.31%) were annotated by PacBio, while 66,026 unigenes were annotated by de novo
assembly, accounting for only 53.07% of the total, indicating that PacBio can more accurately annotate
transcripts. And, we found that 8.2% of the de novo transcript unigenes exhibited similarity to 61.4% of
the PacBio transcript isoforms, and that 91.8% unigenes and 38.6% isoforms were unique to the Illumina
and PacBio database, respectively. Functional annotation revealed a role for the auxin, GA, ABA,
and cytokinine metabolic pathways, which are associated with seed germination and post-germination.
In addition, multiple flavonoid and terpenoid metabolic pathways have been identified, which may
be related to the potential value of M. pasquieri. Moreover, we can combine the metabolomics and
proteomics in the further research, so as to better understand the mechanism of germination and growth
of M. pasquieri. Our work provides a comprehensive transcriptome resource for future studies on
functional gene mining and utilization, genetic resource classification and evolution, molecular marker
development, and endangered mechanism of M. pasquieri.
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Abstract: Soil microbes are of great significance to driving the biogeochemical cycles and are affected
by multiple factors, including urbanization. However, the response of soil microbes to urbanization
remains unclear. Therefore, we designed an urban-to-rural gradient experiment to investigate the
response of soil microbial composition and diversity to urbanization. Here, we used a high-throughput
sequencing method to analyze the biotic and abiotic effects on soil microbial composition and diversity
along the urban-to-rural gradient. Our results showed that soil bacterial diversity was the highest in
urban areas, followed by suburban areas, and was the lowest in exurbs; however, fungal diversity
did not vary significantly among the three areas. Plant traits, i.e., tree richness, shrub richness, the
number of tree stems, diameter at breast height of trees, and soil properties, i.e., pH, soil organic
carbon, soil exchangeable calcium and magnesium, and soil water content, were only significantly
influenced bacterial diversity, but not fungal diversity. The effect of trees and shrubs was higher
than that of herbs on microbial composition. Soil organic carbon, pH, soil available nitrogen, soil
exchangeable calcium, and magnesium were the major soil factors influencing the soil bacterial and
fungal composition. Soil properties had a greater influence on bacterial than on fungal composition
at genus level, while plant traits contributed more to fungal than to bacterial composition at genus
level. Our study suggests that the urban-to-rural gradient affect the composition and diversity of
bacterial community as well as the fungal composition, but not the fungal diversity.

Keywords: urbanization; bacteria; fungi; plant traits; soil properties

1. Introduction

Acceleration of urbanization globally has led to an explosive increase in global urban population.
In 2018, the global urban population of 4.2 billion accounted for 55% of the total population
worldwide [1]. Despite rapid economic development, urbanization has resulted in a series of
ecological challenges, such as urban heat islands [2], increased atmospheric CO, concentration [3],
nitrogen deposition [4], and decreased biodiversity [5]. However, urban forests play a positive role
under the enormous pressure of urbanization. Urban forests are associated with multiple ecological
benefits such as absorption of carbon and release of oxygen, regulation of urban microclimate, and
diminishing heat island effect, thus alleviating the impacts of urbanization [6].

As an essential component of urban forest ecosystem, soil microbes participate in many ecological
processes and play an important role in urban forest ecosystem. Soil microbes drive biogeochemical
cycles [7], via litter decomposition [8,9], catalyzing the turnover of soil carbon and nutrients [10] and
alleviation of changes induced by urbanization. Therefore, subtle changes in soil microbes may reflect
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significant changes in nutrient cycles of the plant-soil system [11]. However, the response of soil
microbial composition and diversity to biotic (plant traits) and abiotic (soil physicochemical attributes)
factors remains unclear.

Studies have shown that plant diversity is a determinant of soil microbial biomass. Increased
plant diversity significantly increases microbial biomass [12,13], microbial diversity [14], and microbial
activity [15], and enhances the rate of microbial use of rhizosphere carbon [16]. In addition, plant
diversity can predict soil microbial beta diversity [17]. The various soil microbial groups and the
diversity of different plant layers show varying levels of relationship. Soil bacterial diversity is
significantly correlated with tree and shrub diversity [18,19], while the correlation between fungal and
plant diversity is weak [18,20]. However, a strong correlation exists between the composition of fungal
and plant communities [20]. Soil microbes are very sensitive to the soil microenvironment. Studies
have shown that the soil physicochemical attributes (pH, C source, available nutrients, water content,
and soil structure) [21] can significantly affect the diversity of the soil microbial community. Soil pH is
currently recognized as a key factor affecting soil microbes [22,23]. However, Wang et al. [24] showed
that the changes in the rate of soil nitrogen utilization and soil organic carbon following nitrogen
addition significantly reduced soil microbial diversity; soil pH did not significantly affect the soil
microbial diversity. To date, the differential impact of plant traits and soil properties on soil microbes
remains understudied.

Recent studies investigating the role and the assembly mechanism of urban forests mainly focused
on soil properties [25,26] and plant communities [5,27]. However, the response of soil microbial
communities to urbanization and the impact of changes in plant traits and soil properties induced by
urbanization on the soil microbes have yet to be investigated systematically. The Pearl River Delta in
China has experienced rapid urbanization since the economic reform in 1978 and is one of the three
major urban agglomerations in the country. It has surpassed Tokyo in Japan to become the world’s
largest urban agglomerate facilitating the study of the response of soil microbial communities to
urbanization [28]. Therefore, we designed an urban-to-rural gradient experiment (urban-suburb-exurb)
in Dongguan, one of the important cities in China’s Pearl River Delta urban agglomeration to address
this concern. The composition and diversity of soil microbial community and the related biotic (plant
traits) and abiotic (soil properties) factors were systematically investigated along the urban-to-rural
gradient. Based on previous studies investigating soil microbial community [18,29-32], we predicted
that plant traits may have stronger effects on fungal rather than on bacterial community along the
urban-to-rural gradient, while soil properties may affect bacteria more than the fungal community.
The specific objectives of this investigation were to (1) test the responses of soil bacterial and fungal
communities to urbanization based on their composition and diversity along the urban-to-rural
gradient, respectively, and (2) analyze the relationships between soil microbial composition and
diversity, and plant traits and soil properties.

2. Materials and Methods

2.1. Study Site

We conducted our study in Dongguan (113°31'-114°15" E, 22°39’-23°09" N), which is located
in the Pearl River Delta, South China (Figure 1). The climate in Dongguan is warm and humid.
The annual average temperature is 22.1 °C, and the average temperatures during the hottest (July) and
the coldest (January) months are 28.2 °C and 13.4 °C, respectively. The annual average precipitation is
1796 mm. The rainfall during the rainy season (April to September) accounts for approximately 80% of
the precipitation during the whole year. The soil type is red and the soil texture is sandy and loam.
The evergreen broad-leaved zonal forest is well preserved in the south of Dongguan [33]. Therefore,
we selected the research sites from the city center to the south, with an almost consistent longitude.

174



Forests 2019, 10, 797 3of16

Figure 1. Locations of the three study sites and 27 plots in Dongguan, south China.

We selected the following study sites: Qifeng Park (113°45’50”-113°46"26" E, 23°00’50”-23°01'04"” N)
in the urban areas, the Tongsha Ecological park (113°45'547-113°46"45" E, 22°57'45”-23°58'25” N)
in the suburban areas about 6 km from the city center, and the Dalingshan Forest Park
(113°45’56”-113°46’46" E, 22°52/28”-22°53’09” N) in the exurban areas about 16 km from the city
center. The population densities of the three sites decreased from urban to exurban areas [33]. Qifeng
Park is located in the center of Dongguan with a high degree of disturbance. Plantation is the main
vegetation type. Tongsha Ecological Park is located in the suburb of Dongguan. The vegetation
types include mainly plantations and natural secondary forests. The existing subtropical evergreen
broad-leaved forests are mainly artificial, and the natural secondary forests are mainly composed
of evergreen shrubs and small trees. Dalingshan Forest Park is located in the exurb of Dongguan.
The vegetation types mainly include secondary forests and plantations. The secondary forest is well
preserved due to effective long-term protection (Table 1).

Table 1. Stand characteristics of three sites along the urban-to-rural gradient in Dongguan, south China.

Site DBH Mean =+ S.E. H Mean + S.E. Representative Species
urban 1431 + 041 cm 8.79 +0.19 m Cinnamontum burmani, Ficus microcarpa
and Albizia falcataria
suburb 11.55 + 0.27 cm 8.21 +0.14 m Eucalyptus urophylla, Elacocarpus
sylvestris and Spathodea campanulata
exurb 7.71+0.13 cm 6.70 + 0.08 m Schefflera octophylla, Acronychia

pedunculata and Acronychia pedunculata

DBH and H indicated the diameter at breast height and average height of trees, respectively.
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2.2. Experimental Design, Plant Census, and Soil Sampling

The experiment was carried out in Dongguan in January 2018. Nine independent plots with
identical size (20 x 20 m) were randomly designated within each site for vegetation census and soil
sampling. The space between each two plots was more than 20 m. In each plot, we recorded all
trees (diameter at breast height (DBH) > 3 cm) including the species name, DBH, and the number of
stems. Four 25 m? (5 X 5 m) subplots and five 1 m? (1 x1m) subplots were selected in each plot for
investigation of shrubs and herbs, respectively. In the shrub quadrats, the individual species name and
their number were recorded. In the herb quadrats, the species name and cover were recorded. Plant
traits used for analyses included diameter at breast height of trees (DBH), the number of tree stems
(TS), tree richness (TR), shrub richness (SR), and herb richness (HR) (Table S1).

For soil sampling, after removing the litter layer, six samples were collected in an “S” shape
(0-10 cm) and thoroughly mixed. Then, we removed impurities such as plant roots and stones to
provide a composite soil sample in each plot. The composite soil sample was divided into two
subsamples: one (>6 g) was immediately transferred into the portable ice box designed for microbial
identification and another (>500 g) carried in a sealed bag for the determination of soil chemical
properties. We also obtained soil samples from each plot using a cut ring (50 mm diameter) to measure
the soil water content. All soil samples were collected within a single day.

2.3. Soil Physicochemical Properties

Soil water content (SWC) was calculated gravimetrically via oven drying to constant mass at 105 °C.
Soil pH was measured via glass electrode method in a 1:2.5 (v/v) soil:water suspension. We determined
soil organic carbon (SOC) using the K,Cr;O7 oxidation method and soil available nitrogen (AvN)
via alkaline hydrolysis diffusion method. Soil available potassium (AvK), soil exchangeable calcium
(Ca%*) and soil exchangeable magnesium (Mg2+) were determined via flame atomic absorption
spectrophotometry after extraction with 1 mol-L~! ammonium acetate. Soil available phosphorus
(AvP) was determined using the molybdenum-antimony colorimetric method after extraction with
0.03 mol-L."! ammonium fluoride and 1 mol-L.~! hydrochloric acid [34] (Table S1).

2.4. Soil Microbial Communities

Soil microbial DNA was extracted from fresh soil using a MOBIO PowerSoil® DNA Isolation Kit
(MOBIO laboratories, Carlsbad, CA, USA) for the corresponding sample according to the manufacturer’s
instructions. The concentration and purity of the extracted DNA were quantified using the NanoDrop
One (Thermo Fisher Scientific, MA, USA). The 165 rRNA (for bacteria) and ITS3 (for fungi) genes of
distinct regions were amplified using a specific primer with 12 bp barcode. Primers were synthesized
by Invitrogen (Invitrogen, Carlsbad, CA, USA). PCR reactions, containing 25 pL 2x Premix Taq (Takara
Biotechnology, Dalian Co. Ltd., China), 1 uL of each primer (10 mM) and 3 uL DNA (20 ng/uL) template
in a volume of 50 pl, were amplified by thermocycling: 5 min at 94 °C for initialization; 30 cycles of
30 s each for denaturation at 94 °C, 30 s annealing at 52 °C, and 30 s extension at 72 °C; followed by a
10 min final elongation step at 72 °C.

PCR products were analyzed and purified by 1% agarose gel electrophoresis for further experiments.
The selected PCR products were mixed in equidensity ratios according to the GeneTools Analysis
Software (Version4.03.05.0, a division of Synoptics, Cambridge, England). The PCR product mixtures
were purified with EZNA Gel Extraction Kit (Omega, USA). Sequencing libraries were finally generated
using NEBNext® Ultra™ DNA Library Prep Kit for Mlumina® (New England Biolabs, MA, USA),
and sequenced on an [lluminaHiseq2500 platform to generate 250 bp paired-end reads (Guangdong
Magigene Biotechnology Co.,Ltd. Guangzhou, China).

The paired-end raw reads were filtered to obtain the high-quality clean reads according to
the Trimmomatic (V0.33, http://www.usadellab.org/cms/?page=Trimmomatic, Aachen, Germany).
The paired-end clean reads were merged according to the degree of overlap between the paired-end
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reads by FLASH (V1.2.11, https://ccb.jhu.edu/software/FLASH/, MD, USA), and the spliced sequences
designated as Raw Tags. Using Mothur software (V1.35.1, http://www.mothur.org, MA, USA), the
sequences were assigned to each sample based on their unique barcode and primer, after which
the barcodes and primers were removed to obtain the effective Clean Tags. Usearch software (V10,
http://www.driveb.com/usearch/, CA, USA) was used to select operational taxonomic units (OTU) by
combining the reads of clustered OTUs with 97% similarity. Finally, the normalized (subsampled) OTU
table was obtained according to the sample with the least sequences. The OTU table with annotations
of fungal taxonomy was then used to analyze ecological groups of fungi with FUNGuild software (MN,
USA) [35]. The OTU table with annotations of bacterial taxonomy was then used with FAPROTAX
(Vancouver, Cananda) software to find the bacterial functional group for each OUT [36].

2.5. Statistical Analyses

The Chaol index and Shannon index of bacteria (Chaolg and Shannong) and fungi (Chaolp
and Shannong) were calculated with QIIME (V1.9.1, http://giime.org, CA, USA) based on bacterial
and fungal OTUs. The Chaol index indicated the microbial species richness, and the Shannon index
represented both the microbial species richness and evenness.

Kruskal-Wallis nonparametric test was conducted to analyze the differences in soil properties,
plant traits, microbial diversity, and the relative abundance of the main bacterial and fungal phyla and
genera along the urban-to-rural gradient. The differences of both bacterial and fungal composition
(OTUs) along the urban-to-rural gradient and the differences of both bacterial and fungal functional
groups along the urban-to-rural gradient were detected by permutational multivariate analysis of
variance (PerMANOVA) with 999 permutations. Redundancy analysis (RDA) was used to determine
the correlation between the composition of bacterial and fungal communities, and soil properties and
plant traits. Also, we used the Spearman correlation analyses to determine the relationship of bacterial
and fungal diversities, composition, and bacterial and fungal functional groups with soil properties
and plant traits. Furthermore, the contribution of soil properties and plant traits to the composition
of bacterial and fungal community was identified via variation partitioning analysis (VPA) [37]. All
analyses were conducted in R (3.4.4, Vienna, Austria) software with ‘agricolae’, ‘psych’, and ‘vegan’
packages. p value < 0.05 was considered statistically significant.

3. Results

3.1. Changes in Plant and Soil Variables

Plant and soil properties greatly varied along the urban-to-rural gradient displaying different
trends in these variations (Table 2). Among plant traits, TR, SR, and TS significantly increased along
the urban-to-rural gradient (p < 0.01), whereas HR and DBH showed the opposite trend. All the soil
properties varied significantly along the urban-to-rural gradient (p < 0.05) except AvK. The soil was
acidic and the pH decreased along the urban-to-rural gradient. SOC, AvN, and SWC were the highest
in exurban areas. However, Ca** and Mg?* had the highest values in urban area soils. AvP in the
suburban areas was significantly higher than in urban and exurban areas (p < 0.01).
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Table 2. Characteristics of plant and soil along the urban-to-rural gradient.
Variables Urban Suburb Exurb p Value
pH 547 +0.26a 4.66 +0.09 a 424+0.04Db <0.001
SWC (g'kg™) 155.65 +13.19b 187.43 +9.15 ab 208.97 £13.33 a <0.05
SOC (g'kg™) 1595+ 1.6b 172+09b 3272 +236a <0.001
AVN (mgkg™) 84.29 £ 6.37Db 84.58 +4.85b 142.25 +10.07 a <0.001
AvP (mg-kg™!) 3.98+0.53b 1292 £3.76 a 244 +0.09b <0.01
AvK (mgkg™) 74.05 £ 5.06 57.01 +4.88 68.48 +3.57 0.074
Ca’* (mg-kg™) 660.53 + 146.93 a 21454 +73.14b 72.81+£692b <0.01
Mg?* (mgkg™) 33.13+539a 1151 +2.17b 11.17+ 091 b <0.01
DBH (cm) 1471 £0.84a 11.49 +1.09b 7.76 £ 0.37 c <0.001
TS 53.11+431c 82.89 £5.72b 153.67 + 5.06 a <0.001
TR 7.67£091c 11.56 £ 1.18 b 17.67 £ 0.62 a <0.001
SR 1033 +1.52b 14.67 +2.02b 29.67 £1.09 a <0.001
HR 10.11+1.33a 7.67 £1.26 ab 544 +038b <0.05

Abbreviations: SWC, soil water content; SOC, soil organic carbon; AvN, soil available nitrogen; AvK, Soil available
potassium; AvP, soil available phosphorus; Ca?*, soil exchangeable calcium; Mgz*, soil exchangeable magnesium;
DBH, diameter at breast height of trees; TS, the number of tree stems; TR, tree richness; SR, shrub richness; HR, herb
richness. Values are means + SE. Different lowercase letters indicate significant differences among three areas based
on Kruskal-Wallis nonparametric test (p < 0.05).

3.2. Communities of Soil Bacteria and Fungi

A total of 82,683 bacteria OTUs and 27813 fungi OTUs were identified in soil samples.
The main bacterial phyla (relative abundance > 1%) across all samples were Proteobacteria,
Acidobacteria, Actinobacteria, Verrucomicrobia, WPS-2, Planctomycetes, Chloroflexi, Bacteroidetes,
Gemmatimonadetes, and Latescibacteria. Proteobacteria and Acidobacteria were the most abundant
bacterial phyla constituting 40.94% and 25.73%, respectively (Figure S1A, Table S2). Except for the
Acidobacteria, Chloroflexi, Planctomycetes, and Verrucomicrobia, the relative abundance of other main
bacterial phyla differed significantly along the urban-to-rural gradient (p < 0.05, Table 52). Additionally,
the relative abundance of Actinobacteria, Proteobacteria, and WPS-2 increased significantly along
the urban-to-rural gradient, whereas those of Bacteroidetes, Gemmatimonadetes, and Latescibacteria
decreased along the gradient (p < 0.05, Table S2). At the genus level, there were 20 main bacterial
genera (relative abundance > 1%, Figure 2A). The relative abundance of all the main bacterial
genera, except for Occallatibacter, exhibited a significant difference along the urban-to-rural gradient
(p < 0.05, Table S2). Nine genera with the most abundance showed different trends. Bryobacter, from
Acidobacteria, exhibited the lowest abundance in the exurban areas; however, another genus belonging
to Acidobacteria, Candidatus_Solibacter, showed the highest abundance in the suburban areas (p < 0.05,
Table S2). Within the Proteobacteria, the abundance of three genera (Acidibacter, Bradyrhizobium, and
Roseiarcus) significantly increased from urban to exurban areas. The abundance of other two genera
(Burkholderia-Caballeronia-Paraburkholderia and Rhodoplanes) in the urban areas was significantly
lower than in suburban and exurban areas (p < 0.05, Table S2). Acidothermus in Actinobacteria
also increased in the abundance along the gradient, and ADurb.Bin063-1 in Verrucomicrobia was
predominant in suburban areas (p < 0.05, Table S2). The PerMANOVA analyses of bacterial OTUs
indicated that the composition of bacterial community significantly differed along the urban-to-rural
gradient (p < 0.001, Table S4).
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Figure 2. Relative abundance of bacterial genera (A) and fungal genera (B) along the
urban-to-rural gradient at the Dongguan city, southern China. Abbreviations: Aci, Acidibacter;
Acd, Acidicaldus; Aco, Acidothermus; Adu, ADurb.Bin063-1; Bra, Bradyrhizobium; Bry, Bryobacter; Bur,
Burkholderia-Caballeronia-Paraburkholderia; Cak, Candidatus_Koribacter; Cas, Candidatus_Solibacter; Cau,
Candidatus_Udaeobacter; Cax, Candidatus_Xiphinematobacter; Ell, Ellin6067; Hal, Haliangium; MND,
MND1; Rho, Rhodoplanes; Phe, Phenylobacterium; Ros, Roseiarcus; Sin, Singulisphaera; Occ, Occallatibacter;
Gra, Granulicella; Abu, Abundisporus; Aga, Agaricus; Asp, Aspergillus; Cla, Cladosporium; Cry, Cryptococcus;
Ent, Entoloma; Ino, Inocybe; Mic, Micropsalliota; Mor, Mortierella; Oid, Oidiodendron; Pen, Penicillium; Scl,
Scleroderma; Seb, Sebacina; Sta, Staphylotrichum; Tom, Tomentella; Tri, Trichocladium; Trc, Trichoderma; Trh,
Trichosporon; Vel, Veluticeps.

Among the fungal communities, the main phyla (relative abundance > 1%) were Ascomycota
(38.77%), Basidiomycota (50.71%), and Zygomycota (4.12%, Figure S1B, Table S3). Only the relative
abundance of Zygomycota showed a significant difference along the urban-to-rural gradient (p < 0.05,
Table S3). At the genus level, the fungal genera varied greatly along the urban-to-rural gradient
(Figure 2B, Table S3). There were 19 main fungal genera (relative abundance > 1%), and the relative
abundance of almost half of which significantly differed along the urban-to-rural gradient (p < 0.05,
Table S3). The relative abundance of Aspergillus, Staphylotrichum, and Trichocladium belonging to
Ascomycota, and Tomentella and Trichosporon included in Basidiomycota was significantly higher in
the urban than in exurban areas. Howerver, Oidiodendron, from Ascomycota, and Abundisporus,
Entoloma, and Veluticeps from Basidiomycota had the highest abundance in exurban areas (p < 0.05,
Table S3). The PerMANOVA analyses of fungal OTUs also indicated that the composition of fungal
community significantly differed along the urban-to-rural gradient (p < 0.001, Table 54).

Both indices (Chaol and Shannon) characterizing the diversity of bacterial communities decreased
significantly along the urban-to-rural gradient (Figure 3A,B). At the same time, diversity of fungal
communities did not vary significantly along the gradient (Figure 3C,D).
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Figure 3. Diversity of soil bacterial community (A,B) and soil fungal community (C,D) along the
urban-to-rural gradient at the Dongguan city, southern China. Different lowercase letters indicate
significant differences among three areas based on Kruskal-Wallis nonparametric test (p < 0.05).

3.3. Bacterial and Fungal Functional Groups

FAPROTAX assigned 108,854, 128,508, and 153,970 squences to 62, 61, and 62 bacterial functional
groups in urban, suburban, and exurban areas, respectively. The main six abundant groups were
influenced by urban-to-rural gradient (Figure 4A). The relative abundance of chemoheterotrophy;,
aerobic_chemoheterotrophy, cellulolysis, and iron_respiration was higher in exurban areas than in
suburban and urban areas. However, the relative abundance of predatory_or_exoparasitic increased
in urban areas (Figure 4A). The PerMANOVA analyses indicated that the composition of bacterial
functional groups significantly differed along the urban-to-rural gradient (p < 0.01, Table S5).

Figure 4. Relative abundance of bacterial (A) and fungal (B) functional groups along the urban-to-rural
gradient at the Dongguan city, southern China.
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FUNGuild assigned 32,878, 51,000, and 39,390 sequences to 59, 54, and 58 fungal functional
guilds in urban, suburban, and exurban areas, respectively, with the “confidence ranking” of “highly
probable” or “probable”. There were 15 main guilds (Figure 4B). For example, the relative abundance
of wood saprotroph and ericoid mycorrhizal fungi was the highest in exurban areas than in urban
and suburban areas. The guilds of undefined saprotroph, plant pathogen, animal pathogen, and
animal pathogen-endophyte-plant saprotroph-soil saprotroph were most abundant in urban areas
(Figure 4B). The PerMANOVA analyses also indicated that the composition of fungal functional guilds
were significantly influenced by the urban-to-rural gradient (p < 0.01, Table S5).

3.4. Correlation of Characteristics of Soil Bacterial and Fungal Communities with Plant and Soil Variables

According to Spearman correlation analyses, DBH, TS, TR, SR, HR, pH, SOC, CaZ™, Mg2+, and
SWC significantly influenced six bacterial functional groups (p < 0.05, Table S6). For fungal functional
groups, the abundance of wood saprotroph was negatively correlated with DBH and pH, while
positively with TS, TR, SR, SOC, and AvN. The abundance of ericoid mycorrhizal fungi was correlated
with plant traits and soil properties except for AvK. The abundance of animal pathogen and animal
pathogen-endophyte-plant saprotroph-soil saprotroph was positively correlated with Ca?* and Mg?*.
The abundance of plant pathogen was positively and significantly associated with pH, but negatively
with TS, TR, SOC, and AvN (p < 0.05, Table S6).

According to Spearman correlation analyses, the diversity of bacterial communities (Chaolg,
Shannong) was strongly correlated with almost all plant and soil variables (Table 3). However, the
fungal diversity was not influenced by plant and soil variables (Table 3).

Table 3. Spearman correlations of bacterial (B) and fungal (F) diversity with plant traits and
soil properties.

Variables Chaolg Shannong Chaolg Shannong
DBH (cm) 0.63 *** 0.69 *** 0.20 -0.13
TS —0.55 ** —0.67 *** -0.29 -0.01
TR —0.67 *** —0.77 -0.23 0.00
SR —0.69 *** —0.78 *** -0.08 0.22
HR 0.43 * 0.48 * 0.02 -0.24
pH 0.78 *** 0.79 *** 0.26 -0.04
SOC (g'kg™) —0.71 *** —0.82 -0.22 -0.03
AvN (mgkg™!) —0.62 ** —0.68 ** -0.19 0.04
AVP (mgkg™!) 0.38 0.45 * 0.29 -0.03
AcK (mgkg™) 0.34 0.24 0.29 0.14
Ca%* (mgkg™) 0.74 *** 0.71 *** 0.28 0.04
Mg?* (mg-kg™) 0.65 *** 0.59 ** 0.38 0.21
SWC (g'kg™) —0.60 ** —0.69 *** -0.09 0.01

Abbreviations: SWC, soil water content; SOC, soil organic carbon; AvN, soil available nitrogen; AvK, Soil available
potassium; AvP, soil available phosphorus; Ca?*, soil exchangeable calcium; Mg2+, soil exchangeable magnesium;
DBH, diameter at breast height of trees; TS, the number of tree stems; TR, tree richness; SR, shrub richness; HR, herb
richness. * p < 0.05; ** p < 0.01; ** p < 0.001.

The Redundancy analyses (RDA) and Spearman correlation analyses indicated that plant traits
including TS, DBH, TR, SR, and HR significantly affected the bacterial composition. SR was the most
important factor, while HR had the least effect (Figure 5B and Figure S2B, Tables S7, S8, and S11).
Among soil properties, pH, SOC, Ca®*, and Mg?* were identified as the most important predictors
of bacterial composition (Figure 5A and Figure S2A, Tables S7, S8, and S11). AvP did not influence
the bacterial community significantly (Table S11). The changes in the abundance of Proteobacteria,
Bacteroidetes, and WPS-2 were related to plant traits (SR, TR, TS, and DBH) and soil properties (pH,
Ca?t, Mg2+, SOC, and SWC) (Figure S2A,B, Table S7). Moreover, the abundance of Acidibacter and
Roseiarcus in Proteobacteria was positively associated with SWC, AvN, SOC, SR, TR, and TS, but
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negatively correlated with pH, Ca?Zt, Mg2+, and DBH; however, the effect of the observed factors on
the other three genera (Ellin6067, Haliangium, and MND1) belonging to Proteobacteria was opposite
(Figure 5A,B, Table S8).

Figure 5. Redundancy analysis (RDA) plot showing influence of soil properties and plant
traits on the distribution of main genera in soil bacterial (A,B) and fungal (C,D) communities.
Abbreviations: SWC, soil water content; SOC, soil organic carbon; AvN, soil available nitrogen;
AvK, Soil available potassium; AvP, soil available phosphorus; Ca?*, soil exchangeable calcium;
Mg2+, soil exchangeable magnesium; DBH, diameter at breast height of trees; TS, the number
of tree stems; TR, tree richness; SR, shrub richness; HR, herb richness; Aci, Acidibacter; Acd,
Acidicaldus; Aco, Acidothermus; Adu, ADurb.Bin063-1; Bra, Bradyrhizobium; Bry, Bryobacter; Bur,
Burkholderia-Caballeronia-Paraburkholderia; Cak, Candidatus_Koribacter; Cas, Candidatus_Solibacter; Cau,
Candidatus_Udaeobacter; Cax, Candidatus_Xiphinematobacter; Ell, Ellin6067; Hal, Haliangium; MND,
MND1; Rho, Rhodoplanes; Phe, Phenylobacterium; Ros, Roseiarcus; Sin, Singulisphaera; Occ, Occallatibacter;
Gra, Granulicella; Abu, Abundisporus; Aga, Agaricus; Asp, Aspergillus; Cla, Cladosporium; Cry, Cryptococcus;
Ent, Entoloma; Ino, Inocybe; Mic, Micropsalliota; Mor, Mortierella; Oid, Oidiodendron; Pen, Penicillium; Scl,
Scleroderma; Seb, Sebacina; Sta, Staphylotrichum; Tom, Tomentella; Tri, Trichocladium; Trc, Trichoderma; Trh,
Trichosporon; Vel, Veluticeps.

The plant and soil properties had no effect on fungal community at the phylum level (p > 0.05,
Figure S2C,D). However, plant traits including TS, DBH, TR, SR, and HR significantly affected the
fungal composition at the genus level. SR and TS influenced fungal composition the most at the
genus level (Figure 5D, Tables S10 and S11). Among soil properties, SOC, pH, AvN, Ca?*, and Mg?*
most significantly affected the fungal composition at the genus level (Figure 5C, Tables S10 and S11).
Similarly, AvP did not influence the fungal community significantly (Table S11). In addition, only the
abundance of Zygomycota was positively and significantly correlated with SOC, AvN, SWC, and SR,
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but negatively with pH and DBH (Table S9). SOC, AvN, SWC, TS, TR, and SR positively influenced the
aboundance of Oidiodendron, from Ascomycota, whereas pH, Ca?*, Mg?*, and DBH had negative
influence. However, SOC, AvN, SWC, TS, TR, and SR negatively influenced the aboundance of
Staphylotrichum in Ascomycota, pH, Ca?*, Mg?*, and DBH had positive influence (Figure 5C,D,
Table S10).

Variation partitioning analysis (VPA) indicated that 76% of variation in bacterial community at
the phylum level (Figure S3A), and 77% at the genus level were attributed to plant and soil variables
(Figure 6A). Soil properties contributed to higher variation in bacterial community compared with
plant traits (Figure 6 and Figure S3A). However, a large proportion of variation in fungal community
could not be explained by plant and soil variables (Figure 6B and Figure S3B). More importantly, plant
and soil variables did not significantly affect fungal community at the phylum level (Figure S3B), but
significantly affected fungal community at the genus level (Figure 6B). The result showed that soil
properties had a greater effect on bacterial than on fungal composition at genus level. By contrast,
plant traits contributed more to fungal than to bacterial composition at genus level.

Figure 6. The proportions of variation at genus level in composition of soil bacterial community (A)
and soil fungal community (B) composition explained by soil and plant variables.4. Discussion.

4. Discussion

4.1. The Composition and Diversity of Soil Microbial Community Varied Along the Urban-To-Rural Gradient

The composition and diversity of soil microbial communities are closely related to urbanization [38].
Our results confirmed that the urban-to-rural gradient affected the composition of soil microbial
community, with varying degrees of influence on bacterial and fungal communities (Figure 2, Figure 3,
and Figure S1, Tables S2 and S3). Along the urban-to-rural gradient, the relative abundance of the
main bacterial phyla and genera differed significantly (Figure 2 and Figure S1, Tables S2). The relative
abundance of main fungal genera differed significantly along the urban-to-rural gradient (Figure 2,
Table S3). In addition, the PerMANOVA analyses showed that the composition of both bacterial
and fungal OTUs had significant difference along the urban-to-rural gradient (Table S4). This result
indicates that bacteria respond to urbanization via changes in relative abundance at the phylum and
genus level, while fungi respond to urbanization via changes in relative abundance at the genus
level. Further, we found that bacterial diversity decreased significantly along the urban-to-rural
gradient, whereas the fungal diversity did not change significantly (Figure 3). Our results are similar
to the studies of Barrico et al. [29]. With the intensity of urbanization, a few main bacteria OTUs
are suppressed, while the survival of other OTUs were promoted in specific habitats. In addition,
disturbances can increase environmental heterogeneity, creating more diverse niches for coexistence
of other OTUs. Therefore, the diversity of bacteria is higher in urban areas with large disturbance.
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Moreover, due to the high functional redundancy of bacteria community [39], higher bacterial diversity
contributes to maintaining the ecosystems stability.

According to the bacterial and fungal functional groups analyses, our results indicated that the
urban-to-rural gradient significantly impacted the composition of bacterial and fungal functional
groups. The relative abundance of chemoheterotrophy, aerobic_chemoheterotrophy, cellulolysis, wood
saprotroph, and ericoid mycorrhizal fungi was the highest in exurban areas. Chemoheterotrophic
bacteria and aerobic_chemoheterotrophic bacteria utilize the soil organic carbon which is higher in
exurban areas. Because the secondary forest is well preserved in exurban areas, there are more litter
and coarse woody debris containing lignin, cellulose, and hemicellulose in exurban areas. Wood
saprotroph can decompose lignin, cellulose, and hemicellulose; therefore, the relative abundance of
wood saprotroph fungi was higher in exurban areas. In addition, the spearman correlation analyses
showed wood saprotroph fungi was highly correlated with SR and TR, wich showed the highest
value in exurban areas (Table S6). Ericoid mycorrhizal fungi, limited of Ericaceae [40], have a strong
ability to take up phosphorus directly from organic matters [41]. Our study showed that ericoid
mycorrhizal fungi were negatively correlated with available phosphorus (Table S6), and the available
phosphorus was the lowest in exurbs (Table 1). Moreover, the Ericaceae plants are abundant in
exurban areas, especially Rhododendron moulmainense. Therefore, the relative abundance of ericoid
mycorrhizal fungi was the highest in exurban areas. Moreover, the higher relative abundance of plant
and animal pathogens in urban areas indicates that urbanization can increase the potential risk of
pathogen infection.

Our results indicated that the urban-to-rural gradient significantly affected the composition of soil
bacterial communities at the level of phyla, genera, and OTUs and fungal communities at the level of
genera and OTUs. The bacterial diversity was significantly influenced by the urban-to-rural gradient,
while the fungal diversity was not.

4.2. Plant and Soil Variables Significantly Affect Soil Bacterial Diversity, but Not Fungal Diversity

Along the urban-to-rural gradient, differences in plant and soil variables explain changes in soil
microbial communities [29]. Our results showed that soil bacterial diversity was the highest in urban
areas and the lowest in exurban areas. However, fungal diversity did not vary significantly along the
urban-to-rural gradient (Figure 3) because urbanization-induced changes in plant and soil variables
(TR, SR, TS, DBH, pH, SOC, AvN, Ca?t, Mg2+, SWC) significantly affect bacterial diversity but not
fungal diversity. Generally, soil microbes interact with plants, with synergistic as well as positive
or negative feedback effects [42]. Therefore, we expect a significant correlation between microbial
diversity and plant diversity. However, we found that only bacterial diversity was significantly related
to TR, SR, TS, DBH, while fungal diversity was not correlated with plant traits. Hu et al. [20] also found
that fungal diversity was weakly related to plant diversity in the forests of five climate regions in China;
similarly, plant diversity did not determine fungal diversity at a global scale [43]. However, Hiiesalu et
al. [44] found that plant diversity determined fungal diversity at a regional scale in temperate pine
forests. This finding indicates that the relationship between fungal diversity and plant communities is
very complex and depends on spatial scales.

4.3. Soil Properties Affect Bacterial Composition More Than Fungal Composition, While Plant Traits Affect
Fungal Composition More Than Bacterial Composition

The changes in soil microbial communities along the urban-to-rural gradient and the relationship
between soil microbial diversity and plant and soil variables are described above. However, the link
between soil microbial composition and plant and soil variables remains unclear. In this study, we
found that plant and soil variables explained large variation in the bacterial community composition,
with 76% and 77% at the phylum and genus level, respectively (Figure 6A and Figure S3A). However,
plant and soil variables did not significantly affect fungal community at the phylum level and explained
30% of variation in fungal community composition at the genus level (Figure 6B and Figure S3B).
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Both RDA and VPA showed that explanatory variables contributed to significant variation in fungal
composition at the genus level (Figure 5C,D and Figure 6B). Studies have shown that fungal community
composition is mainly affected by climatic factors (rainfall and temperature) [18]. The heat island effect
caused by urbanization raises the urban temperature significantly higher than that of suburban and
exurban areas [2]. Therefore, temperature may be an important factor affecting the composition of
fungal community in urban forest soils.

We found that TR and SR had a greater impact on soil bacterial and fungal composition, whereas
HR had less impact (Tables S7-510). Therefore, woody plants had a stronger effect than herbs on soil
microbial community. The study of Hu et al. [20] reported similar results. We also found that the effect
of plant diversity on soil fungal composition was stronger than on bacterial composition at genus level
(Figure 6). Fungi are the major organisms that can decompose woody litter containing lignin, which
accounts for 60-75% of woody litter affected by plant diversity [45]. Moreover, mycorrhizal fungi
develop a symbiosis with plants [46]. Therefore, plant diversity explained more variations in fungal
composition (13% of variation at genus level, Figure 6B) than in bacterial composition (5% of variation
at genus level, Figure 6A). However, only a small proportion of variation in fungal composition was
explained by plant diversity. Perhaps plant composition greatly influences fungal composition [17,20].

Moreover, soil pH and SOC largely affect soil bacterial community composition. Soil pH, SOC,
and AvN were the important factors influencing soil fungal community composition (Table S11), which
was similar to the results of other studies [21,23]. Notably, we found strong effects of Ca%* and MgZJr
on soil bacterial and fungal composition (Table S11). Barrico et al. [29] also showed that Mg?* was
an important factor affecting the fungi community. Our research sites were located in urban parks
and subjected to human disturbance, such as artificial fertilization. Since calcium and magnesium are
essential trace elements in plants, MgSO; is often used by gardeners for the management of garden
plants, releasing large amounts of magnesium within a short time [47]. Treatment of ornamental
plants in urban parks with artificial fertilizers raises the soil content of magnesium and calcium. Soil
microbes facilitate the absorption of trace elements by plants. Therefore, in urban forests, due to
human disturbance (fertilizers, etc.), the content of soil Ca?* and Mg?* is changed, resulting in a
strong correlation between soil microbial community and levels of Ca?* and Mg?*. Overall, these
results support the hypothesis that plant and soil variables significantly affected the composition of
soil bacterial and fungal composition. The influence of trees and shrubs on the composition of soil
microbial community was larger than that of herbs. Soil properties exert larger effect on bacterial than
on fungal composition at genus level, while plant variables had larger effect on fungal than on bacterial
composition at genus level.

5. Conclusions

The results demonstrated that urbanization affected the composition and diversity of soil bacteria
and fungi. The composition of soil bacterial communities at the level of phyla, genera, and OTUs
and fungal communities at the level of genera and OTUs significantly varied along the urban-to-rural
gradient. The bacterial diversity decreased significantly along the urban-to-rural gradient. However,
fungal diversity did not significantly differ along the urban-to-rural gradient. Moreover, the composition
of both soil bacterial and fungal communities varied in response to plant and soil variables. Soil
properties had a greater effect on bacterial than on fungal composition at genus level. By contrast,
plant traits contributed more to fungal than to bacterial composition at genus level. Trees and shrubs
had a higher impact than herbs on the microbial community composition. Among soil properties,
in addition to pH, SOC, and AvN, the changes in soil Ca?* and Mg?" caused by urbanization had a
significant impact on soil bacterial and fungal communities.

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4907/10/9/797/s1,
Figure S1: Relative abundance of bacterial phyla (A) and fungal phyla (B) along the urban-to-rural gradient at
the Dongguan city, southern China, Figure S2: RDA plot showing influence of soil properties and plant traits
on the distribution of main phyla in soil bacterial (A and B) and fungal (C and D) communities, Figure S3: The
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proportions of variation at phylum level in composition of soil bacterial community (A) and soil fungal community
(B) composition explained by soil and plant variables, Table S1: Abbreviations and corresponding full names
of plant traits and soil properties in this paper, Table S2: Relative abundance of bacterial composition along the
urban-to-rural gradient at phylum and genus level, Table S3: Relative abundance of fungal composition along the
urban-to-rural gradient at phylum and genus level, Table S4. The PerMANOVA analyses of bacterial and fungal
OTUs along the urban-to-rural gradient, Table S5: The PerMANOVA analyses of bacterial and fungal functional
groups along the urban-to-rural gradient; Table S6. Spearman correlation of bacterial and fungal functional
groups with plant and soil variables, Table S7: Spearman correlation of bacterial composition with plant and soil
variables at phylum level, Table S8: Spearman correlation of bacterial composition with plant and soil variables
at genus level, Table S9: Spearman correlation of fungal composition with plant and soil properties at phylum
level, Table S10: Spearman correlation of fungal composition with plant traits and soil properties at genus level,
Table S11: The results of RDA monte carlo tests of soil bacterial and fungal community compositions.
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Chaol Shannon

Seasonal dynamics of soil microbial community structure in urban forest. TAN Xue-ian
KAN Lei ZHANG Lu" ZHENG Jiayi ( College of Forestry and Landscape Architecture South
China Agricultural University Guangzhou 510642 China) .

Abstract: Soil microbes play an important role in forest ecosystem and are the driving factor of
material cycling. Few studies have been conducted on the seasonal changes and the influencing
factors of soil microbial communities in urban forests. Using high-throughput sequencing methods
we investigated the seasonal changes of soil microbial community in the urban forest of Dongguan
and analyzed their influencing factors. The results showed that the structure and diversity of soil
microbial community significantly differed among seasons. The total abundance of soil microbes
was significantly lower in wet season than in dry season. In contrast both Chaol index and Shan-
non index showed the opposite seasonal patterns compared with that of microbial abundance with
higher diversity and structure in the bacterial and fungal community in wet season. In adaptation
to the seasonal change bacteria mainly adjusted their total abundance while fungi changed their
total abundance and species composition. Soil available boron was the major factor influencing
bacterial community structure while soil pH was the major factor influencing fungal community
structure. Exchangeable calcium and exchangeable magnesium in soil were the important factors
influencing both bacterial and fungal communities.

Key words: high-throughput sequencing; urban forest; fungi; bacteria; dry season; wet season.
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( Wardle 2004; Klimek et al. 2016)

(Liet al. 2015; !
2017) 1.1
( Veresoglou et al. 2015) , (113°31"E—114°15"E 22°39°'N—23°09'N)
. 22.1 C 28.2 C(7 )
13.4 C(1 )o
( Wu et al. 2015; 2015; 1796 mm 4—9
2018) - 80%( 2013) . N
( He et al. 2017,
Zhao et al. 2017) , o
. pH. N ( 2010) .
( 2018; 2018; 2018; 1.2
2018) . (2016) 1.2.1
( PLFAs) pH N
o ( 113°45°50"E—113°46"26"E
( 23°00°50"N—23°0104"N)
2017) » ( Cinnamo—
mum burmanni) ( Ficus microcarpa) o
( Yan et al. 2017, 2018) ; ( 113°4554"E—113°46"45"E. 22°57°45"N—
70 kg * hm™ * a™ 23°5825"N)
105 kg * hm™ « a™
( 2018) -
( Eucalyptus urophylla)
(Siles et al. 2016) . ( Elaeocarpus sylvestris) o
(113°45°56"E—113°46"46"E 22°5228"N—22°5309"N)
o ( Schefflera octophylla) ( Acronychia pedun—
culata) o
o 9 20 mx20 m (
o 20 m) 2018 (1 ) (9
) 0~10 cm (S
( 2010) 6 ) 54 o
( 2013) 2 (
500 g) . ( 6g
o ) o
1.2.2
pH . (SOMm) . ( AvN) .
( AvP) . ( AcK) . ( EvCa) .
o ( EvMg) . ( AvCu) . ((AvZn) .
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( AvFe) . ( AvMn) . ( AvB) . Wilcox
(SW) € ( P<0.001)
| 1999) . o
1.2.3 MO- 2.2
BIO PowerSoil© DNA Isolation Kit
DNA DNA 0.8%
16S V4 ITS ITS2 PCR ( 2)o
[lumina 16S rD- NN OoTU
NA V4 ITS ITS2
o 16S rDNA o
ITS 97% OTU OTU
OTU ( OTU o
rdp ) o Chaol
( Do
Shannon 1% 10 1%
Chaol Shannon 12 9 . 5
: Actdibacter
n(n,-1) 4.86%
Chaol =S+———— (1) .
2(n,+1) 4.46% Acidibacter o
S n, n 1% 14
Shannon =- ; N]n I (2) 1
S OTu  ;n, Table 1 Physicochemical properties of soil in dry and wet
OTU ;T OTU seasons
n, i OTU i N
pH 4.79+0.13 4.75£0.17
SW(g*kg™) 184.02+7.94 b 269.87+13.51 a
L3 SOM( g » kg™") 21.96+1.78 21.21£2.10
Wilcox AvN(mg * kg™!) 103.71+6.75 111.40+8.50
. Per— AvP(mg * kg™!) 6.45+1.52 9.33+3.13
AcK(mg * kg™") 66.52+2.88 56.76+3.98
Manova EvCa( mg * kg ™) 315.96+71.97 343.72491.54
o 30 EvMg( mg * kg™") 18.60+2.76 22.27+3.51
DCA 1 3 DCA AvCu( mg * kg™ 1.17£0.10 1.32£0.09
AvZn( mg * kg™") 3.05+0.23 3.05+0.21
1 4 AvFe(mg * kg™") 96.23+7.80 91.29+6.16
RDA.CCA AvMn( mg * kg™") 7.840.99 7.95+1.13
o R(3.4.4) . AvB( mg * kg™!) 0.3120.02 a 0.15£0.01 b
2
2.1 2
: Table 2 Species richness of community of soil microbes
1 ° 0TU
pH\ S ~ ~ 48 115 244 357 636 10307 1864402
N N 38 99 221 328 555 9821 716261
. . . . 6 32 112 256 644 4691 1256438
36 LHE2L V274 11686 V5620 - 1700446
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Fig.1 Relative abundance of soil bacterial genera and fungal genera
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69.6% ( P<0.001) ,
PerManova o
1 [e]
(P< °g
AN ~a
0.001 3)
o 3 A) Al
N VLN g
pH- N N N N =2 * o A ‘
. -3 0 2 4
CCAl
o ~pH-
4 CCA
N N N N Fig.4 CCA analysis of soil fungi and soil physicochemical
N properties
SOM( ) JAVN( ) JAVP
(P<0.01  4). ( ) L AcK( ) EvCa ) EvMg( ) .AvCu
( ) “AvZn( ) JAvFe( ) AvMn( ) JAVB(
) SW( ) o
38.4% (P<0.001) .
4 RDA CCA
Table 4 RDA and CCA Monte Carlo tests of soil bacteria
( P<0.001 3), and fungi
4 AY
P Pr( >r) I Pr( >r)
pH 0.530  <0.001 0.749  <0.001
° SOM( g * kg™!) 0.336  <0.001 0.655  <0.001
5 <pH. . SOM( g * kg™! 0.245  <0.01 0.609  <0.001
AvP(mg * kg™!) 0.052 0.260 0.032 0.561
’ X AcK(mg + kg™") 0.187  <0.010 035  <0.010
( 4. EvCa( mg * kg™) 0.485  <0.001 0709  <0.001
SW EvMg( mg * kg™") 0.499 <0.001 0.675 <0.001
1 AYNSOMP g kg!
EA/AVFC g 40 AvCu(mg * kg™) 0.081 0.109 0.281 <0.050
' ° AvZn( mg * ke ™)) 0.038 0356 0.085  0.388
AvFe( mg * kg™!) 0.333 <0.001 0.534 <0.001
> - e l*n AvMn( mg * kg™") 0.010 0.757 0.245 <0.05
g, Eng% AGK AvB(mg + kg™") 0.631  <0.001 0227  <0.05
Bam | SW(g-ke) 0516 <0001 0369  <0.01
3
. [e]
o
- ° oo
; Lo 8 . i 3
-3 -2 -1 0 1 2 3 4
RDALI
3 RDA

Fig.3 RDA analysis of soil bacteria and soil physicochemi—

cal properties

SOM( ) LAVN( ) JAVP ( Zhang et al. 2013) .
( ) “AcK( ) \EvCa( ) JEvMg( ) “AvCu
( ) “AvZn( ) JAvFe( ) AvMn( ) ~AVB(
) SW( ) o
3 PerManova
Table 3 PerManova analysis of soil microbes in dry and
wet seasons
F R? Pr( >F)
1 27.694 0.347 <0.001
1 8.299 0.137 <0.001
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Spatial Point Patterns of Snags of Castanopsis chinensis and
Schima superba in a Subtropic Evergreen Broad-leaved Forest

Tan Xuelian, Jing Xiaoli, Kan Lei, Su Zhiyao, Zhang Lu
(College of Forestry and Landescape Architecture, South China Agricultural University, Guangzhou Guangdong 510642, China)

Abstract: We established 1000 quadrats in 10 hm® subtropic evergreen broad-leaved forest located in the
Guangdong Kanghe Provincial Natrue Reserve. Using spatial point pattern analysis and marked point pattern ana-
lysis with dominant species of Castanopsis chinensis and Schima superba, we determined the spatial point pattern
of individual and basal area to explore the formation of spatial patterns of snags. The results showed that the most
snags of C. chinensis and S. superba were those with small DBH, and the abundance of snags decreased with the
DBH increased. The snags of C. chinensis showed an aggregated distribution at the scale of 0—50 m, and the ag-
gregation declined as the scale enlarged; the snags of S. superba showed randomly distribution at the scale 0of4.4—8.6 m
and 14.1-50 m, and aggregated at local scale of 0—4.3 m and 8.7—14.0 m. The basal area of C. chinensis and S. su-
perba showed that sangs were independent, which indicated no competition among snags. C. chinensis and Schi-

ma superba died more in their early stages. The formation of snags of these two species might be influenced by
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dispersal limitation of seeds and density dependence as well as environment filter, the lager trees might die be-

cause of intrinsic aging.

Key words: natrue reserve; mark correlation function; abundance; basal area; Castanopsis chinensis; Schima

superba
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K JR 73 BT 5 S R A <7 A 2 [ Ak Ry B JAL
HU, AT LA AR BREAR A MRS XY 10 hm?
S FACHT B St ] bR T A b B A R
( Castanopsis chinensis ) FIAf ( Schima superba )
RiSE AR &, i Fl 25 1) A% SRy 20 B R A
5K BRI 5 3 W oA S7 AR A AR 23 8] 73 A 4% R
IR ST AR = WIE AR (BA) 1R RAMARRIE, 18
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ZEBWEW (Aidia pycnantha ) .
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Table 1 Quantitative characteristics of standing living trees and snags in the study site
S AR S
s R P zg gy OWE THRE
+S.E./cm +S.E./m
WA HE ( Castanopsis chinensis ) ¥4J& ( Castanopsis) ~ 5%3}F} (Fagaceae) 9942 850 11.60+0.10 11.90+0.07
Kiaj ( Schima superba ) Kini)d (Schima ) WAL (Theaceae) 6642 842 7.38+0.08 8.41+0.06
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( Myrsinaceae )
AR
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B N . e
) ¥iJ& ( Cinnamomum )  #%F} (Lauraceae ) 63 54 6.33+0.70 5.63+0.40
( Cinnamomum porrectum )
A63dHG ( Machilus chinensis) 1)@ ( Machilus ) }Rl ( Lauraceae ) 53 41 5.16+0.48 4.5740.32
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Fig. 1 DBH class of snags of C. chinensis and S. superba
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Fig. 2 The scatter diagram of snags of C.s chinensis and S. superba
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Fig. 3 The spatial point pattern analysis of snags of C. chinensis and S. superba
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Fig. 4 The spatial point patterns analysis for basal area of C. chinensis and S. superba
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Characteristic of plant growth forms and life forms of different canopy
structures in subtropical mountainous forest

ZHANG Xingyuan, ZHANG Lu, MA Ding, CAI Linying

(College of Forestry and Landscape Architecture, South China Agricultural University, Guangzhou 510624, Guangdong, China)

Abstract: In order to study the relationship among canopy structure, understory light environment, plant growth forms and life forms,
the quadrat method and hemispherical photography were used to quantify the plant growth forms and life forms of understory, gap-
edge and gap-center and their response to different canopy structural parameters in a subtropical mountainous forest in South China.
The results showed that: (1) Trees and shrubs were obviously dominant in different canopy structures. The growth of herbs and vines
was the weakest under the forest, and the ferns were most suitable for the growth at the gap-edge. The plant life forms in different
canopy structures increased first and then decreased, indicating that the habitat of the gap-edge was more suitable for plant growth.
(2) Kruskal-Wallis analysis revealed that there was a significant difference between herbs and shrubs, as well as microphanerophytes,
nanophanerophyte and chamaephytes in different canopy structures (P << 0.05). (3) Canonical Correspondence Analysis (CCA) showed
that the responses of different ecotypic plants to canopy structural parameters were different. The species distribution of understory and
gap-center were affected by five canopy structural parameters, i.e., canopy opening, leaf area index, transmitted direct light, transmitted
diffused light and transmitted total light, respectively. However, the species distribution of gap-edge was affected by canopy openness,
leaf area index and transmitted diffused light.

Keywords: growth forms; life forms; species distribution; understory light environment; canopy layer
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Fig. 1 Plant growth forms characteristics of different canopy structures in subtropical mountainous forest
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Fig.2 Characteristics of plant life forms of different canopy structures in subtropical mountainous forest
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Table1 The correlation coefficient and characteristic roots of parameters and environmental axis under

different canopy structures
KT BN FRBRRAL

F1 o A3 Sm1sh B HIH Fii W@ N3N

CO /% 0.141 0.720 0.121 0359 -0.309 -0.741 -0.997 -0.025 0.045

LAl 0.463 -0.644 0.504 0.137 0.226 0.900 0.854 0.084 -0.101

Tdir /(mol-m™d") -0.642 0.367 0,049 0337 -0,190 -0.184 -0.706 0.021 0.672

Tdif (mo)-m™d”) 0.575 0513 -0.108 -0,116 -0.187 -0.585 -0.943 0.208 0.200

Tiot /(mol-m”d”) -0,648 0,443 -0.072 0.193 -0.175 -0.366 -0.847 0.105 0498

FHEAM 0.562 0,133 0.076 0.372 0.260 0.179 0.597 0313 0197

WHFSAMKRY 0.960 0,932 0,758 0.751 0.898 0631 0.924 0.839 0737
CCA PG s (LM 5 M 2) » 160 FRBEMUA KM P kB, R Alpinia

TARMBCA L, A ) A A& R AR G R 52 ) 5
AN 2GS Y, T BOL %, DIy
A R SMTRAEH I ITEAAR T A8 XA X
TEMTF, IR Z 9L Rhododendron bachil, 1% Hfi
Adinandra millettii M AR 2+ Litsea elongata 3§
SRR 43 A7 7E CCA H 7+ P R i T B8/ 3R i
FRIGHOB A B, 42 W33k ) o 86 3 XK ) S )
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Fig.5 CCA analysis of dominant tree species and environmental factors in different canopy strutures
in subtropical mountainous forest
2 CCAHFREMF AR RAFT
Table 2 The species and species code of CCA
4 R4 T4 1Y 4 R
HFAK Pentaphylax euryoides peeu BI#EZEER Hydrangea paniculata hypa Wi i B Millettia dielsiana midi
£ 1E4EY Rhododendron cavaleriei  rhca JeZE Bauhinia championii bach " 1R¥:EY Rhododendron kwangtungense rhkw
{28 I 4RTE Rhododendron bachii  rhba RBEHE Machilus phoenicis maph ¥ 3 Elaeocarpus decipiens elde
$E4 Indocalamus tessellatus inte L F4HHS Pinus kwangtungensis pikw 8% Ficus Dumila fidu
HFHARZETF Litsea elongata liel |4 Phoebe bournei phbo 7Rk Syzygium buxifolium sybu
E 84 Eurya trichocarpa eutr FEBRHE Alyxia sinensis alsi B Choerospondias axillaris chax
#%#8 Adinandra millettii admi W kT Embelia rudis emru f{E4848 Machilus pauhoi mapa
F X Cyclobalanopsis glauca cygl Y357 BBk Pronephrium simplex prsi B Toxicodendron sylvestris tosy
B4 Vaccinium bracteatum vabr ¥EXKH Sloanea sinensis slsi M7 Apium leptophyllum aple
4£M-E% Michelia foveolata mifo %16 WA Symplocos ramosissima syra ABEAK Raphiolepis indica rain
WWEE Michelia maudiae mima %A S Michelia maudiae mima 2 Dendropanax dentiger dede
St8 [ Diplopterygium laevissima  dila FF54& Euscaphis japonica euja 7K#& X Fagus longipetiolata falo
#M-Z 8k Dictyocline sagittifolia  disa ¥ Euyra japonica eujp Y5 HeB Gentiana loureirii gelo
#4742 Engelhardtia roxburghiana  enro ¥ Lithocarpus glabra ligl \1AL3K Elaeocarpus sylvestris elsy
4148 Machilus thunbergii math YREEAEH Selaginella doederleinii sedo N5 EIrRX Hartia villosa havi
*5E#tBY Rhododendron championae rhch B4 #74T Sinarundinaria basihirsuta siba 244 Indocalamus tessellatus inte
H-3E Elaeocarpus decipiens elde k& Ilex rotunda ilro 8K Loropetalum chinense loch
/OM-#AT Engelhardtia fenzelii enfe #h-X Bk Dictyocline sagittifolia disa R Lllicium jiadifengpi ilji
HARZET Neolitsea aurata neau KHE Castanopsis carlesii cacl R Cyclobalanopsis glauca ogl
i #3768 Meliosma squamulata  mesq FAERLAR Eriobotrya fragrans erfr B AR Schima remotiserrata scre
%%k BY Rhododendron simiarum  rhsi WA Lophatherum gracile logr  X5BALHY Rhododendron championae  rhch
F19AK Pentaphylax euryoides peeu )% Blechnum orientale blor NIBN BN Dryopteris championii drch
7 W Cyclobalanopsis glauca cygl [WEBBk Dryopteris championii drch PR Acer fabri acfa
Ye4’r Indocalamus tessellatus inte LAV Manglietia moto mamo Nk RIR Helicia reticulata here
KA Lithocarpus litselfolius il 2B Anneslea fragrans anfr HUFFNT Yshania actinoseta yuac
YA Yushania actinoseta yuac ¥Hli Castanopsis tibetana cati WEWAR Neolitsea zeylanica neze
Wi AL Schima remotiserrata sere  FFAEVYIAE Dendrobenthamia hongkongensis — deho Nty W FI N Pronephrium simplex prsi
Wit Adinandra milletii admi A Artocarpus hypargyreus arhy WA Selaginella doederleinii sedo
LAY Rhododendron cavaleriei  rhea ZHINH Evrya distichaophylla eudi [RINY Phoebe bournei phbo
H&A Loropetalum chinense loch NS YE Gymnocladus chinensis ach B Eurya trichocarpa eutr
45N Alniphyllum fortunei alfo WLL A1 Fokienia hodginsii Jfoho AR2EFN] Lithocarpus litseifolius lili
HiEALRY Rhododendron championae  rheh I UGB AR 2T Neolitsea kwangsiensis nekw A A3 Elaeocarpus japonicus elja
BTtk Celtis timorensis celi JEL2 & Ternstroemia gymnanthera tegy YRIXE Sloanea sinensis slsi
IR D4RIE Rhododendron bachii  rhba JLYFEANE Manglietia yuyanensis mayu JErRR] Itea coriacea itco
B Hi A Z Neolitsea zeylanica  neze ZHMHRY Rhododendron fortunei rhfo i34 Piper hancei piha
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Continuation of table 2

B B R #4 it
R Neolitsea z:vlaﬁ neee & ﬂ't\H".""‘Jﬂmln;lcmlmn forhuwl thio 111 Piper hancei Plhy
YL Diplopterygium laevissima — dila ™ Miscanthus sinensis misl 14§ Woodwardia Juponica iojq
WIYIAXRT Litsea elongata liel N0 Rubus gentilianus ruge W3 Dictyocline saglttifolia digy

V% Castanopsis fargesii caf WS Eurya macartneyl etma ¥ Castanopsis fargesil cafr

R Fissistigma oldhamii Sfiol T5E KT Lithocarpus hancei lihn JRBLAK Fissistigma oldhamii Sl
B84 Cayratia japonica cajp 1411124 Alpinia oblongifolia alob I Bauhinta championii back
NI Gahnia tristis gatr AE0AH Machilus chinensis mach  HUEALN Rhododendron cavaleriei
AAH: X Elacocarpus japonicus  elja LMB5 Michelia foveolata mifo WK Gahnia tristis 2atr
@thk Castanopsis eyrei caey B IPHR Acer fabri acfa #0148 Maesa perlarius mage

Y% Woodwardia japonica woja /D342 Engelhardtia fenzelii enfe IDIEAARLK Blastus paucifiorus blgs
Rt Vaccinium bracteatum vabr LA Blastus cochinchinensis blco 50F Rubus gentilianus ruge
RBKWLEIR Helicia reticulata here YR BAX Cyrtomium balansae cybl 245 Eurya macartneyi ema
KROREH Exbucklandia tonkinensis  exto - 4IH Machilus thunbergii math H:f34i Machilus chinensis mack

F& fis#% Castanopsis lamontii cala {LRIFEA Alnus trabeculosa altr HFAKET Litsea elongata Liel
BB Mlicium jiadifengpi i SRIRINBMEA2 Parakmeria lotungensis  palo FHEATE Manglietia moto _—

JErt BRI Itea coriacea itco INRAZF Tlex micrococea ilmi FEIEMAT Eriobotrya fragrans af

E 34 Eurya trichocarpa eutr HAM-XU1E Meliosma squamulata mesq FEBRRE Alyxia sinensis i

LR A AR SR, B A L 5 Piper

hancei. J% 7% B Bauhinia championii 1 JK & K
Fissistigma oldhamii ) HE RS H A E,
ZHREMEKR, HBEAHEDX T BSHOEH K
FERGR. ERRPOMRESERE, WEGEE
¥k Dryopteris championii. ¥4 A Bk Pronephrium
simplex YR 545 A Selaginella doederleinii %354
MEMHERERBRROKE, 1A HEREED
REEKEREFERRMFE S, HI1EMHHA
Y.

3 Zig5itie

3.1 HHEETERESENE KBEMERREN
K%

HIXF B Y e J2 A5 W, B A R 7 T ot
JZEHTF (AR 2T P, 10RO R 3
o TR 2 1% % B ™. Galhidy 45 #9
A Sy BEAHLAAE IR I 1) SP- 459 YL 3 36 200 =F i g
YL R (K. TEAKRAG N, RS IT
FED 10% ~ 30% 6, #RF R4 1K) 2 B2 B AR 5
JE (OIS WA 0, I A G 3 4 26 o %R
W, A [R) 8L 2 G AT TR AR FOREAS 1) 2 J86 04) b 2
KFEAR, BERFEE. P, A, AT
KIEYBRABENES, MliAMEEANZER S
%, VL7 J2 G5 A A 0 B AR B A A R
BK. R, ARZEESEWT, BRROF. NE
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B EYNERRAAANZH. M Ex
ERTRZEAE, THREHTHEFIEER
Ak, MESEMARBRARRTEK.

32 HHEECRGHSUMI IR

BEBEL WK T MR ITEREKE
), NTHFEENEK. EFEO/ER
AR P, ZHARY, FRAEEEETE
PHPHARES A HRAA—. REFEERT
HBEMGEEMX, TETEWATEERETE
WA A O, HR, 408 Machilus thunbergii
/DM 342 Engelhardtia fenzelii FR)H HMENRTIFE
BRI, X5RRS P HRPIRHON
ERWARRLEHEL—B. MELR 7R
ARFUR RIS A Z SR N 45 R EHE FFRER
KIOK . W, RAUENTEASRRE A F
R e EADER KM IRE R, FSER.
SPUIH-T A RN AR AR A S IR A T 4 AR 2E
BURBUR KO K., AR A LR K A &
AWM. ERE Ewrya trichocarpa Korth, 4T
Indocalamus tessellatus. ¥5 %+t §% Rhododendron
championae 53 f AZEF XN FMEYER R BR
YHTWAM, RPX4MEYRBREN
IFFERE P FRRAHAL. R, EESHSH
St REXXR, HMEFE (CO) Frt
MmARTES (LAD iﬁ]%ﬂ‘%mmxﬁﬁ’l‘: e R
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ERATEDEMNRESERRER
Kok, REL, K BT T

( TERg el Iy Bhey L XU bR e, 1M 510642 )

W OE LRNG HOIE 2 0 T ARG, R TR DN — . IR
(Madhuca pasquierd) FyHARFAT AP JUCN £ P #ifa 540 VU 5 fe, 76t B8 h K T A R4 B AE AL )
( IR F BN 0 A 4 :%W’ﬁl’l‘)‘flh’r’#ﬁﬁ‘l‘%ﬂiﬁ‘iE’JHE]HW?I' HAWFEMG M, EeRMmE2
T MA B ALY K R, SRR A BURBF T AR SR RO il & BB RN TR, ZXNA T EHRIAK A 24
HoIE A VR A AR AFE, Jfl"l’i.u_nTlilI"]ﬁl‘lflJﬁxf}‘V‘Fﬂlﬂﬁﬁﬂ,Ui BTE 3 ERAF (R I b R
P AR AT E ARG IR T —L0F 58 THE, BN TR B, T—H5awEEm A
AAlE R IFE AT AMNAERKIIEI , RETF R LAY BAESERNE, Fet by Eft /=
RFIEE NS FAEW AR MR LERATF MR AR WIS, d S KR E S, BT
KHEZFN A, RGeS R,

XEWR . AT, BERHE, A5, YRR, SHA

FESES. Q948  XEkARIAAE: A XESHS: 1000-3142(2018)07-0866-10

Research advances on ecological characteristics of
a rare and endangered plant Madhuca pasquieri

CAI Linying, ZHANG Xingyuan, ZHANG Lu", MA Ding

( College of Forestry and Landscape Architecture, South China Agricultural University , Guangzhon 510642, China )

Abstract; As an important componenl of hiodiversily, rare and endangered plants are one of the core contents of consee
vation biology. Madhuca pasquicri, a rare species currently, is regarded as VU (vulnerable) species in the IUCN Red
List and listed as a kind of pational key protected wild plants (1) and wild plants of extremely small population, 1t is
also a kind of rare oil tree species and precious limher species with high medicinal value, Due to the global elimate
change and the habitat fragmentation, it is rather important 1o study the current sitwation of A pasquier? and formulate

relevant conservation strategies, Bused on the data of specimen vecords of herbariums, this paper mainly inteoduced the

Wi B39 : 2017-08-14

LR IHMAISTEWIN L] (2030200) ¢ 1" A E DM A I A (U G 3000 1T Ol RHE BUNENETT 2007K00X037) 3 17 &t
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e

natural geogmphivul distribution of M. pasquieri, compared population and community characteristies of the main distri-

bution sites ol M. pasquieri and systematically analyzed the carrent researeh and proteetion at domestic and overseas. The

vesults ave as follows: (1) With o wide vange of vertical distribution from 200 10 1400 m above, wild populations of

M. pasquieri are mainly distributed in North Vietm, South Guangxi, Southwest Guangdong and Southeast Yunnan, (2)

The community of M. pasquieri fovest has abundant species in tree layer, shrab layer, herb layer and vine layer, M. pas-

quieri is the dominant species in the main forest layer or important companion species in acid rain forest in Guangxi. (3)

Mainly scattered in the warm and humid habitat, M. pasquieri is twlerant of drought and barren environments with kras-

nozem and laterite soil. 1t is coneluded that the rescarch of in situ and ex situ conservations, chemical composition and

artificial cultivation of M. pasquieri have been carried oul. However, these rescarches are still in primary stages. The fol-

lowing are hoped 1o be strengthened in the future: The supplement of the distribution information, field investigations

with long-term experiment and the reintroduce of M. pasquicri based on in situ and ex situ conservations. Furthermore

molecular biology techniques are needed to strengthen the breeding, propagation and cultivation techniques of M. pasqui-

eri, and can be actively developed for economic value and can be applied in landscaping.

Key words: geographical distribution, community characteristics, habitat, species conservation, Madhuca pasquieri

VAR, BB SRR AL R XS B 4R Bt
VEAO U B A A SR RO WOA AR Y B R
B R 2 BR &)™ H A B R 7] 8 Z — (Cardinale et
al, 2012; Chapin et al, 2000), ¥ ¥ i 17 A: 4
YIAE 22 ) 2 RF M ) T B2 40 A 4, An fp R A1
BEAT A YR R A B FE AR Y2 R R
fie P A9 (a8 2 — (SR BRI AN ) 5 F,2008) . ART,
XS BEARY A R B IR Y B4 e st B 4y
AMEHETFEA M, A L, N
FB{Z B3 K ( Geo-Information ) 3K 15 3l /& # ¥ 43 17
# &5 (hotspots) (Huang et al, 2012) B 4= 55 4F i
( Varghese & Murthy, 2006) , W1 & & AL (R 17 X
3, ( priority protected areas) ( Wang et al, 2015),
P Fh 4 A B ( species distribution modeling )
(Rovzar et al, 2016) , 4= B L5 % ( ecological niche
modeling) W4 VZ W B WL WFIE P ( Araujo
& Peterson, 2012) , {EYEFIRTE A L, A SMIF
FEHE A T 42 P 3R (biotechnology ) ( Engelmann,
2011 ; Khan et al, 2012; Slazak et al, 2015; Gushi
et al, 2015) (9 Y (reintroduction) ( Griffith et al,
1989; Codefroid et al, 2011; Bullock & Hodder,
1997; Ren et al, 2012) ,/E &5 ¥ % ( restoration )
(Liu et al, 2014) %5771,

EINAR (Madhuea pasquieri ) , X4 P A
WIARAEA: WA (ZH) , e AR H),

T W R ()7 AR) , 58 %R K (Madhuca
hainanensis ) |7 J& T 4¢3 K | ( Madhuea ) 1L #5 &+
(Sapotaceae) o %A R H 4k ITAR, H AL 30 m.
Mg nT 15 60 em, WAL R, AT & (Fan et al.
2011) , A4 25 B/ {& ( Hoang et al, 2015, 2016) .
FEHRASEFHILT, Al RRERE. ERIKE
A B9 EH Al ( Franzke et al, 1971) . ERAAK
5#& A ( Erythrophleum fordii) . %k 71 /K ( Mesua fer-
rea) kA (Ostrya japonica) F-FR) FG~ U KB A .
EEROHMMF, £ARFIEPTEFEE. TEE
SR, SRR AR R T Z A R Ll R R
3, FE FRE A FH PR SCHE BF (5% (Kien & Har-
wood, 2016) . IAERRN C WHERTHER
BeFORN R ( Hoang et al, 2015, 2016) . &3 AR
BLRFRAT R IUCN 4 S RIFEIFRA VU 5 fE, &
o A S 48 T A (R P I AR R ( 2R (vt
BRI [ 95 5 I Qe 20 v R 2 4
1999 ) b/ FIINE I 2 R | 4 PR A R IR 4 et
(O AT [N S TRV I TN E IR NN S i N
TR BN, B INCECRE 05 A 2Rk
ARTIFY ) Z N 8 RN SRR A Y 2k o abe 25 4
A AU (R A PR R 00 AR B R, O Y o [ %
R AR AT (hp s ZZwww. evhiorg.en) | H [ RESE
B£8R 4 R BR A BT ( hup://herbarium. scb.
cas, en/) BA K[| E SRR 9 bR AS A (Chup sy
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www.efh.ac.en/) B AT 5%, 766848 TR A (9 J0 5%
A GEASF AT T T L, 2t 3020 A1 S0 ) ke il
L R T REIRACTY LSRN A7 0 20 2 0
I GRS DU R TF % IR L M 2 % 11 00630 B 4 )
AT RS 119 P R0, D435 200 A ke vl B 1Y & T 1)

L R A By 2 2 A7

1.1 83 BY K T 3 38 43 75

LV B RN EHITD & s S P N N2 &7 (T
JCEIF LR 1 JR A MR, 5290 A DT L2 R T A
SR A X 48R 2 8 i A g 1 LA R TR (Y T 1S
MR T ARDG A = M AR, SN A K s
WAL TS AT 20 AR, 78 R e b, 2R 9 AR I A=
MBS EAMTEHS RS MEE L 5
LR T2, P LAY 3850 M I W4,
HR )AL 79 R I AT 437 ( Dung & Webb, 2008 ; Tran
et al, 2005) . FEH [H )" F , L0 AC LT A R BE 40 A
X FE AKX, EIEFEM BIR R E
Mo EB R 7R e T R B (RK
$1,1990; E W% 2011), EFET &K, EHA
FAEMBEEM THA T EFE.BE AR
FH(BRBIRE 1997 B A% 2008) , FETE
ZH, ERARTF AR THRTENR, E8
AR AGHFELEEL, FLEER SR, RE
W B\ % % M (T IRAR OB o7 4w 4RI, 1979 1
F B ,2009)
1.2 EFAAKNEEMIE N

S A A A IE 1 A R AT B, M 200
m #1400 m AN (R 1), RS TER 7R, %
TA A A= b 22 8 R FE TSR 200 ~600 m (94 111 2R
W (RFH),1990) o FEZ TG, 48900 A WP A= I AR
EE1 000 m LA |- 45455 4208 ( 22 TR ,2003) o ™
PG 20003 W, ) A I LA e D 32, = i
ALK A % s It

SIS A S o A A 45 o JEWP A A e 1)
LRI A TR 1 [ O S O A S ) I AN
NN s VIR T W Y STIE, Q1T N 7 N
FRIHEM (AR HRR ARG [ 5 40 40 A5 (AR
P50, 1979)
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2.1 BRI BEEIE

)G AG 00T B Y 2 5 R R e i L AR SR |
WIS AT G YA TR ( Lithocarpus psedudovestitus ) +
SN AIE SR + (4 0 11161 ( Symplocos confusa ) +
WEYSETEHE ( Cryprocarya concinna ) K, 58 I A + &%
A LG4, 2014) , A6 VG-F 5 Kl K3F
PN JT R L —lf (0 ARk L b 2 TR AK o, % ) K S
PR JZE O AR o T 0 2 A R A i ZE
1982 I 4 4 55, 2015) o T2 ()7 A 6L 45 22 91
K+ JE 7 K ( Cryptocarya chinensis ) — & & B
( Pygeum topengii) —JLi K ( Psychotria rubra) —
4611132 (Alpinia chinensis ) T D\ LA B 58 9] K —1s B
W47 F ( Garcinia oblongifolia) —% W ( Ardisia
quinquegona) + JLTT K—& M % ( Cibotium baromet=)
A, DISHACH EMENHETRMA, FFRE EA
BHEAR BAZYMUAREST(H 1) (ERE
%,2001) ,

1M1 LA KSR B B 7T ( Exbucklandia tonkinensis) /™
M1 Y644 ( Knema guangxiensis) UK 4 ( Horsfieldia
amydalina) £1855 Bk ( Syzygium hancei) A EBI=
TR, FHREE/EEMNAEANFRES(E
HRIHAE ,2001) . MEBATRARBRAT. ERIKZ
ERMEER, WO FakE L. FERA
WA A R R H A (AR RE SR
1979) (A 2),

FEMEHL 000 m LT B, $69R A4 T TR HEARTE
VAT, T 43R ZEHER L 000~ 1 400 m AT LU
HFIARIEYS , BRI A A ZEAR R R T, =
PEAARRI A 3 )2, TESESM PR, FOM 8858 L /R
PIREAE 0.7 AL RO REBURLRY  FRIN AT 0 R
U o ST BB T L AT AN B R M R OB IR — b
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DAL IF, ST A 28 143, X8 W 0 ) BR 2R Y
(170
2.2 AR A R R &G E

p 31 N s PN 37 L e o 482
D9 GRS TR0 DT R 10T R A 20 o e 21 R




7 1) SR . BRI IR AL 25 P05 AL

869

NI A T 8 SR K €1 A BEARAE

Table I Habitat characteristics of Madhuca pasquicri ar different altitudes

Wik /235 Habitat
Alitde
(w) )1 Guangyi 1" 4 Guangdong £ Yunnan
200~ 600 Wy U SRR A1 LA SRR AL K B A A Mk A MO 1 15 LW
MLl T AE () Woodland , forest margin, Seldom
Top of mountain, woodland, stone mountain, valley, dense forest, mountain, mountain top
on the stone, lop waler side, rad side, beside valley, shrub edge
mountain, alcove, hill (earth piled hill)
600~1 000 L A LR Uik #hk T
Mountain, brushwood Seldom Mountain, dense forest,
brushwood
1 000~1 400 L% Hikk Aeh Fa sy ik sk Akep HUAK

Valley, sparse forest

Forest, stone edge,
woodland , riverbank

Forest, woodland

FF/KE Tree layer =

SRR Shrub layer =

ZAE Herb layer

T RLEIR Mineral soil
ZRHETE Forest cover

1 T PGRR A - A SEIR AR D 242 9 24 AR 138 T 1

Fig. 1 Structure section of seasonal rain forests dominated by Madhuca pasquiert in acid soil regions of Guangxi

LT3 pH 1 4.5~6.2( 2 JKH),1990) , L= JRANK,
JBEIBATIL o A1 o W g, 6 IR0 i T =T 54 0 3
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Research overview on Madhuca pasquieri

Table 2

N 3 6% K
Content Main result Country Reference
PUNIIRE SR TE R AR AR AT ER (D 0K DT FL 8 (A4 frfel 21, 1994 ABAEA G
In situ conservalion PRI FLAR B, 3D (40 1 2 s China 2010, B4 #:% 2013
Nonggang Nature Reserve in Guangxi, Guangdong Luofu Mountain Nature
Reserve, Dinghu Mountain Nature Reserve, Yingde Shimentai Noture Re-
serve, Lianzhou Tianxin Reserve.
RO URES IR VAR AR ARl R AT 28 0 A b A A e i/ T, 2006,
Ex situ conservalion [id] R it 2 SR A R X TN China SR E Y 2006
Guangdong Trees Park, Arboretum of South China Agricultural University, (‘http ;. //herbarium.
Yunnan Xishuangbanna Botanical Garden, South China Botanical Garden, schg.cas.en/)
Tam Qui Natural Madhuca Reserve.
(&) S JRIACK v 4 DGR L OG5 UL G e A ) B, JUEAT 20 4, A0 9 L G| Hoang et al, 2015, 2016
Chemical content 04 TN 25 14 04 75 200 5 B2 IBCEE A — i 09 e SO 1, Jf-WF 9% 2% 4k Korea
B3t NO AT,
Pymolizidine alkaloid and madhumidine A were isolated and identified from
leaves of Madhuca pasquieri, and their anti-inflammatory and cylotoxic activ-
ilies were studied. A new high-monoterpenoid glycoside was extracted and
the effect of isolated compounds on NO production were studied.
EEHEHEA RAGSGHARF T L SF AR, BRI ER FW HE ZBH1,1990
Cultivating technology  Container seedling can be promoted, according to the characteristics of fast China
germination of the seeds.
FhrEw SETACY 2 AR AL T SR IRARAG 2~ 4 em, T B IR, IR R B AT bR HE EigiH%E 2015
Seed seedling ARk, China
Keep the radicle 2-4 c¢m with the highest survival rate and the biggest root
and plant growth of M. pasquieri.
R EEfa ST A TR TR M3 24 BB N 53.7 °C AR IRMHG L BIEIRIE H-4.0 €, HE FITR% 20132
Temperalure stress Semilethal temperature( LT50) is 53.7 C, the cold LT50 is -4.0 C. China
B8 FEA Mt 3 20 AR S BN Gl BESF . 2014
Transplanting stress Transplanting stress has little effect on M. pasquieri. China
NaCl fjrsft NaCl ¥ FE R 5, 4800 A T U 52 2 I o) A o 2 ik o TR £ S 4R i FERF 2014
Nacl stress Higher NaCl concentration means later germination beginning time, later oc- China

curring time of maximum germinalion amount, shorter interval and lower
maximum germination amounl.

5 1H |, 275 % R R WAk 2 54 F ke ) 1% ok BEAT
BEFE . BTG - X AR Jy 4290 AR B 7
334, WF 5% JL A IS B, I R A B R B R0 ORR B
( Pham, 2011),

TN 00 5 I AR E AT 920 W Ot 4% 25+
2009) , WATATHE Wi, HIARRD T K A, e il
TSR N 28 77 17 (5 RH0,1990) , 4 DIAR il
9 it HE 75 109 T00 3 416 A% , A1 300 200 ML R AR Y 21z 1
FEINA ) ZE T YIRRAL IR R IEALIG 2~ 4 e, IR
HRIT I HRZR SR AR 1 A 1 b Ji K o A A0
2015),

(4 107 2 T 42 5 i 25 DAV 0 2 7F K e
125 HEATFFE 53 W 1) 7 K 181 2%, % 448 086 4 T K 4)
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B W DR DXL AT W] S8 0 £
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) 38 4%

9 R 22 25 7R 45 9 PR P (™43 V8 45, 2004 5 XI5 4k A
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7 2 N VU XU AR B A A 5] | S A
ARG — 5 kR (SR I A, 2006 5 Th/NAR
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FIN TR ik 119 35 0 00 4 0 01 AR e O
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H 25, 0Ll — W 1 5 LA 2 50 A1 e T i
5, 5 LERETE JCRNE A M 25 10050 A0 4 iy &)y 2 L A
1) 216k B 358 194 1 J I I i AR A0 )46 6k S G A AV 4 Al
(500 465 | AAGETH 58 I A 23 A1 s g S S GO ML)
AARIAAP KL 54 KBTI RIAE , A e LAl
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4.3 ERi R GEHRIPFEIAE NG &

LRI T S AR IR = A — A Y 5
29 K52 A W A A 4 10 AR (A 8 %%, 2014 )
SRR AIE 21 00 IV s 2003 A5 BF 5 460 7R | S8 900 K %2 4%
A0 A AR AR TR T P bz, 15 A AT TG R 4l
SRS, JLBTAT 119 28 75 A4 158 57 5] S5 bR T 9 %% — Z& %)
NS 10 T IA , e BRI AE 1 AL 465 /0 70 A 38 il w4
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894 Omp22 547 KEBY/E ) EMMAME A TIERS FEE, EFEX YL BRE, R0, KB4, KER
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903 7R g RIMAL IR R AL MR MBISE M O8N P X BRE AR 5.8 W
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o, ko, A, RER

(AL MR, )R )~ 510642)

W OEOVRGER RN AT A0 00 R R SR 305k, DA W0 LU SRARIY AR T BF A6 A TR A R T
B 4 365 4 1 AR AE R R A5 M R 1 o, DAN Y P A 65 O AR BT R DR Bt o MR B, W0 i SR AKBE 7 1 e
R THRP AT L FEHF 104 4, 2R 55 492 W, b 45 JUHUR Ao i M 4F R M5 7 2 M 5 BB AT 29, o+ TR 4
HREFRARTREANRTELENF S RO YRR RGNS UA ARG NES Y3 REWM(A R VR AT
EXFOAERAPWHRENBFUERR(P>0.05), 23 HEMFLEN DR ERAH I TREX IR TERREAD B
Rip; AN RRR BTN TR B ARREFERRAAREF RSt AR UG TR, A AR EHERA BB
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RESE:0948 XRARIAT : A

Effect of Canopy Structure on Understory Wild Flower in
Nanling Mountain Forest Community of South China

JING Xiso-li, ZHANG Lu*® , DU Wei-jing, SU Zhi-yao
(College of Forestry, South China Agricultural University, Guangdong Guangzhou 510642, China)

Abstract: To investigate the relationship between canopy structure and understory wild flower, the typical method of plant community was ap-
plied to research the effect of canopy structure on wild flower in Nanling mountain forest and provide theoretical reference for the garden ap-
plication of wild flower. The result showed that there were 104 species/hm’in investigated area, which belonged to 55 families and 92 genu-
ses, in which Indocal tessellates, Fissistigma oldhamii and Sinarundinaria basihirsuta were dominant species; Kruskal-Wallis analysis
and regression analysis indicated that leaf area index ( LAI) , canopy openness (C0) and transmitted diffused light ( Tdif) had larger effects
on understory wild flower than other py structure p
three hues (cold, warm and neutral) had no significant differences, while the species density of three hues decreased at first and increased
later with LAJ and transmitted total light changing; Multi-Response Permulation Procedure (MRPP) and Indicator Species Analysis (ISA)
revealed that Morinda officinalis and Barthea barthei were the indicative species of both CO and LAI which had stronger responses to change
of canopy structures.

; The effects of each canopy parameters on wild flower species density of

Key words; Wild flower; Flower color; Canopy structure; Indicator species; Nanling

FF# G2 (Forest canopy) RFEMES RGP 5
INAREAE R ERESRIERN AT, MR
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HBHMF AR SWFh LR g, A

W R E #g:2014 -05 -23
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MBS AL ORI (2013B020305009) 3/ A4 Mk B4
RIFE TP LT B (2011KJCX031-02)

{EZ R/ 4N (1989 - ), A, ZEET LTS, DEPETT
FRHH: A2, E-mail ; jingxiaoli0930@ 163. com, * J5lHfEH
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P/ INTT O T 1 AR AR SEL A AR M2 65

835

FE2 TR LR AR DA TS I A AE T A

Table2 € ica of undomtory wild flower in Nanling mountain

454Y Indocalamus tessellatus FAH Gramincao 7619 48 78.56 128.92
JRRUA Fisistigma oldhamii 2 B¢ Annonaceno 128 2 20.04 18,53
RIMAT Sinarundinaria basihisuta FzkH} Gramineno 652 5 15.0 17.20
RBIA Gahnia tristis 1R Cyperacene 208 36 2.4 10.22

GEEKIE Alyxia sinensis JeAHk Apocynaceno A0 % 2.61 8.54

U Bauhinia championii T Leguminosac 91 2 3.37 7.21

R BKARETF Embelia rudis 4042 Mymsinaceae 56 21 4.09 . 115

1,82 Cayratia japonica %A Vitaceae 109 15 4.42 6.77

FrEMEES 5 M EREWS L HAT Kruskal-
Wallis 1, RRIEF MY L EELSAER (K
1) ARBFEER. ANMEFENLZES TR
L4y &% 2 B 4T [ )3 4> #7 (Regression Analysis,
RA) , MY 2 B AR E W &S HAELN
F=Ea

A PC-ORD 6.0 Zoua ik -3t 241 &
S¥AT £ A N B 4% 8 247 (Multi-response Per-
mulation Procedure, MRPP) F148/~ #1431 ( Indicator
Species Analysis, ISA) , 3RS R FREREK
ZEREBAAGITREY,

2 ZER59H

2.1 BRLMATEEEABRRHE

T 10 000 m” FyAET7 VH 2 08, B9I4 1L 3 R
MREEE T R A B A TSR 104 7, 2B
F55 R 92 R(ER2), HeEA 18524 J§ 25 7,
o7 FFAE AL B 24. 04 % ; K 30 B 44 /& 50
T, 5 BHA 48.08 % ;A= 14 B 23 JR 25 1, 5 &
HH24.04 %4721 R4 B 4 Fh, 5 EER 3.85
% , AP LA (Indocalamus tessellatus ) T F{H
BR, PGS, BETEME=3.00 MY+, R
EREZ , BREA I, B IR HAT ( Sinarundinaria

basihirsuta) F1YRATH: ( Lophatherum gracile) o
2.2 BEEHMERTHELEAZENKE

Kruskal-Wallis {025 B/, BERF ZELE
TREWE SN HERANEREREIR BE
(P<0.01), i, EMEFESHTRGESA
BRIEWEREREE(E2), EFZERKETT
BE MU EFART BRI i me , B E
BUEBIE TN . VBIARE T B 5 A
BEB/NEFFART A EDER, BFRETZ
BTN T R RER AN, FEF T
HEK,

HREW ST TFALFFEZEREIBAHER
BR, ERENESHFEYEZELRBELHEMRRX
(P<0.01)(%3), BRAEPIEES, WEFFE HK
THENEESE S RERY EHEFEYELERIE
H%, A EBE S S EY £ E AR ERK
BEBE, RHAMERESIART ErFEYEER W
BKo TR SIEFFEYE B RS ERE S
Sk, WM T B e AR T A e A
Ko ATRBRENERKENT BTN ERAY
EORANGR, AT ERI A R A &, MEAD R T8
52 EE R AT , SR BEARRT TR, AN
FTFHYER

#3 BRAENBUESHTHELSSENERRY

Table 3 Regressi dels between canopy structure p ters and und v wild flower abundance
Y% mP=Eet R? P
WREIFHE(CO) A = 271,4462 -15.074 x CO 0,1360 0.0002
AR Y (LAT) A = =245,4967 +131,1326 x LAl 0.1571 0.00004
M A6 Tdif) A = 276.3679 -64, 1844 x Tdif 0.1277 0.0003
HF 86 ( Tdir) A = 208.9094 -38.0575 X Tdir 0.1089 0. 0008
BT B ( Teor) A = 243,7322 -25.6542 x Ttot 0.1244 0.0003

¥ A JRHELTF S I R IRERL

Note: A represents the abundance of wild flowers and R? represents the coeflicient of determination,
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Fig.2 Kruskal-Wallis test between flower abundance and canopy structure parameters

2.3 HTHELAAGNTERLSHMIEE
RIERELR  HEFFCI IR CARER
MpEa3 MER, KPR EREERRA.RE,
BE 26, RAAQELE. A6 80, PHER
aFaa, ARGt ESRENES RN A
AR 3 MEIRET YR B T BE (AL T
BYFE0) o ET 1 he” BETIAZERR, B 1LDZR
AEEA T EF AL, B AH REER PR
HIFEFFIYHIF 38.32 F1 34 o 3 MERAMT A

3001

TEFFRO YRR BERE T AR BT SOE R 2R {E
R BN, MZEMETF B AT B e EET
s AR A R FI N B AL ES. E280F
ENERERN, ZEREWS T 3 FeaETEsT
YFBEENE SR LD BEEEZR(P> 0.05)
(E3),
2.4 HTHEEHFNEEREMNERER

4R Fl MRPP M4 LA ERBEE NSRS
HARES, T RRERAENRRSTHR, A R
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Fig.3 Response of flower color to cannpy structure
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2 H/INTAS RIS L RRAR TNV SR LS MR AK T L AL 77 oS 837
R4 L0 TR (MRPP) (M 4EHE
Table 4 Summary statistics for multi-response permulation procedures
Sra17x fit WP Delta Bidll Delta T Al P
co 0.4588 0.4988 -2.9980 0. 0801 0.0039
LAT 0.4730 0.4989 ~3.8595 0.0518 0.0012
Tdif 0.4583 0.4989 ~4,9387 0. 6813 0. 0001
Tdir 0.4704 0.4988 -4.,0592 0.0569 0.0010
Trot 0.4655 0.4988 -3.2356 0.0668 0.0027
£S5 HTRBHIERMST
Table 5 Indicator species analysis of transmitted light
AT AF E)is E Tt i P{E
AT E(Tdif) TR 1 50.0 0.0450
HAH(Tdir) gEk 7 29.9 0.0110
REKHEE 43 34.2 0.0045
BRILER 2 40.0 0.0026
J:: 2y 42 23.4 0.0310
BIER(Trot) WEE 10 40.9 0.0460
UidizE 0w 3 73 39.7 0.0410
BRIk 5 50.0 0.0373
RIEEEKT 7 46.6 0.0163

WRAARREN—B SR, SRER, 58
U AR ER T HERFEEEEHE 2 AR
EREE, NHEATREDCE M EFRBE 72/
TERS S EFEA A R 2 B HRGR , ZEAK T BE
SRTHEDENAN—BHEERR(K4), #—FHR
FATRARF AT, AT X R S WM R IER.
HHHERE(IV) =23,P < 0.05 FM LB ZER R
o SRRV MNEFESHERERGERHHE
[a] , ¥3 5945 5248 ( Barthea barthei) 1B 8% X ( Morinda
officinalis) , Ferp B RALXT AR LT BE 55 T B 0
FRMMEH 50.0, B R B FE R ES 51 31.0 #
43.0(%5) . BRIERARERAR, (VEEHR
H— 1, ERAEREILZEMLA TS EIRER
AT RE, B AERETKT , o FeMA P
#io MIEFFEEANMT IR LS KT 1 Y6 IR AR -85 1)
HE, VAR AL S B R XA TT HE 5 - T B
BB o

AT CHTRRFD Ja T SE I , V4 I ALY
ZAEK TN KT IR RFNAT 4
i, 53530 g Wy 4 3 3L ( Smilax lanceifolia ) \ AR TH A< Wi
E % (Didymocarpus hancei) | 8442 11) 75 |1 ( Turpinia
arguta) 1 A’ (Sinobambusa tootsik) , KT &G IK)
TEAFA 4 Fh, 4090 FF1E ( Hedera nepalensis) (/>
FEABHIA ( Blastus pauciflorus ) BRI FIE 7 IR
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F(Kadsura heteroclita) (£ 5) o AT ESERESE
RO AL ERERE LS A TEHEREZF
B, SRR AL EUR.

3 i i
3.1 RTFAELHNTREMN AR

MRS ERT REREGFKS &G,
MNiEmMATEYOERK, BEEEHNEMS &
ATHEFEYHEREWMANRR, 2TFRERH,
AT AT Z EENETFE ST HEHES
AR B, RN F AT R
KFHALTRENSE ZHEHFESI 4 7
MTHIYDFIRRY, AR FENARF R, EE
RIATFIHEER) 3 4% . 381U 2 (Radix ginseng) (5F
M3 ( Dioscorea nipponica) RAHIE (Asarum siebold-
i) B R NAHTY , AT IR e T R AR 4
RIEMIR, WEENFERESTRENESENE
AR, BRI RIR IS, WR AR, B5HHE
BRI eI .35 , 2% WA - AR B0 AR A
WMWK {E Jelaska 451 BFST A, 75 38
FhREAHIYY Th RAT 6 R 5T ARIR B AR
K, BB R REY Y EARR

ADFTRR T X R L R SR SR
AW A ER AT AL HEYIL 10 F,BRR
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MR RMEEE BRSNS LIRS ERIXER

BuNin, #tiEER, 5k IR, Hamse
(dedREKF HRFR, 7&K 7 M 510642)

8 B MRS AN A B B B S RIS, RS AR ) BR B R AR R . SR
BRI 52 B R (Hemispherical Photography) . 4L Xt i 43 #T (Canonical Correspondence Analysis, CCA) F1
Kruskal-Wallis 73 87 & SAF 70 T ARMEF I 6t )2 45 M 5 AR 0 A e 2 PR R S5 R (1D 35 10 000 m” 1fd
AOREM, I LR E AT R 47 B 81 R 143 B, ML ZRUETMIE L2 KM (2) CCA PSR,
SR GRS S G IR A — AR, M BUR S MRS SRS AR IUA T, (3 LARZ
B 5IESIAR L EAER TR A BN ZRBE (P <0.05) , HLAKRZ ELEMTE T/ 20 48 B0 1 2 50k 5
# (P<<0.05), SARZ BEBHARR B GG ST vk D> o e TR 3R ZORUMR 6k B2 0 I 5 i AR T e B A A T s SR
JEH RSO R £ B

KRR AR RS SIRZ R BRI KRR MEAEREG MR T

FESHES: S718.5 XERFRERD: A XERS: 1673-923X(2014)05-0059-07

Relationship between canopy structure factors and abundance of
standing trees in Nanling mountain forest communities

JING Xiao-li, DU Wei-jing, ZHANG Lu, SU Zhi-yao

(College of Forestry, South China Agricultural University, Guangzhou 510642, Guangdong, China)

Abstract: Canopy is the most direct and active interface layer between forest and external environment, which affects physical and biotic
environment of forest. By using Hemispherical Photography, Canonical Correspondence Analysis (CCA) and Kruskal-Wallis methods,
the relations among the distribution and abundance of standing trees and forest canopy structure were quantitatively studied. The results
indicated that (1) There were 47 families, 81 genera and 143 species based on the 10 000 m* sampling investigations and most of the
dead standing trees derived from over-story big old-aged trees; (2) the results of CCA ordination indicated that all of the canopy structure
parameters had a certain correlation with distribution of standing trees, and the leaf area index (LAI) and canopy openness (CO) had a
significant correlation with distribution of standing trees; (3) The abundance of standing trees and abundance of living standing trees had
a significant difference among Transmitted Diffused Light (TDif) groups (P << 0.05) and abundance of snags had a significant difference
among canopy openness groups (P << 0.05), besides, the abundance of standing trees decreased with the enhancement of Transmitted
Direct Light (TDir). Moreover, LAI and CO affected under-story light conditions, thereby to the stumpage, especially the formation and
abundance degrees of the withered tree.

Key words: mountain forest communities; canopy structure; stumpage abundance; standing tree; dead standing tree; leaf area index (LAI);
canopy openness (CO)

Mt (Canopy) Fe 1 ARAR L & AI P4 (144 1 A0

BRI R SR, ATTEORBRZ 3 A - 2]

JEA A PITALEN, 2R EE AT (A
Bert ) g vk Mo bRGeE i A8 B R K S AR bk K
SCAGIR 22, SIS G R, S5 S R 5 i b
TGRS B, SR B YR A TR
Jir L NI R T AR A 2R . W EEREE R
WIFR I S T R W AR S A e e A

g5 BEA: 2013-08-10

EE&MB: | AREAWIEE G EmEEmH (2011KICX031-02)

BRI SR AR R 457~ a8 ™ MRos B2 ( Canopy
Openness, CO) 5 I 1i] 2 5 £ (Leaf Area Index,
LAD &l 2S5t MR AR S E ., [l ek N DG
SREEAAAE BRSNS P, e 2 g5 Rtk
SREVE M MRR OISR 1Y, R K BH i 1
BRI 5% (Transmitted Direct Light,

TEHEN: WU (1989-) , &, PYNETA, i-Lwisnd:, W55 m: A E-mail: jingxiaoli0930@163.com
BiEE: sk B (19732 , L, SUMIIKN, mIERZ, L, TR AR E-mail: zhanglu@scau.edu.cn
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60 BUNE, 55 R AR R SR 2 BRI AR

% 5 34

TDir). 4% (Transmitted Diffused Light, TDif) il
A I (Transmitted Total Light, TTot) 2 ¥, iz ]
BRI 5% 8 5 AR (hemispherical photography) 7] L
P, T (I E T R A S, BRI )T
Z N T AR SRR ST, ARy B R AN IR
DI et 2 e UL Al SRR R TRl
JEALBRIE U DL Tk e g s e T
RO BRMBR S R R @ SR Z IR R, B
7tk J25 G R R R ST A TE i e, ASHIF ST LA U 1l
AR IR R GEASLARS R A 5T 4,
SE RN T R S5 M2 S SR 2 B 2 ) AR R
PRV, DA a) B b 5 420 B i ST 5
RIS -

1 ARMER

TSR T R 2 a0 B X 4 B AR R X
(24°37" ~ 24°57'N, 112°30" ~ 113°04'E) , %46
FLUAEL, PP L 1 BT, PUEEEM T, b
W48 B BRI AR e, S AR 58 368.4
hm?®, S H AT 484G B T AR R K AR P X . 1%
X & TR 2= R X, PR 17.4 °C,
AR (D PR 7.1 °C, BT (7D
IR 262 °C, FEBIEKE 1705 mm, £
hF 8 Ho AFAHXE S 84%, AFMAME, H
WU 40%. ZKFHbA M IR 2 4038, A+
15 2 R Bt B v B AN TR T AN TR o 2% X Ao 201 1l
FHw, FTARE T E L4 2Rl Hamamelidaceae
¥4 # Pinaceae. 11 %% ¥} Theaceae. #I i £ Fl
Ericaceae & 5¢ -} £} Fagaceae 5 1L#y, ¥ Fh 1%
H W K Loropetalum chinensis. g 1.5 ¥ Pinus
kwangtungensis. TLH|K Pentaphylax euryoides. M5
LM BY Rhododendron simiarum. 15 KT Schima

. 15
remotlserrata[ ! °

2 WIRAE

2.1 MaiEE
LRI s i Remt b, SRAIFE 710 B AE

PL10 mX 10 m AFE 7 #o6, Liki# 7 100 4
FEJ5 (10 000 m*) o FEREANKE T LGN HEITREA
WA, WEMZ (DBH) = 3 em T A& LA
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WA A, R ER b A B BOR R SE R AE, AT
sk DBH = 5 cm H S EAMMET 2 m IR 2 AT 4
I A2 R 5

22 FHKEMBEERBRES SN

b= 113 I N1 L1 N W S & I T S B ]
i 1) U, H = B 42 8% Nikon CoolPix 4500 %%
fith A ML Ah 2 Nikkor FC-E8 ff1 R 85 3k % #e % /K
TCE TR 1. 65 m 4b, HIFR W ENE T
] i S B HE R T S Ak Ty m A, e R
10 m X 10 m FJ5 50 H Lo MU A 2 DU 23 47 4k 85
Sk b B o Bk AR GE 5. R Gap Light
Analyzer 2.0 (GLA) {4 4b 38 8 A% 55 Hr R
AR, Ll AR GE JT R (COo) L T R
# (LAD . # & B % %t (Transmitted Direct
Light, TDir) . {4 J& (Transmitted Diffused
Light, TDif) 1 & Jt M (Transmitted Total
Light, TTot) & 5 MabsEA RIS Z5.

2.3 RS

f£ CANOCO 4.5 ' >k HI J v XF W 7 #r
(Canonical Correspondence Analysis, CCA) Jj £
I3 BT SEARIAS SEARAEAE o 5 20 AR 68 S 3L
MO IFEE. M RFE R AR A6 HUR OB
BOGH S AN R A S ARG R 0 Bl
ITHRE R P (Monte Carlo Test) , FfiF & e
J2 G 2 R 2 TR AT 2R 3 B 5 SEAR SRRl 2
[ FR)AH 20 R H
K H Statistica 8.0 4t v 3 A4 % 3F JJ A FA A7
R Z B 5 A )2 454 Z 8003 i £ 4T Kruskal-
Wallis CIEZ 40 ANOVA) 7347, K46 K 2 AE
For AR (WA D MEGAAEZESR, JFRHp
ZStE BE M T 2 HHEK.

®1 BREWSHHAE

Table 1 Groups of canopy structure parameters

H MIETTLE /% - T 6 T EHE T R
1 <10.0 (39 <200 (D <50 (4 <3.00 (63) <200 2D
2 10.1 ~15.5 (54) 2.01 ~3.00 (73) 5.1~10.0 (43) 3.01 ~5.00 (34) 2.01 ~3.00 (46)
3 15.6 ~21.5 (12) =3.01 (20) =101 (3) =501 (3) 3.01 ~4.00 (29
4 =216 (2) =4.01 (5

TS ANRET S
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3 ZHEREQWN

3.1 KBRS HEIFE

T 10 000 m (OFE T AT B, 04 Ak
MRILTFE K 47 B 81 J& 143 Fh, Horpigar K 47
B 81JE 143 B, FirAK 12 B 17 )8 17 B 7F 143
g LR, BL A 81 K B Pentaphylacaceae [1) 11

51| K Pentaphylax euryoides F1 Fif 2% 4 Lithocarpus
polystachyus. 5% 3} F} 1) i X Cyclobalanopsis
glauca VL J A1 B9 46 BE 1) M Sk AL BS AT ) RS
Rhododendron cavaleriei }j ft #« F ( WL £ 2) ,
I A I8 A 4 25 Mg R K R 5 1 47 Exbucklandia
tonkinensis F1 M AR 7% BF 0 6 A K w7 F 4 W
Adinandra millettii U\ J¢ £t 79 46 BF 1) 47 B2 (Y
Rhododendron bachii.

%2 BRLBRHEEERB AR RSE

Table 2 Quantitative characteristics of dominant standing trees in Nanling mountain forests

ARG Lkes ZRE/M B/ % PR om BORMAE /om PRI /Mmoo BOOWE /m
HAHVA Pentaphylax euryoides 238 29 8.5+4.02 23 8.9+593 28.9
X Cyclobalanopsis glauca 162 45 6.21+3091 21 9.548.00 62.5
WA 1 A1RY Rhododendron simiarum 161 15 3.8+0.94 7 6.9+3.54 20.0
2LAHEY Rhododendron cavaleriei 109 18 6.71+2.16 12 6.4+2.81 20.1
THZRM Lithocarpus polystachyus 101 18 444122 8 6.11£2.90 15.8
FM Alniphyllum fortunei 4 3 6.8+2.35 9.5 9.5+2.89 13.0
)\ S Hllicium toxicum 3 2 10.3£9.07 20.6 10.0+2.65 12.0
FhSEAR 7 HE Castanopsis fabri 3 3 7.7£0.96 8.7 8.8+ 1.61 10.0
INRAF llex micrococca 3 1 4.6+0.67 5.2 5.84+0.53 6.2
H X Cyclobalanopsis glauca 2 2 19.24+19.5 33 9.54+0.71 10.0

T RPN 2 TS KRG ARG LA

16 17 Rkl Sz, B2 B A B R A
J\ f8 #} lliciaceae ] #F J\
11 Hlicium toxicum. 5¢ 3} £} 1) %7 1% H#E Castanopsis
Sabri 75 K LA K AT R} Aquifoliaceae /)N R AT Tlex
micrococca AT,  HAbAY AT R IE A HEAR
Sassafras tsumu. 618k K2 Tsuga longibracteata.

MR, 45 %2 Michelia foveolata. R FEuyra
Japonica 5. FMN. B\ R, DUEHE. M
VB K 2 Neolitsea zeylanica. 75 X Fll 115 KR J&: 1%
SEARFIRE AL R A . iR EE, ARt
HEAR . B IR )R SR A L s SR /N, 1 EE )\
FHANTT X TR S AR A2 LU g Sr R K, B T AR 32
AL HNARRE LA B3 W42 55 35 S AR AT s A
[T o S i 70 o U 7 N U N S B A
WESEA/, FE b B e B LS S AR R B 2
T, LG ERERMEER 2, MO Rl A

BEREMSIRKIHIRR

HEBR 2 < 5 (W FR, X 84 Bl WA AR HEAT
% J3 5 6k J2 S5 R TR L6 Y (CCAD 23 #T, Z5 R,
VYASHE P Sl RFAEAEL 23 700 24 0.3814 0.207. 0.115 A
0.110, FFAE(E 5 55— SR04 SRl 4 M i S5 R 2
5 (P<0.05 , WHHFERTE (K3 .

Alniphyllum fortunei.
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F3 BHFHAINAE KB
Table 3 Weighted correlation matrix of canonical
correspondence analysis

P He il
1 2 3 4
Pih - HEECR 0381 0207  0.115  0.110
i R 4 L 0739  0.671 0596  0.684
LA 34 52 6.2 7.2
Yl - EECR 43.9 67.7 80.9 93.6
FAT R4 2 A 11.267
I SRR B2 0 0.869
-k P E 0.021 5
P s P AE 0.0107

SEA TR J2 A A 2 B R R Al 2 8] R A OG 23 A
s, o= S SR 1 ORISRl 2 A O
Bk (WK 4, HrP MO T SRS 1 A OC
PESCK (r = 0.685 1), WHIHIFFRECS FAEEH 2 140
KK (r=0.891 8).

*x4
Table 4

MAERERSE SR HAER R
Correlation coefficients of canopy structure
parameters and environmental axis

Ik AMRGEITRE WTEREEL MR R MRREUROE AR EOBR
HEH1 0.685 1 -0.393 3 0.5029 0.3957 0.477 1
IR 2 -0.6615  0.8918 -0.604 1 -0.840 8 07219
REEHI3 0.0857 0.201 1 0.2452 0.137 6 0.207 6
s 4 02892 0.0010 0.023 7 -0.266 8 -0.096 5




62 BUNE, 55 R AR R SR 2 BRI AR

% 5 34

ek J2 4 K 5 SR IR CCA i HE P — 0%
W NEA G A 5 5 J2= 2 K 5% S 34T — e AT (L
B o B s B AR SRR, AN
R SACRA TR BE, i A7 Hi Sk (118 AR TS =
SR, WK ITR T AR %S R S S 5
At sy, i Sk K PEACRMSMER KN, #i sk
M 2 55 HE P il 1) S A R ek J2 AR 2 K0 ) Al
INEEPS RPN PPV PN IEE EPS X PN
Foft s 55 ek J2= G5 2 B0 5 S S [R) e R ST AR R SR

B—Z R R TT 1) AR AR . N 1 IR TT &
SEARFE S =B R AR 2 Had, Xy
TR SR BB /IS ARTEE T K (1 76 2= 54 LA S AR
FOLRALRI O A EE, TAE . DUZ R Al
B> HE Mg, JCHAE— G IR A fie D e it
X 7 P T B R MRORE T BE /DN 1) ek = 4 4
PARAR R JE I ALSS MDE A ST . 4553 4 o]
Ji1s TR B R T8 5 AR 23 A1 AR SR R AR
NED] o

ALCH, B T#; ARHY, EEEAR; ALFO, #3#MH; RHCH, #IEHHY: EXTO, KA LEifi; ERKU, ZRJ7#T; ILPU, 47 ILTO, 2¢/\ffi;
ELDE, #L¥E; SYRA, ZJEiliifl; EUDI, —%|M#; GYCH, AEE3%; GYCH, 7575% 87 : FOHO, #tEAf; CATI, #¥%; COWI, Sk, RHKW,
TTZAEEY; PIKW, | ZF; HAVI, | &KFHNES; EUMA, A%, CAFAR, Z0i5¥%; MATH, £04#; MEOL, Z0f%%&; SLSI, JE¥ki; RHSI, MkHLAY;
TEGY, &} #; DAOL, JEJZHH; ENRO, #ifd; CIPO, 3#%#; LOCH, M A; CECI, fxWH:; ALTR, {LFifEAR; MIFO, &M & %; PALO, 'KAHL
HPEAR 22 EUJA, #K; CALA, JEfi¥s; ACFA, ¥ iFH:; CAFAB, Z'V##E; DIST, h#iZ: EUTR, EAHF; MAMO, EFEAME; CACA, Kk
PHBO, [##f; NEZE, FFWHiA3E; MAPA, IfEiH#k; CETE, #M#; CYGL, #KX; ELJA, HAHLTE, MAYU, JLEAM%; LICU, Il 15 ELSY, 1l
FL¥%; ENFE, M3ifd; MIMA, RIIE%; RHBA, FEEFLHY; LIGL, fi#k; SCRE, Btk Afi7; ITCH, Ufil; FALO, /K#NX; ZUU, fR%; LIPO,
ftZeH; CAEY, fith#; ILRO, #k47; HERE, WkiLJEiR; VABR, SifA%; PEEU, fi%AK; DEHO, F#EVUIEIE; ERFR, FIEMbA; ILMI, /DRATE:
NEAU, #iAKZ; LICO, MH}M; RHCA, ftLHY; ADMI, #¥ffil; TOSU, #F¥ff; DIKA, Bffli; EUJA, BPfSHs; LISY, flin|4H; MAPHO, fifin|4i;
HYPA, [A#EZ5Ek; RHFO, =#ikLAY; PHSE, #A; CICA, Fiff; MESQ, Fimififedf; TSLO, KA#kAZ; LIEL, KMAZE

B1 BEESHSIIARETEIN

Fig.1 Canonical correspondence analysis between canopy structure factors and common standing trees
g (24D .
332 MEBUERSIIARZ R R

SEAR 22 A W T AR S B o) 41 AR R T ) O S
ABZFE (P> 0.05) (WFES , fErMmAE
Oy 2.01 ~ 3.00 f v [l py ik B0 L 2
B) 5 g (4 Y L P g, W
WY R I T AR el A MROR B G, TTRE R G
SENARO L W RAE R G SRl 7 N 5 =0 1
JERUIR I3 25 A o A5 W 1T B 8 BOPE 38 KA 1 7
MR eSS, MR IOt S R, 2R g
Wi ) A K

33 BESHMEIARZERNXAR

33.1 WMEIFESIIAZERX R

B PINER 22 B 5 1% N R 22 BE AR MR T 4y 4
AAENAKZERAEZE (P> 0.05) , HELAKLE
TEMRTRE T 43 1A% S5t (] 1 22 57 B 2 (P << 0.05) (L
K5 o WIMARZEAMEIFE 10.1 ~ 15.5 ()55
LN I B Bk, GG B/, 1 B A 1
R KAy MRS BOE A AR R A K
i A 22 JE AE AN [7) 3 41T 1) AR 4K 34 R G ST R AH
L, FEMGETFE 10.1 ~ 155 I &Rk, HHE
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%5 TR 5 AKBKruskal-Wallis5> 47
Table 5 Kruskal-Wallis analysis of standing trees with
canopy structure parameters
SEAR ALK FiNLA

Hfi Pfi H{Y P{i HM P
MEIFE 22923 05140 2.8289 0.4188 7.7600 0.020 7
AR 2.6615 02643 2.8670 0.2385 0.9671 0.6166
WRHEHYE 13055 05206 1.4614 04816 0.5120 0.774 1
MFHUHE 97714 0.0206 103888 0.0155 2.6880 0.4423
MR EJEM 14357 04878 1.6005 0.4482 0.6684 0.7159

i H

333 MTEMEIARZERRR
M Kruskal-Wallis 73 #7945 KRG, B ILARZ

JiE 5 3% 3R 22 FE XA AR ORI 23 4 AR 5 JR) 22
FiFE (P<0.05 , MY ARZEAKRTIR A
AR ZEFHAEZE (P> 005 (WES5 . H
Kl 2 (D) w4, SLAKRZ FEREAE AR B G I o8
LB R S TSR R SLOR £ I AE
PR B 2.01 ~ 3.00 Ff50 F P9 FIAEAR R ELAHG
< 3MVEHENERIE R, M ARZERNER S
TEOLARF R SLR 2 B B A0 R LR 2
FEZERR R RO < 5 F15.01 ~ 10.00 11130 [l A 2
RK, 7= 10.01 WG HIA B Wb (WK 2 C, D,
E) , FESLARNIZEA T SO6I 5.01 ~ 10.00 55
PAK BIEAE, Py Sk o

2 UARZEXEREHSET RN

Fig.2 Responses of standing trees to canopy grouping variables

4 HHiLSitiE

41 MHEREHEIRERTERZAEME A
i N

MR M E DS E A, e 2 i
BURECT BER AR B m U, i B 50k
& A R %) (Photosynthetically Active Radiation,
PAR) MK A&V, Jo& A 205 5 5% i 45 B
R 4 R TS B AR A0 1) 23 At o R A U IR T o
RELW], AR 2= MR PR 35 2 52 Wi 1 #E Betula
platyphylla FEEZR (8] 73 AT RS Jey R > T EE R A, A
Fofi 1) 55 4 AN i R M DX 52 SR 40 A, 7 T) 56 4+ K
FU X SR AT ABFFTR B, A dR £
55 LG RE Ny B PR Bl 2 B IEAH DG, HAH GV
K, Ut BT AR TR BN SEAR ) A M B K R
AR S AR T HADE. ARG B2 1
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K, TR EROC, AR ORI A RE T,
WY AR AR B I S AR e B A R
oA

42 MEFEZMWHII AR RS E

Rl AT B S RS X R85 TR 5 4 21
H AR H P Mg R B 45, Sprintsin 25 PV 1
WEFT RN, FRORETTRE RIS %5 B CRA R 7 9 (1)
MARECR) 2EENLEIEME R = 0.96). fEM
TEEIFREA 53% INF, TS FEIR B KA . B i BEAY
PRI, B T BRI HUfe SRS R I 2,
PERERE R A, U IR e T B AR IR AR KA —
SE RGN . ARFES A 7R, WK 2 AR
FFE AR ZE R B (P <0.05) , Uik
Jek T BEXT G LR TE i e 22 FE A RE W RO T B2
MM IS ARG, vl Red i 2 Ak Tk
e AR K
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BUNE, 55 R AR R SR 2 BRI AR

% 5 34

43 MTABEHMIKSEFINEE

S R AL A K B ARSI, AR
FUEE TR WK T B G HARR BUR DGR LA 2 B
SR o NI 2 EREAR T TR ' 1R 1 5 1 9k 2> »
BRI 2 85 LR 2 BEAE AR T HUN e 1 7 41
) 22 5 . ATEIUAR ], 4R v U O ) B A< g
s A A OGRER T B, iR A i RO e A
JH 2 L AR A B A S e e e A 2 B, ik —
AU BN G UL AR 2 B MR HA 2
BN ST NER YN [ BRI P N R TP NI RS
SR HEAT O A HT IR B 2006 IRORIR, A4 (1
RIS K AWITLEIR T, AR L LR AR
N LG G 3 S e IE ] T X e T HAR R
TN GO RE 5 MG T RE FLARAR G, MO T EON
MO LA e, AR A ABAT R, AR
SRAB R W VLR 2 SRR R T JSERITAR T B O (142
TR EAA T -

LR EPTIR, BRMBHEE R S5 H IR R R
D), I RURBORIA R T B s AR 1 Ol %
PERETSE AN, JEIE AR I RN 2 )
MR LA 5 MK B e 38 0 SR 2 EAT S
Forh NE R 2 BERE AR T LA e I AR AL H e ] 4
BEE AT B s> AR AOE TR
AR AR R e B A AE AR 20 2, T M AN T
Toft R 40 T ) Foft R 40 P B DG B K 20 B 2R 2R T
THISESAE L, AEWETURRARAEVE Bl Py B 1) 38 4 G
AR R R R R S R A D s R A AN
WL AR PSR R NDH T T, A
(7] 76 J2= & K 25 P b oA o T ) S 4 2 ) B
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4 A1 55 WU P TR A OGP

AR, JRaRsE, kB
(e REXFHRFR, R 7 M 510642)

W . W BTG XT 8 43 HT ( canonical correspondence analysis, CCA) 75 7% F1 Kruskal-Wallis (3E 250 ANOVA) 23247 5 0155 T
T4 R % [ SRR X L B FR AR VARG ST AR 0 A S E I FRYSE R G5 R LM . (1) AR SZA 77 Bk, 208 17 B 25 )& 32
By (2) Mgk R ) R FIE 5 5 AN MU IR 2R A AR XA SR R 0 A SR A B3 2 (P <0.01) , M JE R+
553 ANHE A SR AR SEME O NP AESS 1 HERNSS 2 HE il 0 60 B 0 0 R A 2SR 5 (3) MR XA ST R Z BE W)
BN B MR R ARG ST AR S0 A A 1 B TR

KT MR W T Ve SLIEXT R A0

BRESHEE: 0948 XERERIRAD: A TEHS1671-5470(2013)06-0603-07

Correlation of snags with topographical factors in montane
forests in Nanling National Nature Reserve

DU Wei-jing, SU Zhi-yao, ZHANG Lu
(College of Forestry, South China Agriculture University, Guangzhou, Guangdong 510642, China)
Abstract; By using canonical correspondence analysis (CCA) and Kruskal-Wallis ( nonparametric ANOVA) analysis method, the
relationship between distribution of snags and topographical factors in montane forests in Nanling National Nature Reserve was re-
searched. The results were as follows. (1) 77 stems, 32 species in 25 genera and 17 families of snags were found in the plot. (2)
Elevation, slope grade, slope aspect, slope position and slope shape had significantly integrative effects on distribution of snags ( P
<0.01). Topographical factors had significant correlations with the three axes in CCA plot, and the environmental factors in the
first and second axes reflected the ecological conditions of the community. (3) In the five topographic factors, elevation had signifi-
cant effects on the distribution of snags which was the primary control factor affecting the distribution of snags.

Key words: snags; topographical factor; elevation; canonical correspondence analysis (CCA)

TER IR AEAA AW ZARE VR IR 2 P AT 5 N, MR S RGP B BT 3R 14 ( coarse
woody debris, CWD ) #iolaZ 31 4 52 RS M AR BRMAE S RS0 CWD Ry B2 B 4, 18
HEAS RGN R BRAE R 1o B & 4 AT AR A T i L B 2 sh SR8 A 1 o AR TR
SREXE AR S AR T B BT, W RS b R ) B B AL A B o R 0 O T P PR B 2 — T L
R AR 55 MR A SR s VIR O . MR o b S5 R S 0 - 8 9 7K PR B 3743 19 23 B, o T XA e 7 A
B2 (B 53T, A2 SR bR o3 A FR FIE R 1 B 2 PR . AR o3 A 2R R AIPE TR R A S R Ge sh B Y
HEFE.

[ XAl S7 A B RIS 2 A R A R 56 T A Tl AR, L Sy By FREAR, b 0T U5 24 B 1) 2R bR
B RIS B S35 PR N, DL RS R AR A 25 ZR 8 10 T B8 R ST AR TE ARAR 278 55 07 T
AL FRE T FREEF K L R e T eyt A st gt
(AR RN B VRS 1 UVl N Bl 1) e o - =y 7 N L R PN, /2 o Bl N 0 U
SETRAT R, LUK FEUR AT 7 R PR DG T A g B I P | 2 XU g i P AR 5K LR AR A5 PR S Py
PRARAO B A AR S e AT TSR ) (B T DR T S S A 3 A ) S R T IR S
KR EE2013 -01 16  {EEIH#3:2013 -06 - 11
BB &4 Ml B 508 % 007 4 % 357 B (2011KJCX031-02) .

EER N AL 8 (1987 - ) , &0, LK & FF R 1 oAk £ AL ERBB: gdduweijing@ 163. com. 3 RAF 2 K3 (1973 - ), &, 8l #4%, # +.
HF % 77 1« A Ak £ A % . Email ; zhanglu@ scau. edu. cn.
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Bl = . U LR T ARG A AR o W, 2 R 1 A 0 22 R AR 1 DG S e DX R T R 2R 5 R
Mo PR A E I, 2 AT DR AT R I RR AR PR 18 SR 2o ] K. (ELX g e Pl AR 0 1 AR R DX ¢
I PP S AR A 55 B PR 56 R BT 1 R LA

1 FFEHEER

W IR AR AR U G H AR DR DX (112941 = "113°15" E, 24°39" —28°08" N). L7 A
5.63 Jj hm® & 2344 E il AR MK IR B K A Bl G 1 SRR X (R4 X e AR V4R 200 m, J5 i85 0 (
Gries i ) vk 1902 m, J& Hh LA, 1L 3 — Rl 25° = 50°, Je Al ik 60° LA E. 1k A P9 db—AR ma Ak
], Vb 22 R £15E, JAi ) R IR RY a4 o B AR [RD T S, A T30 18 21 °CL w2 H (1 A ) P8
SR 5 -10 °CL5mHAH (7 Afy) FXAE 22 -29 C Bk 7l , 4R F- 34 7K & 1400 — 2000 mm , B R
EZHENLE3 -8 AUy AEMIXHEE 84% , & WS, H IR 40% ' LXK FRME 35 2R3k 98% LI i
B BRI N 7 AN 29 ABER AN T3 AR E KRR R R MR AR BT 4R
FEEALFH X ( Cyclobalanopsis glauca) % 174k ( Castanopsis fabri) . GfhE ( Castanopsis eyrei ) 2555 3] B} ( Fagace-
ae) B &R Fh L K AR B ( Pinaceae ) B g T 4T # ( Pinus kwangtungensis) 358} ( Theaceae ) B 5 A fif ( Schima
remotiserrata) | 1.5 A} ( Pentaphylacaceae ) T3 A ( Pentaphylax euryoides) ¥l 8% fE B} ( Ericaceae ) B 21 BY
( Rhododendron simiarum) 42558} ( Hamamelidaceae ) K 5 I i fif ( Exbucklandia tonkinensis ) F1HE A ( Loro-
petalum chinensis) "% B & F} ( Styraceae ) 7545 M- (Alniphyllum fortuner) %%.
2 WRFAE
2.1 BUERZE

TELR B B A b, SR FH 3% S e ly URE G, Wk 300 — 1800 m DAAEA JE X i B A . W 4R B T =
100 m B8 1 47K FREH?, 36 16 SRt BEMb IR BT T 19200 m®. 12 FIABIEME T-RE ik, B SRR IS 12
410 m x 10 m FREJy B0, ZEAEAS 10 m x 10 m BEJ5 AT REAC AL, 5 W42 (DBH) = 3 em " Y T A5
SEARBYBAE A8 e R AR AR A B A SRR DBH= 5 em, S EEAMET 2 me AR AR S5 45 L AR AR 1A
T AR BT AL B B S5 AR A R R e AR R 44
2.2 HEETF

FHFFE GPS AR R S THEF SCIRE Ty 1 M BRAR bR VA IR 3 1 S5 U IR 5. [l i H
DA FHY . A b 4K 25 32 Ry 300 — 1800 m, FEHIIE B0 2.5° —58.1°, 43 4 41, 43 i AE 1 4. LIt R
A A5 (0°) MRt J5 1a] i , 3k ) T4 3 SRy A (338° - 22°)  ARJEHE(23° -67°) ARHE(68° —112°) K
B (113° —157°) . FE3(158° —202°) PRI (203° —247°)  PHdl (248° —292°) FnpGdt ik (293° - 337°).
ST LIS B  ALHE 37 e i b3 i SR 0™ P 3 %, A A 1 -3 (% 1).

*1 HWEEFIE

Table 1 ~ Group of topographical factors

WK/ m Werg/(°) | bz 31
1 300 —600(6) 2.5 -14.9 V4 (2) R (10) TH:(6) M(7)
2 700 - 1000(6) 15.0 -34.9 RIBE (9) PNV 3 (14) i (20) F(12)
3 1100 - 1400(14) 35.0 —44.9 A3 (20) PERAPEALE (6) FHE(15) " (22)
4 1500 - 1800(15) 45.0 -58.1 [& 3 (10) U AR AL (11)

2.3 HiEAbIE

K FH HIL3E X7 3 38 ( canonical correspondence analysis, CCA) J7%7E PC-ORD (6.0) A7 /3 Ml 37 A 32
AFIRETE 41 AR ) 20 A RO S S ¥k = BE SRS ey s IEAE S ASHUE BRI AR HLOC &R 7R
HEAT CCA HEFF A FH R EC S A2 X 500 45 B IR B AR s tHE A ThR oAb , P8 85740 B de A 09 O =CHEIY , JF AT 58 4%
KBRS, [R] A 5A b AR B 2 (] AR SR R I AR B SRl 37 AR Fh S HE 2 (] i AR OC 22 %R

K H] Statistica 8.0 FAEXIAG ST AR Z AN F 5 BE 28D A~ HJE K 19 AH S& A 43901l 647 Kruskal-Wallis (F
SR ANOVA) 7381 Ko ili sy R Z R 5 RS i A m e A EER P HEF B E T2 H
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HA.
3 FERE59H
3.1 HSTARHRER

R L R0 1 SR AP X 1.92 han® (725 BE L I 75 504 R R 77 B AR T 17 R 25 R 32 F (%
2) . AR MBS S B TG AR} & 7 BH(Aquifoliaceae ) | RiBH( Lauraceae ) 35}, 7 - BHE N
IS LB G B T R h TS50 BHI A3 TR 6 . A4 B 92K 2477
SRR (Pentaphylax) JE 25 H 11, BUAE T ASKRED7  , JUCRME IR ( Castanopsis ) - T A S A BORR R
L LR IIARH FIIA 2RI B TR 4 2 LRI A I IR Cupressaceae ) YA ( Fokienia
hodginsii) A TFRHIGBRATT (llex rotunda) KRHRHLHNE A ( Machilus robusta ) 4 3. 4LIUFN K L T 51 AR
VR 1A

K2 BB HRREERHIARNHFAN

Table 2 Species composition of standing dead trees of the montane forests in Nanling

4 R4 4 YRR 2 FEITEL

73| B} Fagaceae )& Castanopsis WIRHE Castanopsis fabri CAFA 7 6
Fithi# Castanopsis eyrei CAEY 2 1

i Castanopsis fissa CAFI 1 1

HXJ&E Cyclobalanopsis H X Cyclobalanopsis glauca CYGL 2 2

)& Lithocarpus B [T X Cyclobalanopsis hui CYHU 1 1

HR=-#] Lithocarpus corneus LICO 2 1

FHAHN AR} Pentaphylacaceae FINAKJE Pentaphylax FLFHNAK Pentaphylax euryoides PEEU 11 7
ZFH R} Aquifoliaceae KB llex BT Ilex rotunda ILRO 4 1
INRLSE Tlex micrococca 1ILMI 3 1

158} Lauraceae 148 Machilus HUHAE R Machilus robusta MARO 4 2
HEARJE Sassafras &R Sassafras tsumu SATS 1 1

FiAKZEE Neolitsea W HT AR 22 Neolitsea zeylanica NEZE 1 1

B2 Neolitsea aurata NEAU 1 1

A8 4R} Ericaceae B8 46 )8 Rhododendron A BEFEHS Rhododendron bachii RHBA 3 1
A FEEYS Rhododendron cavaleriei RHCA 2 2

AL HY Rhododendron simiarum RHSI 1 1

#AE} Pinaceae MA@ Pinus ARG FLEMHS Pinus kwangtungensis PIKW 3 2
WMAZIE Tsuga KAL8:42 Tsuga longibracteata TSLO 3 3

4 BERL Styraceae FtmM & Alniphyllum IimM Alniphyllum fortunei ALFO 4 3
F%} Cupressaceae tEEME Fokienia TR M Fokienia hodginsii FOHO 4 3
J\fAF} llliciaceae NSl & Hlicium B /\ff lllicium toxicum ILTO 3 2
P& IR Myrtaceae Witk)E Syzygium TR B Syzygium buxifolium SYBU 3 1
FLIR} Elaeocarpaceae L8 Elaeocarpus H A AL Elaeocarpus japonicus ELJA 2 2
Z5F} Theaceae & Euyra A Euyra japonica EUJA 1 1
KFT)E Schima Bt Afaf Schima remotiserrata SCRE 1 1

A 22 R} Magnoliaceae E5 )@ Michelia 4% Michelia foveolata MIFO 1 1
KREJE Manglietia FLIR A& Manglietia yuyanensis MAYU 1 1

R Z=#} Rhamnaceae WF Ziziphus AL Ziziphus jujuba Z1JU 1 1
HHLE Hovenia FAH Hovenia acerba HOAC 1 1

42545 F Hamamelidaceae WA JE Loropetalum WA Loropetalum chinensis LOCH 1 1
WA R} Aceraceae g Acer FHVEW Acer davidii ACDA 1 1
Rl Rosaceae )& Photinia Bk Fi il Photinia prunifolia PHPR 1 1

3.2 MEEFHIAS RN

R CCA J7 L RERE A [F)—HE PP 18] L BRI R S PR I T 105G & 2 A AR 38 B ) 2 9 L
AR REHET 7 1. B LU b ZR AR V5 Al S AR 5 IR (K1 1) CCA Ik rp 3 A HE Y Jib 1) 1l AR AL 23531
0.952.,0.909 1 0.800 , #f Al sz A5 FREE K - 3 ASHEF Bl A9 AHSC R K050 0.981,0.968 F10.912, HAF
MEELANARG SEAFIRE 55 PRI R A A OC 3R B0 3 529 R B G50, P B o 0.01, BEEAHEF RCRBEAE. 5 A
WEEN 5 3 DN R FIREE (AR SC R (3% 3) . WA R BE S 50 1 HE S i (9 TE AR S PR e, 34 IR
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w4k

2B B fe N SO 1 HEFF R A D RN, FOC R B - 0.094. B S 1e) 55 2 HEFR il 5
TOARSE, B S-S50 2 HEP A2 IEAR DG, 55505 1 HEP SIS 2 HEFP A b, bR T 3805 528 3 HEP A
SR B SCHESD , HoR OB 7555 3 HERP R AR OCHERSS . BERHER | HERNSE 2 HEFeih S 3R 79 56 &
U2 3 HEFP il S PRI T A5G R 3 WO DN 72 1 A 56 2 HEFr il 0 (7 1 U A S A 2

®3 HEEFSHEFHUARKMEEFZE

HItEX R H

Table 3 Correlation coefficients of topographic factors and axes

951 952 o953 %73 e I ] e fir b3i2
Wk 0.896 0.148 0.184 1
R -0.094 -0.619 -0.517 0.039 1
i 7] 0.405 -0.391 -0.260 0.205 0.307 1
e 0.721 0.524 -0.275 0.648 0.031 -0.044 1
WY 0.409 0.487 -0.016 0.553 -0.009 0.077 0.791 1

TE S DIREE R Wk 5 A SO AR A 26 B i LE AR SCNE , 3508 55 39 0] SR B AR S, T3 A7 5
TEARLAT BGR A IEAR SR, Bl LB BRAREER AL LA 5 HE N 719 CCA —4EHEFP IR BLAF A BE 1 32 i
AFEA AT S S ADIREL I T ARG [ 1 iR SO BLRAREA LA FIZE (PR RS I3 2) , SER
JEF N MU I 7 S5 A ST AR RD I AR S, S0 B8 15 S22 R RS 7 8 3 7 Al 37 A 26 5 M IR 7 9 4 5
P 32 ARESL ARSI 1 HEP 5 AT LURE A PIRIE, — 200 T4 1 P 20, 53— F 2 4R v
THEF A0, ZBL S PR PERASCARFAE. 25 1 HEF 3l Z2 00 (4 54 ( Hovenia acerba)) TR ( Ziziphus
Jujube) HEA T X ( Cyclobalanopsis hui ) 554 57 A 22 v A b, 2273 A A IR T4 L0 M iy ELRE 2
N AT R 22 D R SRRl B8 T AR A7 NIRRT (lex micrococea) 55 FE Bl AR R B8 A1, HoAR 1) B
FEAREE P20 1 HE P Bl . /N RATT FRaz M2 o0 A T4 1 HE AilA M v -9l — 38 3 A B 1) g
T 5 e YR 22 R BOR, SR MR

Bam
3l

FANIV)
PHPR o *a

-

CAFI, ,

%5 1m. NEAU

LM
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r A
CYGL
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a Lico
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Liﬁz AL
A g0
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Fig. 1 Canonical correspondence analyses between snags and topographic factors
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3.3 FHILARS T X M A E F 6 i K
3.3.1 ALK xR BT e ALK F4 HIASHRETFH Kruskal-Wallis 547
gr?—‘(/_‘ ?ﬁﬁj}'éﬂ E [lﬂ %#*&ﬁ £ ( P <0.01 ) Table 4  Kruskal-Wallis analysis of snags and topographic factor

(%4), ZHEHEIE—PFKN,300 - 600 m HEK Lfis e
Bef SEAA M 55 1100 — 1400 m 3K Bt (1) i f PiH i i
AR ZEZR(P<0.05), MELHIKEMHZ (357 11.4399 0.0096 6.2228 0.1013
\ . , e . )i 4.0289 0.2584 2.0577 0.5605
AL A A5 AT & 292 5% (P > 0.05) - L A I [m] 6.3181 0.0971 5.2298 0.1557

1Y 22 JiE Bl 5 VAR 1) T e T 18 K, 1100 — 1400 m 4 Yifir 2.3396 0.3104 0.8549 0.6522
SRFR A (8 2A) . K7 A F B AR g SR A i WOE 1.6393 0.4406 4.5210 0.1043
A BEMEZE R (P >0.05) , 78 1100 — 1400 m R B Bl RAE (E 2A) , X SHG 7 KR 2 8 & R aHA
XF . I TT WL TR G ST AR 22 BE 23 A W52 M B, XAk S AR =5 & B 2 I /).

4 A O%E BEER 4
3 3
i
1 1
300-600 m 700-1000 m 1100-1400 m 1500-1800 m
BRSA
4 B Ox% BEEE 4
3 3
i e R
1 1
SR FBEIR 23 537
BESA
4 C O = E¥-;3 14
3 43
0 1 Il 1 0
MK o & i ik &kl e A FR Ik
S qnpig:il
‘3‘ BEEE 4
3
= .-
| BN A
0 0
ﬁﬁﬁﬁ
4 E OxE BEEE 4
3 3
= =
2 B
Hlw T B BE
0 L A 0
L] ik
b § %

A RS A4 7321788 R R O 5 B Al SE A SBRE S 2H AR B R R N 5 C. R S ARG 38 1) o L2 i 4 D R 5
D R SE ARS8 0 4L S (R R 5 1. Al 37 AR S S A e
B2 #sAX R E T 5 H T E R R
Fig.2 Response of snags to topography grouping variables
3.3.2 RESL AR YE E T B Al LA 22 100K B AR B Ay AL AT — 2 22 5 H2E R
WE(P>0.05) (£ 4). 2B FE BERF-EEHARE QI AR IR B A (B 2B) | 53X ] GE= T S0
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K IR TR ™ H , MOK [B] 52 G 500
3.3.3 AESL AR AT X E E T A BEE IR R AR Wi SR 2 E A E WA —E =S, [HA A
RZRE FEEE N HERRZRFARE(P>0.05) (£ 4). Misr K2R EFB{E7ETT 3
FNVG b3 8 2 Fe KAEL (W] 2C) . Bt & 3% 1) DN AR 38 (m) U35 00 788 A, Ak 7 AR 118 22 S S 18 i, 6 P 35 38 31 e K,
XA e AR 1] (A0 B KR R AR 25 R k.
3.3.4 MR X WALE T N BEESA BT A REY 2 R K (B SR 2 AR
oA A 22 5 AR 3 (P >0.05) (32 4) . AhSr AR Z BRI =F & BE 37 T W7k B i KAEL (& 2D).
3.3.5 LA A A F R A RS R 2 B RS E ARG K HAG SR 2 FE AR SY
AR R 22 AN (P >0.05) (52 3) . Al A 22 58 f KA BRAE ™ 3, 1 =F 8 B B R B 7E 3%
(E2E).
4 INESHE
41 HIKRSHEBEHBEENXR

VRS Rl AR R pe B MR 1 R O R R v R R (B
WFFEHE W b 32 5 B 5 9 4R 6 3 52 1AM OC B W b R R R BE I IR A TR A W] A AL STk
[8,22,23 | WHF5E 45 SR 2R BHAG N7 AR B9 0 A1 5 i R0 BE A G, AR SRl e I 7 K 22 J3E i A Vi 3 1) b T T 3
IO 2A) ST AR L BEAE R /3 478 i E] 25 57 B35 (P < 0.01) , 4% SR 5 ) i a2t i i 250 fg e
GG AT (A LA T & FEEMG R o A R A 22 5 RN 35 (P > 0.05) . BERR B T, AR BE | B 45
KRG F &AW EARA L, SRR T AR BT U RIS AR AR A I i R AR AR Ak
CWD R —E BBt 5. BEVE L5 H A b o AR Y5 55 A 7] BE /2 5 20 CWD Wi ifE 4k 16 B2 AR
I EE A T
42 HMKRSHEHMEEFHXER

TSR A ST A 4 2375 52 M I DR - 14 5 o dg 25051220 SR = 452 0 CWD 430 A 52 3% B 31k ) 14 5%
M, 2B KAR ) CWD 704 T 15° = 25° 3t b A CWD (oA th 2 TR m  pa b S H AR
Wi, ASHIFSE 45 BB ST AR S RN, 50 22 BFSE A B0 B 5 X GFFE" F Rubino et
al P BFT 2 BARAT. M TF PR3 g b 5 aek RS R - S K P SR A A IEC , HOE R T RE X CWD R
JE LG R MRS, T CWD Bt 20 A 52 i 58 /0N, BRI IE , T PR 6Tty 37 A i 42 2 8 1) 5 ) A 1o i —
S,

ZE LTRSS ST A0 B R R AL FE B TR 7 RER Ay | - 3 A v i WA gH Rl R e I, 35
T I S5 e W RN AR AR W TR . AT 5 435 S 3% WV R0 88 2 A 37 AR 40 A1 19 8 R IR, i M (R 7
(BEBE P ] BEIE ) XAG 7 ARG Ai B2 M 8 /0N, 33X AT BE 592 0F 5 b i 4 i 28 B A v o DA R AR
YA &, ARt —rae.

&% ik
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B ERAE T SHIEERIE

1 SEE

AFRHERNE T 40754 (Excoecaria cochinchinensis Lour.) ARG &« THAH M. SR SRy 2 i sk
HARER,
AFRAEE T 4085 RE R i AR A P2 5 [ AR SR AL R 8

2 MetsIRAxH

T HNSCAESF T A SRR A AR D FURE B IR 51 S, AUFTE B IS IE AT A
AFe FLEAEBAM SISO, HEFRA CBEFTA SR @SR FA .

CUT 23 I TiT el Ak v [ & P B A A

LY/T 1000 F#EHHEAR

31 ABRETEEE
3.1.1 BHEAR

WHA: TYAAB WA, WREREALS ., WERMAT . B2 NEEIR. BAARSESR
KR F AR SR A% LY/T 1000 $447 .

3.1.2 EHR

B+ B O AN 3%~ 5% i IS IR ES AR 2L 5T, 1A% . FEFTHART— R 0.5%11
e Bl B A ZK VA VRUEEAT HE S5 B

3.1.3 15fE

W AR RAF IR AR A A%, U 8 em~10 em fEJusdiil; flREY) 0 _EP R
BN AR, BYNERM A, BimEE 1A ~2 A

3.1.4 A

AT SEH] 0.05%IK LK) ABT A=A 0. 193K FE AIMG| Wk £ IR 87 0.29%ik L 1) 2% LIRS AH ) B K 4
AR (Z32em K R 6 h LAE, S5 SR BEIHE T4 7 BAE T . FHEIRE 3 em~5 cm.

3.2 HmKITwEE
3.2.1 B

R FAHBEE, fERK- 8 m~10m. % 0.8 m~1.0m, L% —2 15 cm~20 cm [Fia b akim YR
A, BEREENTER, A8 30 cm~40 cm % 1 LAFPiE .

3.2.2 11iH
TRAEFNFF AR 2R % 3.1.3 3.1.4 PAT, H, WIRFFERIMRATEE 5 cmX 10 cm.
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3.2.3 ERER

ffabeiEK, B LY 80 cm KB ERREM. (REFHINIESE 20°C~25°C, AHXIRSE 80%~
85%. I FIRN R LIEAHED . Tl E T A S UKBHER 1 K~2 X 1000 5B Z W R . wAER
J&, REE LRI DUE KO, & 10 d~15 d Mt 0.1%I1 R 2 AR ER — S AE .

3.2.4 #BH

Wi 15 om ZE AR, ERIFEE AR R4S AR 301 IR, BT 3.1.2 FiEl. MR
MR NAE R BREAT: B RADR B R AVE R AR A E IR HlkiE K, RBAEJR ik — UCEMRK: B4
AMPHEREEE > oo fibie Pt vy, MR/ o s, REFRAREE, AR 10k, BETESTR,
Ve T AR, W ARSI AT (PR KESEE R LG, RN LME-TF) « BAFRNPIILES
MR ERAEERE, BE R A, S AN

3.3 HmEpEE
3.3.1 KkpEHE

PRI 47T B A2 A8 T 5 o B AL 08 Th BT A G SR K b 7 o 2R, — A
TEERA . MebeK. HE, HERMHAERGEIK I, BRI 2 d~3 d KR A5 1E e RH A
ZH W T BRG EE

3.3.2 BAEELR
ANERE R A KA E BUA A T AR AR, KR S B H W 1 IR~2 IR 1% ~2% I E A E.
3.3.3 HiEE
ERE— BN E], ST E RS, DL G 2 AR R ST RS H S AT H
3.4 HEAHE
3.4.1 REEX
3.4.1.1 HEWEEER

ERRAERIER, SRS AR, GEIER, ot TR GmmRE, THRD, &4
T,

3.4.1.2 FRENR
PARTHS . A2 B A R BV RIR 7 Rdahs, LRSS N 2 DEESR, BEf iR L& 1.
3.4.2 H[E

B 1T 2007 B R SR T T R R A S P AR 58, 70 S, 1)
e A IOME R, ARG, AR RN, T AN B M s, REARN.
R TREN, RN AR WRGHR. ST % A, s, 5%, Ko MR s,

®1 EARREFR

e ARG 4% (mm) i (cm) A D
" [ i >455 >215 > 35
FE 1T 33.6~455 14.0~21.5 16~35
e I i >75.0 >32.0 > 60
I 36.0~75.0 19.0~32.0 30~60
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4 ik

4.1 Eih

PR TR, JEBRBRA 258, AN—Z 10 cm £ HERBHLIE, % E 20 cm~30 cm,
BIES 78R A, E G . BRI

4.2 FBtE

—EVUEY A AR, RS R — G PEIE RS, RS LS. ARG,
T e A AN VR A U AR 1 S TT o Gt B RN AE Y AR 43 391 SR FEAS [ 4 7 v 2%
SEE. ARARERATEONT, FREETTSEFH 20 cm~40 cm, 4TFEAN 30 cm~50 cm, XATREEE R =
I XA,
B AR LTS RIS B 45 RImP~50 #R/m?, — AR A R R B 25 BR/m?~35 #R/m?.
4.3 HEEM

AME G, WERK, RIS . WK R s R HEK R 2 B R, AR IERRUKIA
PIRR AR . WPEREIRZLTAE, X AR RS WEGAT R BB B M . T IEIR IR i, L Raxt
Y BCEAT B A BY B ]

4.4 HRBERE
4.4.1 ks

I P X P AR AR AR RR HE AT T M, SR ST AR SR AN, PRI sk e
B, SEORAEARGTYE: FIWHI 50% 2 T R TR AEA 7] 1000 FE R A5 T .

4.4.2 [RiA

LT R LIPS FE R I R RIAR 45 48 U o BIEDWE - MRS T 6594 Rtk mT MK 771 500
ERBTI AL, RS LR dUR R e T AR BE (1 g/m®~1.3 g/m?) FIPILTE(3 g/m>~4.5 gim?) kb,

5 HRERE

% CIIT 23 4T
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DB44/T 1398—2014

F A IMERIRAERARNIE

1 SEHE

AHRUERLE TAERS A MFEBCE . R A . S B 2 S B VAR S5 R EEK
ABRUEG T A S AR LR 7

2 HeEsI A

A SCAE T AR N 2 AN D o PR F RS 1R SO, AT H I RRASE F T A
o MAEATEH B SISO, HEGFRA CREEITA B SR & T A,
DB44/T 552 MMk AE AT

DB44/T 553 xRk Y54 it
3 KiBFMENX

DB44/T 552F1DBA44/T 5537 1 J¢ R HIAVE Rl S H F AR S0

3.1 RIAREH secondary forest

JSURARERN AR, 22 N s BRI AR BIA 2, R N T TP, il AR B K
)RR AR

3.2 #K#B forest physiognomy
ARMRBIANE, TR 2 I B E S O, 2RI 0 MR A 1) T EERRAR A AL R AIE
3.3 JR3Z#k mixed forest

P AN B P~ LA B AL SRR T3 o AT —BRHERR A BT K BRI 2AN A265 96, FLEERS A IN ) 2 1
FREREAAR AR o

3.4 HLEEF dominant species
R LA, BREREEETEAE . IR RO MRS R KRS TER A
] = ] LAAT & B AL A

3.5 #EE£#h constructive species
1
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PERAZ IR, AEMAECR_EA—E S AT (H P T A FR I G AL ARy R A B8 4511
3.6 {4 accompanying species
FEAT LERE P EARAER R T I, AEJE TR E A PR S i AN KR AR 35 Avf o
3.7 EZ{E importance value
BRI FHAEAE I AL R SR B B T bR AN S AT AIRE L R L FR AT
HAE— S $0~300Z [
3.8 MHEE stand density
LR ATIRAY Y W i Ni 7 3¢
3.9 HEMEE vegetation coverage
Mo EPrA RS GRS AR A Eagii A S S AR b, FI100ERR, oA 10,
3.10 % & abundance
TRYIFPAREE o A BT PRI A A BB 8 2
3.11 % EZ abundance class
AR BAT MO RER I E R, — O ATR, WHIRARIRAL
3.12 B RREHM community stratum structure
XA AN R TSR MR, T AR AR R R RO 22 5, & A e R ], 2 I
FIFERER
3.13 EH%EH £ # vertical community structure
AR A8 2 1) R H e B R LR
3.14 EH%KF L4 horizontal community structure
FERET AT B ER DL AT 5y, T BRI IR A B iR
3.15 FFAKJZ tree layer
AR R R TR AR S A B iR, R 2 AR R BR T T, fE3 mLd B
3.16 JEKZ shrub layer
REFTARIZZN, HEAR BN LER AR BITEA R 5 A G AIE R RSP TR A o
3.17 EZKZ herbaceous layer
ANHA LA 2R R AR 2
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3.18 [Z[EEH/Z inter-stratum plant layer
R ) LR RIE AR, B A BB G A L STARAR IO AN R AL,  F bk A — AN JIURR SR IR

=

3.19 B EHIKE mosses and lichens layer

I AT RRARPY BT SRR (RO B R R e A by s i AT ARE S AR AL
3.20 AEZSXREEX ecotone

PEASAT DR AT R DX A AR Ty, A P sl AN A2y 2 () (v 2 1)) (Rl 2 X Ik
AR RE S 2 AT — AR SO, PSS R BRI 2 ) P FEAS R 2 TR A7 AR AT B X
3.21 #METE measurable diameter

TEMRY BAR DR AT N, B f A R fe /D A (B A) SR A A A CR A 4B (18
figte (EAE) 1R BRAE .
3.22 HasEmEFE basal area, cross-sectional area at breast height

AR LA AR5 )R v AL PR R T A
3.23 #i5 tree height

PR A, RISZA AR R 2504 0 AR i ) DR 12
3.24 T branching height

PR s e b £ v L o
3.25 HAKIFAZE tree tally, tree census

25 VI AR PR 73 B v P AR ARAS A T8 R A A 00, 00 A A P B A s R v T
R s JFCE A R AR E D o A D nT RS TR A H AN RO 1 1
3.26 E/E1EY) canopy plants

Ja TRRMEEE MR (R TR R KHEA .
3.27 #THEHD understory plant

Ji T AR ML 22T T AR AT AT I SRR
3.28 B EEFH community regeneration

TR R ANASE T )R R H IR — PR SO [R5 R R AR FRDBT AR BT AR R, R 1R B A2
ML FRINE A A A o BT SEOBT R IRV A AR R A R DA 3%

3
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3.29 EH%IEE community succession
Ta— e ML BN PRI ol — NI R IR o — N R I e
3.30 E#ZE canopy tree layer
DB BT T AR Y
3.31 J&EER succession layer
MR NV AR BRI L AL, S A R AN RIS B

3.32 EE#fIZ regeneration layer

PR FEI T mys Ak T L S AR AR 2
3.33 ZIRIFE

FRAEFLTH AT FARAR > i — B B S 1, TR SRR DU R R o e A m] D Rz ik A
BEESMA G, IR, SRl & i 8o th ] 0 RS 2 ad MR T 58 PEAN 2 & AT AP

4 HHIRE

4.1 FEHbIESF

TR A AL b, R BAARME . PE . MR b B R, AT REBE IR . TE K
Mk, [N T

4.2 BUHFER

DU FRPEAN A H FR RE - 8 A e NGRE AR B B A TA4K0.27 hm?, BAANFEHB 900 m?, K4R
#£0.36 hm?, BANEEHLTIAR1200 m?. DARIFST MR ZE A H AR 00 AN RE i 7 i D EUCRE T AR Bk 2. N TR
0.5 hm?, KAR#k1 hm?,

4.3 MRS RE

FEHL B N IE T TR ERKTT T, 1K 10 mI A58, Kebr i 43 2410 mx 10 mr AR &R 14 7 84T 55
APE . AERE10 mx10 miAE )T 341 mx D miR /NS, BEAT AR AR A R 2R SRR T

5 #HIAE

51 8KAE

5.1.1 KENE
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A5 FEY RO A 29 B3 1.3 mys FEAR AR B AR JiAe < 5 emiBISl i AIghb, AE bR R R
W, WEADRSFRI0.L em, IEANEARMER (RRAMREA 2) .
5.1.2 i

AR 60 BT R R, 4 “ RS R KT AT R, ORSHEI0.1 m, SO AEEAR
AR (HFAIRA 2) .
5.1.3 WElE

FHIN s ook RS, RS EI0.5 m, DA ARRER (FERARIEA 2)
5.1.4 KTSME

FHI s SO RS, RS EI0.5 m, I ARERIFER (FERAMRA 2) .
5.2 MTEYIAE

FEREAS Tmox Lm (F/NEETT P, 3R SRR FEARIKIRIZE . RO 51 s I C SR S AR A 1K)
e MHORI R B2, W ANMETT AR (B A IR AL 3)
5.3 BHEBHIAE

5.3.1 9

3

SHENRE. EHEZE. BHE3ZE.
5.3.2 AEBERITE

FERRAS 1 mxL m B NEETT A, 20 2D S R AL R R, X AR S B e (B A 1Y
RAL) . Ui/ INFETT A ARl SR 4l BRI AR AR ES, V5 H SR 40 Ve A G P SO A SR

SERALAE T AU S5
HEA T

x10000

FEJT IR P55

_ AR B RETRL
oy

_ BRI RE T <100
T 2

TOHr . (N/hm?) =

100

SEAFI I S HTE(%)

5 (%)

5.4 MHINERFIHE
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[$)]

4.1 HbFBAEER

FEARFANRE 7 0 s BRI I GPS A S .
5.4.2 MR

bl iR, FERERER 4 R AL .
5.4.3 ik

R R AN, 302/ R LT
5.4.4 i
BRSNS, BLEAER0°,

5.4.5 I
711 & < NN = o I NI 5 [ R NS S VA T T
5.4.6 1iHE
FHIEE TS, R A AR, AR AR A = S T B R B R R
6 HuEEIE
6.1 HKUERA

6.1.1 HEYAEHEFEAN
FEHMY S B A A A S S B R A T g i SR B S N B I
6.1.2 IRERFEIBEBFEAN

RS E R BRI B ARAR L ki 3 3B B SR S R SR N HR I

[=2]

2 HiERE

6.2.1 RXXHKZKE

s N, 2 NI RE i 5F e A T ENRR EAT A2 s s N0 s Nl 0o B S N 2R ik
TIZAE

NS

6.2.2 SCHhiRE

B s N RGP AT B I o Sl B s 1) St 1R AT S A
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7 HIRE)AHE

7.1 HREREE

FeHME I B PTIC R R A S A SR E R I Al R . BRI AR ANVRE TS T A R AN B s T Ak 5%
JEIRAR TR BE B, 2R IRA .

7.2 HTFHEE
T VRN 5 5% A o N B AR S A SRR I A il ek L AR AR . /Ry T
FERN S i I A R S
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Mt X A
CRSETEMIF)
EBRNEMREIAEIEER

RA1 KHRIAEICRE

P IR Hb A
aceh

Fr i JEIX EZi ] 4 JZIR 2 Y

JEIR e % P e s Ut «

FER YA HTRARE(TL, T2, T3) « #EARE (S) MILAE(H):
DRI T .

— %2 AFE SOC, JatipRZE fa il JLT-witEJ7, o5/ 76%~100%:
—H g0dfE COP3, IRMEMIRZ , (A4, 1 51%~75%;
— = gndfE COP2, IRIEMIRZ, #/% 26%~50%;

— 5 PUZdAfE COPL, fRfEMRMIZ, 5/ 6% ~25%;

— S HOCAE SP, IR EEA, 55 1%~5%;

— NG00 lE SO, FRIA AR, 565 <1%;

— B0 E Un, FeFET R 1 FR~2 Fk.
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®A2 BRIRER

BETTITR: m R 43 e
i o) iz BEH
R s A FEIN
B stk 5 m 2. Zh P
WM 2R T
Fu | & | B | e ok CERBO [El OP | B R ik

#il: DBH AEEE] 0.1cm, . BURm JelEksais] 0.5 m.

PR RSO -
RA3 MEHIEER
I 8] b WA
FErs | MEITS i 2 KO | @ L
RA 4 EFRBIRAESR
I A] b idaR A
s | M Fi4 BRI %= B #wiE
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(1T 1
3 55 T 1
2 B R . 1
3 R R R . o 6
e N .3 P 8
B R A R . 10
B R A S T R o 11
L /A 7 AP 12
A e = 14
s A CIRVEPERN ) BB AR H BTl o 16
Bs B CIRVEPER ) S RIE A H Rl oo e 22
I
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ABRERIBE R A Bk B EEdE R R
ABRE B A ML R RHE S X NG AR AL fe
ZS AV S N AE VRN

N ARy R VARG S PR N2 S U

APRHELEEGRAT N JRE5E. FIR. aKBE. BUNVEL BRIDL.
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MAlERS KiE

1 SEHE

AFRAESGE— MUTE T MR A 253 ¥ 9 8 BRI AT SRR TEAE 3o
AARUEIE R T AR S g e B, 208 BRI AhAR DG

2 BRAAXE

2.1 ZEFIEMEGILE—2 the Number One Province in National Mountain
Afforestation

19854F, J"ARAZE. BARBUMER T G intigtk 24, RIGgeAvue) |
P T “CHAHAGRL, TSR S E, AR TR E N 219904, 4
4386, T/Thm> MRS LU [ 2x2he, 199V 5e ey 8 55 Be 4% 7 “ 4= S Ll as AR af AL 28— 44
PIGIRFR T, I T 19934 HE A AL T 44 A K H AR
2.2 WMHE7ZSE Forestry Ecological Province

2004 F, ()T ARMME AR B BRI 2T ARAE BUR IEHEAE ST 2005 4F, JTAREE
BNRBUAER T O Bl 222888 e ), B 7 UAE SO AR IR AT
FRk ReiE s, v AARARRE A O BRI B 1 AE S e A RFEAR R, M LA S5 R
MR R, FEATE LT3 AR R NS HRANEF A A 042 . 3 2020
T, AR AETSE, RWE SRR 60%, FRMEIRSEES 2GS E EE 2003 FERINE
1L F] 18800 1,70, BERTE &1 E LA L AR RARIA M W AE R, SCIAESRE. &
EEA N5 ERFNEAHAL R H 5.
2.3 tRItE7SE  Forestry Ecological County

20034, JTAHABEANRBUNAITEIR T (7 RACEMIAS RS TT %) » IEXE3)
TAFEMO AR TAE. Wk insa R st s s 8 5, RERA R EMTE L. Sk,
TeMEIERERAL, PR E AR A MR R, @ [ R PRI LS n] RS R e AH IS M)
HMAESRS, LI S KIERFNL TR AR HbR. #2005, 4420% /4 1A
B AES BbRHE; 320104, FrHL50 % [ SLIABIMME A& ELARdE: 2120154, J)gr g Bk
AT B AR AR UE
2.4 FERERK afforestation

P B I BB AR A TGS, R E AR AN RIS R RUR AN, kA fE
TEARAMRFNARARINEG (1], WRR AR o i (i AR AS R FLRE R B AR AR A AR AR R SE 1), 0]
FROIEAR
2.5 1B#HHEHK converting farmland to forestland

PR L E I, YA ERERAL . A IR b DL RORR e A I A AR R
M, HIERL AR (R, DRI E S AR L, P R
2.6 4£75%F ecology

WA HAR S H R B SEAH TOC R IR o 202 A LUK 73 A Pl
2.7 HMESZFE forest ecology
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WEFTRAR P TR I Z 8] L TRA T 5 JLAb B2 18], DL A i) A0 R 55 2 TR AH L
KAEBIZER MRS FIBEAS. HEESHRRESREENE.
2.8 tRlEZ forestry ecology

Bl A = FER B BAH G AR A R R L L A ERRIBOR
2.9 IR modern forestry

SRR R R, DUAA T R s R R pol; & AR IREACH: 25 = 2y
i, BABSAT R @K, et i KRR Lt MOl 2 FhDhfe, Wt 2 2R R R IAk
Mo BRACHO Z V11 H b A i 58 32 MO AR SR R . AR R = b AR SR AT S () AR 285 S
k%
2.10 H75%K\M eco—forestry; ecological forestry

R LIRSS U RN TR S TR A MOl R R B SURFIE &I AR A RS
PR BRSO 2B HAH S G, RS &5 AL S RGN E S — 255 W M B
AR TR R R B D R MO AE S A BF R G
2.11 3  urban forestry

IARMA I — A0 3, DUIRSS T DR EREEN B I, XTIk e kA S R4 &
MM ARG I 8 TR &8 5,
2.12 H752HFK non-commercial ecological forest

NP FISGE ARSI, RFFAESPHT, R 2N S 2 NRpE A3+ 7R
KA RRBE R SN F AT RE, FEARMEA RS E APl it sk 55 AR K
2.13 g##Kdl  rural forestry

IR RE SN AU N FEA R, IFEGE 2 FAESIHENUR RS &AM & ETE ) .
2.14 RHE#M farmland forest network

HARARAEDIASSZ VDI, i e Aol AR ICE by, AEARAEYIE DLEH A KK
B, PRERE RS ER 2R ARRIBTRk.
2.15 #HE stand improvement

DASRAR AL AR B 2 BRI T 048 S, I AR MRAE VR A, AR
R AP 2 R A A2 2 S B, PN RS Tt e s N AR kP 2 1K) 7 VA i i AR S D g
L PR, AARKARE AR,
2.16 HE[4tEI zonal vegetation

SRR WIAEE” , Fi7 B K el B AR S AT e sl AR A R A AR A3 A (A )
2.17 #RAHEZTFE forestry ecological engineering

WIS AEATE. RERFESAS TR, 50 AR THIRIR R IE It 4
R SRR P AT I AR ARG A EAK, FAGAIN. Y ) S A e N TIL
BLZh G e A E BN TE G AS RG R
2.18 FRAAEZSIKZE  forestry ecological system

TELRY AT AR AR S R R SRR b, I AL IR, DU 3836 14 Ja Fln] Fe st
RIBERIFFE R, D RIS RS DL i 2R 22 FE I A HARTR MR FAR SOMh H
1), fEETEE N, AR A SERAE R A ST AN R Z IR ANFZKE . AR
BARMAES RS, Al — iR,
2.19 #RAHEZSIEIL  forestry ecological construction

] 388 1 4 JR RN ] 5K ] 4R 8 e (1) 75 2 tH A, AR ORI P (R PR AR A S 44 A=
YIZHEER B A AERNER BRSO B, RIEASY M RS SNe, Wil didEs
WP CLRAE Y A R mdk. BREPANTESAES RS,
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2.20 4753HE ecological civilization

FRNFGEIE N AR AT R X — RO T A5 ) 0 5 R e R R B AT e
AFRANS AR, A5 A ANSHESFE A REERIR. k. FERON AR
TAHACBRTE S o AR SO AT IAT SCHHPIRE AR, R 5 [ AN RIS Tk SC R I J T 1 1 B2
A BB IR, TERAESS SR FNE &R R T
2.21 HX£7SEF ecological factor

WER AN RE A5H AT A A B ESEm IR 2R . oAk
YR REDR
2.22 H75%%L ecological security

Fi5 AN B S sl X ) AR A FA B BSR DL BB A AL S BT R R R, M aa iR
ANZ 852 ok B T B IE AR AP IR R 2 5 P IR
2.23 H7BAEYG ecosystem

71— 22 A L RS A P AR (RIAEIIE VD 5L 2 18] th T AWt E AT 9 o
PEFAFI e SR B R T i e — AR . AR R G AR W) 5 IS 1A EAT e 5 4 e A0 ol
LA T RERAT
2.24 47Tk ecological deterioration

A B A A M 55 BE I R AN IR B (1) 2R . W RN AR YRS =, R )™
BEH e TR, TRl I, LA k>4
2.25 FRAA[3FE AR sustainable forestry development; sustainable forestry

XS RGA IR ILA = )R] B Re T, LGRS RGN R AE S 24
PEASZ BIHUE AT N ML BE B, eI 255 T &5 B A AR, DURIEH Z R )
g, JEHORY LHE, BAAOKI IR, LRSI R LIRSS, BEW 2 M irt S &8sk
JRINTFEE, XA AR 2 H 77 KRBT ARk
2.26 9L stand structure

F&— IR BN BRAREE T PRIl . RE FR0e . IRRE SR I 2R T, e
AR E R b I — DR, @R R R SFr . a9 AMBAIZ Tk
TN ERE R o
2.27 ATI#K artificial forest

FHFEH . FEFD S FHERILAR SR N T8 & AR
2.28 XRAX¥K natural forest

REEN N8 T SR AT R ) SR PRI R AR I AE AR
2.29 F##K timber forest

DINE SV vy = E R T OF o7 /1Y 7 NP ] NG SV v B S E R R 7
2.30 IMHENELZEMHR subtropical monsoon evergreen broadleaved forest

A BT 2 S DX TR R s PR AR RS A, R Ry (L Bh, ARZERE FiRk+#t
J\HARE G2tk Bkl 7R SR AL %, MY R 5, BRgmEk .
2.31 AT WTEMR montane elfin woodland

3 AT T DX 3 v o A L L T ) DA A AR R R AR ) AR o T r 0 TR X 2 A
ORI ATTE ARG X SIS A 0410
2.32 2%k economic forest; cash crop forest

LA S BHRk. Yok, R T JFURMRN 2584 45 g =2 H IRy
2.33 % xFiF indigenous tree species; native tree species

b AR A P OCFATh SRR, T SCI) 2 R R 12 A2 Iy P AR B B i A A H A )
X FR S T TR AR R
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2.34 EFHK fuelwood forest

DLAE P2 30 A RN BORE A 32 2 H (1) B TR AR ARFIEA KR
2.35 JktiEk soil and water erosion

EKFAET, TR, Mus Myt AN TR . 2 BARIREST, gl BRI &
SRR M BRI 218, W5 TR s B AL T AP EPIRES .
2.36 EFEGHRSE  ecosystem services

B RGG ESIREIIE ERF 0 NS LUAE AR FAR PR 5280 MU A
FAUE T B dh R IR P AT B RL, G S YRy T HUERAEa SCRE RS, TR T AR
AL LT IR EE S
2.37 Spk#gFh alien species

LY N R/ (TN Pl SN E /el A T 73 o AN se < e el ML /Ll
2.38 HSPFEANREF alien invasive species

5T NS Sh O AN fig AR I60BK 11 2% [H) B A 3 NS R G (PRl 5 il FAR B
TARRG T E ), FFrl FATERAY G 1 HA Y AR S RSSO T 2 O
L/EEIR
2.39 KMEELZE: EaKMI,; KA agroforestry

FEF— T H A BRI b, A WS 2 AR (TR, R, B3R, 1185 5
LRI Y) CWCRAEY) . Z5HAEY) . S0 MY L RS A (B BhWie s 0] L elds—
€ I P e HEAE — i AT PR LR AR RS 256
2.40 F#X#KA community forestry; social forestry

REERAE 222 P B A R o R DA DROR O 4k, 3% “ | R B gy, DA
Wz 5 0%, DAL A ZIE K ARG A7 J7 ORI EN R A B, DAMOE ARG
H T TS SN LA PR EC A 1) 22 MG 38 e o T B — R (R BRAR AT
2.41 5Ktk participatory forestry

Z 50U RIS T s B ARM B b, kA= B S5 MEsh il
PAT R PSR
2.42 HRMHOERZE classified forest management

FEMA e LA R R R A, Fe s AR D e g I 35 & AR AR RIDLR A%
B MO E A, ML T R R A E R I — O R AR A AR R
AP INIRL Y=g
2.43 FHRIKANR forest fire

R B N RS, e B SRy R, AR AR, XM AESIREE AR A
A Py SR — g S RN R B AR A
2.44 FHMEYFNRIBIR forest germplasm resource

DLARAR A=) A 0 S s A Z2 AR PE DU, e dia ol A AR BB AN SZ 0080, HI 240 PR JB A AR
.
2.45 HRMKZREEIE forest management

DUEA ISR 5 RS AL, SEARMRTEIR B ORG FIH S S0 S4T30 B A
.
2.46 FRIKEER forest health

ARMORER B 5 RYEAEAERI T, SELE AR 2 R Ik Dhe RS .
2.47 FHRMRFEEZXK forest coverage

— 5 XA ARAR TR S i S TR 2 B ARARTHT R ELFR AR P BEO. 2L [ TR AR picHb
AR MR TR AR, R AR I R E AR AR BT A . AR AR LA S “DU5% 7 (B 5% . 5% .
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K% 57 MR 25 R . AR 56 200 S W AR AR B U5 1 = 5 R PR AR 2R O )
BRPR . UHE AN MR 155 (%) =ARARIHAR/ TS A X 100%.
2.48 1E¥EEE plant community

TEREE N5, BAA— € PP RhR A s S IL S 85 2 [ b sg . AHE AR, H
HE AN a5, FE—E B AE 5 E RN, JEHREENIRe YL Gk,
2.49 E% succession

—ANEEIE N 7 — AR TR IS R, R S A — AN B IR .
2.50 fiki[ carbon sink

MR B A i A . TS B, S AR S R G MR bR A A R ) g
1o
2.51 fxiR carbon source

ARART 1) KA AR B I P s NS TE Bl e
2.52 Z%tKE#R carbon sequestration by forest

FRMONT A (CO2) B HSORI AT @A o SRR F AN, Yl R A Bk S -1l 1) T 22
BT,
2.53 ME K tropical rain forest

T AT A 22 R HB DX R SRR VR« BEVR SS M 0%, AR R F5 . RIA 42
BRI KA RN AR S RS
2.54 BE4FEMFK evergreen broadleaved forest

P By X IR s AR A, SR DU SR R R 32
2.55 FHEM/NF{E forest microclimate

TERRMRAEHE 52 TE BRI /NS . RARhK . R RER PR R E RS ARIN,
ARARIIGER . HBPAIRE . ARARFIIE . RIS . AR RERECIR I S5 06 & 1R B ke A5 AR K I A A
2.56 JiihkEf% climax community

YRR G — RN, 5 I A DR AT BRUE IS o

2.57 &FE stand volume
R T B A 5 SEAR AR B S FIRRAE AR 43 E A Ho MRor & FE 2 T E R
A,

2.58 HRMEMZHE forest biodiversity

MBS RGP RN L ILB LT R ARG F RO RS RS
PES WFh 2 FEEFE AL 2 PRV =TT T3 e
2.59 2 EPiF  rare and precious tree species

TR EBr AR ORI (TUCN) Bl 5K H s AR B AR A ) 4 o HAT 224 BE B
(RIS Tl
2.60 HBHAIRIPX nature reserve

XA RN AR SRS BWRWIE R A SRR R RAREE h A X L AR s
() AR IB I SR G P A R Bt b il A AR BB I, MR RI TR T LURR IR R4
B X3
2.61 HBHRARP/NX small protected area

HARORA X (P EAR AR 78, B AROR G/ OB AR A B R PETEA B, SRECM L /D
B RALECHEAR A 7 B BTN, DR SRR JRAR MR KURTEAR . KSR, X
KRS SRR, R ES RGM Se Y 2808 B RS X3k
2.62 RMAEZSERLE wetland ecosystem

A1 5 I 22 0 [ P ARG T3 b 1T 2 A7 P 2 4 5 | B A= 4y DAL 0 4 A B A g B sl AH
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HAER . A EARAE A ) — AN AR 22 Dh e AT
2.63 RN E wetland park

DLHA BB R AR S X S22 2 R 00 5OU0h 344, LRt
ARG EHENE L YRR AR A RER AR 2 IR 55 D B AR Al b DA 7e 3 S 440 M 1) 22 Ffr 1)
Resian JFRIBHS BRI AR, nAEARNE . RN BT R E . ST E T
S W X 3
2.64 EFFEZNY wildlife

NUEAFAERAR B HPIRES T, sk TR AR B HR A 1) BAR O R HIN TR B A = AR ik
AR RIS, SR B ARSI B ARSI A R bR e, AEARR . (B
RIS LY BB =R, B REE KA .
2.65 EFHZhiEY wildlife and forest plants

E AR T AR WU — U3 AE A I SRR

3 HMETARS

3.1 HMNRESZRYGE forest ecosystem
LTRSS R A AR AW CRAEE . R ) 2 BE S T AN (R AN g AT
RETACHe . WA PRI R A 3 1) A AR A A PR e 0 B Dl e oA o
3.2 HMESINEMN forest environmental monitoring
X SE DX L Y AR AR AR S RGN R AL | 5 MR D fig S LA & R 55 AT R G0 I FO
SR, I 25 S TR IR G B AR R g, A PR BEE . G
A SFREEAN AR R PSR
3.3 FHMRESIMEYEEIF appraisal of forest ecological and environmental
benefits
YRR R N FER-AIENR 55 (1) B8 ) AT o Pk sl s ) PRAL, F 2 IR KR RS IR T4
i ORI GR IR A 2 FE I R R R R A s A D AP R
3.4 KBRS SZHMR  Longterm Ecological Research (LTER)
FE— AN A7 N AR 2SSl 26 A T G e R A T A I T PR S 0 A 5
3.5 FHK=WM forest landscape
DL PSS T A [RIERE B B R AR AR A 2 R G0 A E A ) — 28 50
3.6 EfIMfRiL permanent research station
R T FA A AR A 2 Wt 5T T Tl A
3.7 H¥EMLAFREE semi—permanent research station
SEE I AR G AR P S o e A 0 7 ER Rt 15
3.8 YIEIEIR matter cycle; matter cycling
TAUL AR A S S RAERIEINIZE) . LRGP TEER ] 2y — KSR, [
KGR (water cycle), SARTUMEIL (gaseous cycle) FIYIFR TG IA (sedimentary cycle) .
3.9 FHMEIR nutrient cycle; nutrient cycling
12203 AL ) 5 R S A B AR S RIE R T AL ) i R
3.10 BEEAEN energy flow
ERRBEIEARTIREZ —, 55— Ae 5 M E 4 T sk A6 A AF HI K BH BE H [ 2 o
3.11 HEk{LZMEIN geochemical cycle
WEETCRAEAN AT RG22 AT T 5 A8 e
3.12 STk FMEIR biogeochemical cycle
EBRGENSH 7 A TC R A
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3.13 HE¥{L=1EIX biochemical cycle
A ana st //L AN IUREES W
3.14 2IkWR{EIN global carbon cycle
Wi KA Al SRR A BRI P R AR A AR S ) el A
3.15 mRfEE carbon stock; carbon storage
ARG I 5y Pl A7 Dk (P A 5
3.16 #IR/EF= primary production
Sr O FEPG A A T KR BE IS A WL i i A
3.17 RF{EFE secondary production
B A== A B A HAR I A
3.18 4 7=# producer
MIRES RGN = RIGeREE 2 —, Faae A chlbiE Ay e A 724490
3.19 5f#&E decomposer
MRS RGN = RIGeREE L, ZRgdey, A0SR = 2G04
il Ay A e e R SR AL S8, JEREIBUE e
3.20 H#®E consumer
SRS RGBRIIREIAF 2 —, B F A AR T A 7 P s X LA o A&
TR TRAEY)
3.21 £754%F1E ecological pyramid
EYEahEE, EFRENUTHAIIEe SRS, BT, MRS ST
3.22 9fR{ER decomposition
ARG A B U I8 D B ff i R
3.23 BHE food chain
5T AR W SLHU R RN R 005G AR M HEZ BRI
3.24 B¥M food web
ARG I VB A RE BT ) A R S5
3.25 EFHFZ trophic level
IR P T AR A B . ER RGP IVAEWIE R 2 E IR G R, R iRy
WY, M R ERE AN
3.26 FhE]XZE& interspecific relation
AR T A AR v () SR R R 2 TR A B G R
3.27 FAXZE intraspecific relation
[F]—Ffr A AN R AMA TR R A LG &R o
3.28 1EFEE plant population
TYIRER T, R Fh A — o 2 TR — 5 I Ta) (R AR G
3.29 F/K tree, arbor
AAHILET. HEiss nbl ERARAEY).
3.30 XK shrub
BAHRENET. 2RSSR ERY
3.31 EZAX herb
MR TEBEA K IERARIE, 2290, BRI —KHY.
3.32 FRAHEY liana
e S AR P 5 A R IR ) S (R B A
3.33 A% litter
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PRI 2 0, FS R IR SRS . PRI E S RG TR IR s
FHEAEH
3.34 BEZXLZ greenhouse effect

R B R 8 A S T DA T A N T T 4 102 5 50 PRI I A S 2 AR ) 5
ACTREED TR, AT 77 AR KA AR R PR AR
3.35 WRERME carbon sequestration and oxygen production

srt I G AR, BB COFIRIO, 1 DI fiE o
3.36 FEEHIEIRE abiotic environment

BFEZS I TG ) TN RSP, 16 3R AW RIEE AR a3 AT DL oA < A s
TR AT o
3.37 EYJIRE biotic environment

VIR, AR W RS S KIEAR )
3.38 H£75WE ecological restoration; rehabilitation

ERIBWI ISR, FRIE REMGBEE . = DI Re R B R IR OC R
3.39 IRt climate change

AU BRI S LR E A I T G T 45 SR AT R AR A A A () i
IR AT RESE AR I AMIE R , 0] B8 2K R SR A7 1 P9 et 7, 38 nT e N R 3l 15 .
3.40 =MHEZ  landscape dynamics

SOWTESZ TP ARG, & ANERN 2 REERE, 4R 28R AW &
BN E L.
3.41 =WMIF landscape pattern

SO TP I — PRI, 8 224 SO0 Tk ZR I A R 6o RS ml e Ry KA B, A A
A ) 3 A A
3.42 =MINEE landscape function

SOWS B EE AT B 5 e B AT AT 4 A AGX R A e sg i) st A 8 AR IR AR A
PRI R ) PERE o
3.43 =MIFE landscape process

SR FAF RIS R A RIBRIEIASFRE, W ARSI G B R, A7
5K F .
3.44 =WMZEH)  landscape structure

SN BIRITESE, 8T 5B A= I IE s o
3.45 =MZEZE landscape element

SORMIEEA T, Hg - RMBERAEZ A, K. TBAR.
3.46 HpAE field survey

S AMEMV Y SR UFE o
47 KRB lifeform

TR T2 G PRSI Y, ZEAM E AR AR A 28 2

3.48 H7E! ecotype

(] ol A DRI A () A 355 1 2 B A — o S5 A sl Dy e 22 e R AN [ S A
3.49 A H4<E growth form

AR AR T

4 EMES

4.1 4% stand

w
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TEMRAGE IR . MRAHS BRI R, fFlS . HOAT 20, SRR ARIR S5 A SRR A AH ) ) — N
W, S AHAREER AT BB D — AR AR
4.2 EHPMX silvicultural planning

ERME RS TR TN, E T T4 & BRI B o
4.3 FXIKIEE silviculture

FWE RSB HARAI R B AR, WRME T, Wi, Gk, 385, k. SuEH
P BCAIE R R
4.4 EH#I LWL barren hills suitable for afforestation

T8 EL T T AR R EUPR B b A v 1L e
4.5 M Z1ER obligatory tree planting

2 BEA [ - Ak TG 58 SR e 57 30 F B . M. U R S ST S
4.6 IEMRFEAK silvicultural technique

FEN TEMR P IE AR R . R AR . MBS GRS AN IR PR B 5 S .
4.7 TKIBEWK aerial seeding

N R 2 IR AR AT (R 3 Pt AR
4.8 FHIWBM closing the hill for reforestation

X AT RAR TR alii BERE ) IBAR, TCNIARMRHL . B, ENSCEE 2L, CRY R
HAREI AR, IR AN AR By, AR AR AR el ok e s DASORHIR T IR
MRl FEARMHGEAT AL, JEADAN TR 28 OG5 i, DS = AR & 1) — IR AR It
4.9 HEEI tending

0T AR H R BRAR AT B & 0 SAT B RN AR
4.10 Bf& thinning

TE S AR P LA S 22 0 1 1R — NS G I AR 23 A, SR 5 RS el A ) PR 2 D T o
AT IARMILE B RAK
4.11 HB¥Hh forested land

HELLTHAAR T 0. 067 hm?y A5 AR AR P FEAE 0. 2 DA E (5% 0. 2) BUSipR g pRis 21— &
TRAE TG LSRRI . AR PR 22 0, A AR ARG TR AR T AR P AP 2L
4.12 Jc##t nonforested land

BRI P AN, H TR AR B i DR s B ) 25 T A I S AR R AR
Hi o
4.13 FER¥H scrubland

DLHEAR IR 28 55 20t BRI 4 D e 227 B IR, RELR A BE AR Al oy DR A B3 5 T s A e
ARBLRTEARB B LA A/ T 2 em /NPT N, ELRHIARAE 0. 067 hm? LA (5 0. 067
hm?) 78 55 FEAE 30%LA 1 (75 30%) FARHE o JEACMR b E0 55 B KR A& I E AR bR (R
FE) B REAMM (AR PRPEAL,
4.14 E{k clear cutting

FERIE RIARARETAR b, JEARI TP IARR, — UCRSEEEAR 58 (O B AR E B/ T4
MREEFA 20%) —FhReAR 5 2K
4.15 %1k selective cutting

138 BIRRARIAR b, 3 IHIE B0 & F— i e DR R IR SR AR Y. 2 R AR R AR R
PrEAT R AR o BEARE 15 B T-BERS R RS F Fh S sl N TAME,  RefEARHIAG 2 PR AN Rl A48
A MRS -
4.16 I[ih site

R ESEmARAR KR T 1) BRI R 1 125G .
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4.17 H1E habitat

AR R A RS A AR S I I B . BRI, W K. &
AR R RECGEADIN T .
4.18 #F4IL/K snag

ERI A 5 B DRI T AR T 8 H ARAG ZEAR AR 3R IR 20 o
4.19 {EZ#K low—function forest

Z NP B 0SS B AR 2 s, R S5 M RIS R 2R T, MR AE KR B 0
RGVIRERI GRS, FEERMAESDIRE . ™ ™ el A BT RIS 45 1 AH A Ak
I3 B IAR 73 PR o AR PRSI AN ], ABSOR A] 43 AR A ARRIR RN Tk AR H
FRIIANIR], AR AT 53 A AR S5 5 AR MBS K
4.20 /K dominant tree

Wb TEMEZ E, JUPARES R A
4.21 #APE compartment

H T TR AR 2SS B, AEIRE MR, Cldkiz) P, b g3 RS
A FEA AT o MREEEAT R ANME T, H5 LR A0 RRR I o MREE TR I RN, DR o
FEMIA Rl R RBER EA N TIX RIS BARXRIFZRE XK =R ARBER S ‘5 RS IE A4
2 B E, LM S /NS5 AH X .
4.22 ©BE  subcompartment

TP R EE TAEMIEA AT, MR B S AN 8RR BB LU AR [R], A8 T 2%
MRSV T H RN E S B, KR A Mkl 43k 22490 [ B [ 52 Fr S A Ay
4.23 tAHE, KPR forest gap

MG IR AR A B, 58 BEZUAH 4 T =i 1/4.
4.24 B natural thinning; self-thinning

PRI A BN A R T 4 IR R BT 5 RS PR — 38 2 IMATE T ISR
4.25 #BHIE rate of canopy closure; canopy closure

PRI PR e A O IR RS, 2 AR 2 L R 4R b
4.26 EHEFF=HK fast—growing and high-yield plantation

T AT R AOH WA SR A 28, isds a AN, SRR LU aT, AR KR
AJ DAEY 2 BAH S A R AR = AR E K (AT FRAERIRRAR. MR FIARHE o
4.27 B HFK seed production area

Do R R SRAR RS 2 i A0 RN TR, Jiad B £ mif, sl M0 A B LU AR5 8
A, T RUAE P st A% i SR IR - B AR 53
4.28 HAHhiE{k forest land degradation

H TR R ARES IR . BER A R 8 ROE/ESE s R T S 20 A ki ) 3238 .

5 MEBZF

A
=
=
iy
bi 3

51 #HRAESRZRF forestry eco—economics
MO ARSI TA BB IE . LSS B = A k.

5.2 tRMF=AEEH)  forestry industrial structure

ZH RARMb ) 25 7= b 25 38 D 1) ) B AR DG 2R o
5.3 HEBLZFME eco—economic benefit

LR ARG I ZEA AT S BNIRT L OR R o RS ARG S I A ST
R LIR =R 2 LK
5.4 ATH7SEYG artificial ecosystem
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PLNFTE S RSB, B AR ISR NSRS, W RS RS,
5.5 BRESZRYE natural ecosystem

o R (RIS [R] Y AR B 05 S B AR A IE S i B sl AN ST B A ELAE R A AE, IR B
AP ) AR A dr SR R G
5.6 #KHHEF=}H  forestland productivity

FARLINFTA) B4 B TR AR Y P BT A i AR ) B R
5.7 Z&rmll green industry

P (FRAEZ ST u SR
5.8 FEAK#FEE non—timber benefit

FRMEAEAHA 7= il ) 38 P 285 2
5.9 XXPRET cut quota

T T e ) 45 R AR BRIV FE S5 IO AR MR AR A, B 2 I 1 5 R AR
5.10 FHRI Ml forest enterprise

DLZR7E R R A B8 5 2 1 Al o
5.11 Zx#KHRFL  forest tour industry

FIFHARMR AR SO0 S LB 8 BN SCEOU B, T Hb SR 08 YR 55 0 AT R (I ie . R7ER
JTFR. RBhEEsE. RSN, J2 “AEAIRIE” M.
5.12 F M commercial forest

DLARF= A B TEAE i A At b Ukl 56 32 22878 H bR ARMRAHEAR AR . 7
USRI RRS BRI ZEBEAR = AR, AL HE— AR R B A AR Rk |
HOEDR ., RRRP AR, R LA SR EETAS A
5.13 E##E silvicultural cost

FEEIRAE P I R b R AR () 2 2l 1 A8 AR B Bl ) DA R DR s sl i A4 ) e 3L 2
M.
514 {EFHMME use value

TH o 4 A R P PR B SR A5 ) R s o
5.15 [E3ZFEAMIE indirect use value

EIAE AT B AR BRI TR b o iR BRI A, I KA b <L IR
KPR WAL
5.16 HIZFEAMIE direct use value

YT IE TAENIH PR, WA B 2R T OREAE
5.17 3JE{ERMME non-use value

INESRN B AR T U5 A I I ARk N R A F i AR R 2 DR AN E, R AR 3
FEE . EREESE

6 MAERTIE

A

6.1 475Ei% ecological construction

EERGNEW, BN AES RN E ARG A RR RIS DIRER o o
6.2 #tKMEEIZ forest network construction

HRAELT S S =R — IR E SRS R, BT kRS
RNV M 2R T REAH RS 1) MR, R G RN AR FREE L Bk e Jm i Bkl
L.
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6.3 “P;I” &8 the Xijiang, Beijiang, Dongjiang, and Hanjiang Watersheds

FRITARBEENIPETL. JBTT. ARV SRV,
6.4 PBHIFHA{KZE shelterbelt system

TE—A HAR SO Y, HCHEAN R BB 47 H AR 30 S8 0 TR 25 A N T B 4P R s A 1
R, Fe SRR HLIb S Srle ok, HATB Kk K D RE I AR HEAR R G
6.5 4<HPFHFIFtK farmland protection forest

h TGRSR T KSCEAT, Bk FARKE, Rl g MR AR R AR T I fE
GG R T R KK B IS, DURBEAR NV RS ™ =™, AEA o sl & A S8 it
(R R BRI S, PR R AL 2 RS N TR S RS
6.6 BiBRFIFMA coastal protection forest

BAG RS AR BRI HEE R A B fE 55 0 i L RN
JE PR EAE B Ak
6.7 FPEHK riverbank protection forest

N TR, ORI N ORI e A T E A T AR
6.8 [EPRZARTF garden economy

—FRRFR IO T R GE,  FRAR P 7870 ) S & ot 4 110 725 ) R 45 A 0 U, D v JE AR 4
PR b AR PR — P s T, BRI FRIENE . k. MRILRR R R R B AR S I —
HEIEA
6.9 47SHES3X ecologically fragile area

&SP TSk (I 2 /4 N5 % L L SYRSA N ) DN O NG SRt DS SN & 3 AN A 5 O S EF /S
55 2 7] AR T NSRRI 7 [l AR 1R — b AR FREE 2R AL
6.10 /|NEIB4ESIEIE  integrated watershed management

NRRUIEE B KX 55, DUNRBECh .G, el rfsEan b, SRR,
MRS BEE I, DRI ) B A B SR R BRI, VR ER S T A S S, XK 15 B4R
PIRATIRY . MR S5 EHERH.

JAG SFOYNET

7.1 75BN EHK%ME  value compensation for non—commercial ecological forest
S Aoy R MNEZZRIE. 22000 A K EE TR E AT
W BORAEZ T I AM: .
7.2 HEBANBHREIE management of non-commercial ecological forest
MER RN ARTATGE R 3PS MUEORS . PR B T B A A T
it
7.3 E£BNBHRMERZE valuation of non—commercial ecological forest
X ELAEBRAR IR A AE N AR A A AR EA T IR B
7.4 4%751EA ecological effect
FEAEAS FR G0 A T I A28 T A ) S BT Sl I o ) A T R
7.5 1E#IE vegetation restoration
ARSI, W R IR BhLERECEIE N TR, . SR, R EGE
A SBIA BORE A IR R R AR RI HA AR AR R S8, KB IR Z R LS RS D fg.
7.6 1EIE! vegetation type
DA A NIURFAE A BRI AR Y, MR SRR — AL, B ¢ e 1K
7.7 K7K#K Fengshui woods; sacred woods
NTEAHERARAER R SR 2 SO XA 55 B PR T A5 3 GR35 O F B — @ USRI 73
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7.8 H7SINEE ecological function

ARG SILES R A R T NEAAF 5 I R ARSI A 5800
7.9 H475FEZE ecological aesthetics

AR RPRANEG S, WESFAR AN, A A i B niis ]
FSiEz o, NMIE R Miged (26 27 BR B A « ARSI — M NS BRI AN A=
BHEL R
7.10 475 ecological balance; ecological equilibrium

AR GES AR 73 H N AR L2 0], AR R R Al R, A B2y L
o wMEE L AT R i I T ST ) — AR EL O A B AT R &R
7.11 E75%#E ecological benefit
ARG ERS G AR AR a A P ERAOR . K IR R R . BRVEAR

At
e

Bk

12 75 E*ME  compensation for ecological benefit
TR A RG0S5 D Re B AL AN NEAT 9% 4 I AMEE , i bl T T S A L) 2k 2R3 Js 1Y)
AR R AN R R A s R R I Pk, IR B ORY AR S SRR 1) B Ax.
7.13 E75WEFIFEM  valuation of ecological benefits
XA AR R AT AL A (AL
7.14 4X75=J80 ecological principle
BAEA I IEA T e R . BT AR SR TR B AR
PSR AFORIUR FH IS S JEEAJG 1) B A AE D) o
7.15 EHERT matching tree species to site
PEIEFEE RPN, 3 5 A 3 MRS Tl 18] A 4 27 R A 2 2 R P 5 S bR ) S7 b 4% P A IS
N, CAFROr RIEAT= D1, IR BNA LA TR RS54 T vl BRI By 7= K.
7.16 KT 1RIEFW soil and water conservation forest
DL R AR . WRFRK IR BT 1k T2l SR AR S A AR A 7= 454 B B R
SRERN TR o
7.17 JKIEHFFH water conservation forest
WRRAKUEM, 2 BRI SR LBz —, Z3ai)I 7K a ) ElEsEK
XK AR B R AR AR FIN TR
7.18 45FhFIRMA special-purpose forest; forest for special purpose
CLE T FEEORYT . BH2 s 5 o0 32 H I ARRFIROAR o
7.19 #Fh% £ species diversity
W2 R RKE EIRBE, —RULEE R 2. YR 2 R IREEE ROk
Eiipu g
7.20 {KE8#K recreational forest; forest for recreation
Fedh ke —, FERIMREM DhRE.
7.21 BAXEPH#K windbreak and sand—fixation forest
R D, Bk A, MR D T — PR AR
7.22 PBHIPFK  shelterbelt forest; protection forest
CABI47 0 2 H B BIARAR . ARARFIHEAR M .
7.23 RE=WER amenity forest
Fefh gk —, RS AR E W DI fe -
7.24 ZIBIHK  mangrove
AERKAERATT AT )l SO R A AR VE e B i Rl AR AP D e

~
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PRI A S RS
7.25 SEIGFK  experimental forest

Fefb gk —, FEHRARI AT DI fE .
7.26 FRIAAE  forest park

PRSI, ARSI ASCFEYET, B @ e, It AT IR e TR |
XA HE WD), HEFERET PRSI
7.27 FHRWRETSIEE forest ecological effect and function

MR B AT ARG, OFRRFRKIE . IREK L Bkt Hyb i, Bk 38R .
7.28 B rare and endangered species

TR B sl AN B L0 B2 g . — e ddiaa . Wie . BasEgo).
7.29 INEZ[EE environmental benefit

HARINEL AR B Tt 10 A 2 R G MR 55 D RE AN O s N3G 805 DR PRI 52 i, A 1E A e
A &5 255 o
7.30 KA E low-valued forest stand improvement

M SRR AR 23 G540, TT ORI A P23 0, $E bR a3 e IR s 7K, TR ) &5
P BIRREOR . AMEER . EhLEWR. MROTEE . GRS E .
7.31 E4IBFAKF biological firebreak forest belts

DA K PoK PR RPEr I AN [ g5 R AR Ats, 2B — @ AR AR AR o 5 AR K, n]Ta 3
BH (1= e R H

8 HETEE

8.1 HZMELSRFLEIE forest ecosystem management

N AR IR RS L R R B 515, 8 ST LR AR T R4
IR, DLUSBI YRR A S RGN e B, SEL AR 28 1 H A
8.2 HRMEBBRIELEZFE continuous forest inventory

fEipR G, LA (XL i) AL, AR [ e A b A S AT i 05 A 1R bk U
I, 5 EEAE I EZRM B IE LSS AL 4 ARSI SRS SR E MR R
TR, & FE R ZOUARM BT HUR SR BN A, il MO EEARL 7 £ BOR . Mkl o
R, B A AT T SAT AR B U AT T H AR T AT A 0 2K
8.3 FRIZIRENIEE forest resource database

TR IR A 5, $R AR, Ay, FTENSE 2R RI H DhRe i AR AR ot I 4ol R4t
8.4 FWKIXX| forest regionalization

AR 8 5K, )5 Y ] Y AR ARAR B USRI 70 DAy AN [ PR AR AR B s e R AR AR 2 2L T
1B, REHAGMN A B2 8 BUARM B A B Al o
8.5 FXMKIAIE forest certification

AR AR RIRR, 2 — Mg T LR e BER R AT R, S,
M N2 BT H AR T, o ARt $8 0 ST 1R B8 = T 0] — AR R B 7 DX I AR R B EAT
PR AE AT, DA UE I B0 sl X R KRR 8 R T8 R AT, AT O AT RrEik
JE A RAE R EEK,  FEMUAIET B A
8.6 BEXYWETSEIE ecological management of hazardous organism

ENRE BRI AR M EARSR TR, DU I B B JEA, 4EFPRR A R G
W Jmsy I RERIE Z AR, DTk 25 KRR e
8.7 MLk forest culture

RIEN SR NS BRZ RS EARAE AHEAE . HERE I CR, & AHKAE
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Aoy e rh B IE AR PR U0 7 RIORS #0003 5 AR SR S B UUBAS, DA
55 A& Y R EE AL AN . AU S A5 AT A
8.8 ANt eco—culture

AEAS SO R SCAIB X, & RO A 3 AR 58 ) AE AR FABE I B ) A A RSO AE AR A
W, BRMASBR. a5 AR NSHaZ AR . Mg & )Mk a st
8.9 H7SIHKiiF ecotourism

s ML B ARAESE D H A E IR o 2 FAT ORGP B ARFREERIAE 5P 2 N AV XU DT
FRIRIFEIE Bl AR AR F0) DA VB8 SE O PR 2 0 AR SOMRI DR AP, e W P i R R Tl
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