Received: 17 October 2022

Revised: 11 December 2022

Accepted: 13 December 2022

DOI: 10.1002/imt2.74

RESEARCH ARTICLE

"V‘_Et WILEY

What determines plant species diversity along the Modern
Silk Road in the east?

Yanlei Liu'?3? |

Wen Zhang®® |

!School of Landscape and Ecological
Engineering, Hebei University of
Engineering, Handan, China

2State Key Laboratory of Systematic and
Evolutionary Botany, Institute of Botany,
Chinese Academy of Sciences, Beijing,
China

*College of Life Science, University of
Chinese Academy of Sciences, Beijing,
China

“Laboratory of Systematic Evolution and

Biogeography of Woody Plants, School of
Ecology and Nature Conservation, Beijing
Forestry University, Beijing, China

SHulunbuir University, Hulunbuir, China

SState Key Laboratory of Vegetation and
Environmental Change, Institute of
Botany, Chinese Academy of Sciences,
Beijing, China

Correspondence

Shiliang Zhou and Yufei Wang, State Key
Laboratory of Systematic and Evolutionary
Botany, Institute of Botany, Chinese
Academy of Sciences, No. 20 Nanxincun,
Xiangshan, 100093 Beijing, China.

Email: slzhou@ibcas.ac.cn and
wangyf@ibcas.ac.cn

Funding information

Fundamental research fund of the
Central Public Service Research Institute,
Grant/Award Number: 2018JB001; Open
project of Institute of Forensic Science,
Ministry of Public Security,
Grant/Award Number: 2018FGKFKT04;
Strategic Priority Research Program of the
Chinese Academy of Sciences,
Grant/Award Numbers: XDA19050303,

Chao Xu?
Yuzhe Sun®3 |

| Wenpan Dong”* | Xun Chen®® |

Guohong Wang® | Yufei Wang® | Shiliang Zhou?

Abstract

As primary producers, plants provide food, oxygen, and other resources for
global ecosystems, and should therefore be given priority in biodiversity
protection. Most biodiversity research focuses on biodiversity hotspots, while
biodiversity coldspots, such as deserts, are largely ignored. We propose that the
factors shaping plant species diversity differ between biodiversity hot spots and
cold spots, especially for desert ecosystems. To test this hypothesis, we
investigated plant species diversity along the Modern Silk Road in
the Northwest China desert, an area characterized by low precipitation,
scarce vegetation, a limited number of species, and variable human activities.
Surface soil was sampled from 144 plots, environmental DNA (eDNA) was
extracted from soil samples, and seed plant species were identified using DNA
metabarcoding technology. A total of 671 seed plant species were detected,
which was more diverse than indicated by plot survey data. Plant species
diversity gradually decreased from east to west along the Silk Road. In this
area, temperature determines plant species diversity more than precipitation.
Additionally, human activity has altered plant species diversity by introducing
crops and invasive plants and eliminating environmentally adapted indige-
nous plants. Our results demonstrate the potential of eDNA metabarcoding
technology for plant species diversity surveying. Desert plants have adapted to
dry environments by relying on underground water or utilizing occasional
rainfall as ephemerals, which are often not visible during surface surveys
because of their short aboveground life cycle but can be detected with eDNA
metabarcoding technology. Groundwater maintenance and human activity
control are recommended for plant species diversity conservation and
desertification control.
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INTRODUCTION

Biodiversity is a measure of Earth's vitality and the basis
for human survival and development. Hence, protecting
biodiversity is akin to protecting humankind. As primary
producers, plants provide food, oxygen, and other
resources for global ecosystems, and should therefore
be given priority in biodiversity protection. The conven-
tional method of investigating plant species diversity is
surface plant surveys, which require extensive sampling
throughout the year and can be expensive, time-
consuming, and labor-intensive. Additionally, correct
specimen identification can be a challenge due to a
shortage of taxonomists [1] and species with minor or
tiny bodies are often ignored [2]. The recent advent of
DNA barcoding technology [3, 4], an environmental
DNA (eDNA)-based method, makes rapid identification
of species in environmental samples possible [2, 5, 6].
eDNA is extracted from samples on the premise that an
environmental sample, such as soil, water, feces, or air,
may contain remains and free DNA of plants, animals,
and microorganisms. DNA metabarcoding is an applica-
tion of the next-generation sequencing (NGS) platform-
based metagenomics technology [2, 3, 6, 7]. A mixture of
DNA from different species can be sequenced, with the
resulting sequences identified to species using DNA
barcoding.

DNA metabarcoding of environmental samples has
been used in paleobiodiversity reconstruction [8-11],
modern biodiversity assessment [12, 13], biological
monitoring [14], invasive species assessment [11], animal
feeding habit assessment [15], plant and microorganism
interaction research [16], and forensic evidence analysis
[17]. While some review articles mention using environ-
mental samples for plant diversity research, eDNA has
not yet been extensively used to study plant species
diversity on a large geographical scale. Plants are ideal
candidates for eDNA research because most plant species

« Human activities were proven to affect plant species diversity in desert

« More instant plant diversity results need to be done for desertification

have been documented more than animals and micro-
organisms. Seed plant species in China have been
compiled in “Flora Reipublicae Popularis Sinicae” and
“Flora of China,” and the reference library of “DNA
Barcodes of Plants in China” has been substantially
constructed. The main challenge with DNA barcoding
lies in collecting representative soil samples. When
studying current plant species diversity, sampling surface
soil to a depth no greater than 5cm provides plant
information about several decades. Most previous meta-
barcoding research was related to animals and micro-
organisms, for which sampling strategies differ from
plants. Unlike plants, animals have a large range of
motion, and therefore require deeper soil samples. For
microorganisms, their large copy numbers make it
possible to obtain a large amount of microbial informa-
tion with a small amount of soil, preventing sampling
depth from becoming a limitation. Plants store their
genetic information in the form of DNA or DNA carriers
in the corresponding soil stratum at different time
periods. The deeper the bottom layer, the older the plant
information obtained [18]. Although research on plant
species diversity based on topsoil is rare, previous
research indicates that the eDNA in topsoil can reflect
modern plant information since the diversity of plant
species obtained from soil was richer than that growing
above ground [18].

Most studies on species diversity have focused on
biodiversity “hotspots.” Desert areas are characterized by
scarce precipitation, poor soil conditions, and harsh
ecological environments with limited biodiversity,
known as biodiversity “coldspots.” Biodiversity coldspots
generally have a few plant species, most of which are
sensitive to environmental changes and human activities
[19, 20]. The world is currently experiencing coldspot
expansion and hotspot contraction due to widespread
desertification [21]. The Eurasian desert, the world's
second-largest desert, covers an area stretching from
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central China to the east coast of the Mediterranean Sea,
coincident with the Silk Road. The Northwest China
desert is located in the eastern part of the Silk Road, an
area that has witnessed the rise and fall of many ancient
civilizations and once played a key role in the economic
and cultural exchange between the east and the west.
Previous plant community surveys of the area indicated
poor species diversity and plant communities character-
ized by small ephemeral herbs and drought-resistant
herbs, shrubs, and small trees [20, 22].

In this study, we will use DNA metabarcoding
technology to explore plant species in the Northwest
China desert to test the hypotheses that (1) plant species
diversity is greater than indicated by plant community
surveys, and (2) the factors shaping geographical plant
diversity patterns differ between biodiversity hotspots
and coldspots. Desert areas frequently have strong winds
that disperse plant litter relatively evenly. Therefore,
collections of surface soil and plant litter represent local
flora better than plant community surveys. Species that
have recently completed their aboveground life cycle or
disappeared from an area are likely to deposit detectable
plant remains in the topsoil. Species identified by DNA
metabarcoding are easier and more accurate for situa-
tions lacking diagnostic characteristics of certain organs,
such as for deserts where the flora tends to be relatively
simple. Desert flora are the result of evolution and
adaption to local environmental factors, such as precipi-
tation, temperature, soil, and human activity. The factors
contributing most to biodiversity loss, as well as how to
effectively conserve desert plant species diversity, remain
to be explored.

In this study, we collected topsoil samples, meteorolog-
ical records, and human population sizes of the nearest
villages from 144 plots along the eastern Silk Road in the
Northwest China desert to answer the following questions:
(1) what are the spatial patterns of seed plant species
diversity? (2) which factors contribute most to these spatial
patterns; and (3) how have human activities affected the
local plant species diversity? Our aim is that the results will
improve our understanding of plant species diversity in the
Northwest China desert and contribute to the development
of strategies to conserve biodiversity, halt desertification,
and restore desert vegetation.

METHODS
Study site and soil sample collection
Sampling ranged place from June 8 to July 21, 2015. The

field area ranged over 3600 km eastward-westward in the
Northwest China Desert, from Alxa Left Banner, Inner
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Mongolia (40.546° N, 106.319° E) on the easternmost side
to Yingjisha, Kashi City, Xinjiang Province (38.728° N,
76.313° E) on the westernmost side (Figure 1). The
vegetation of sampled areas belonged to three desert
vegetation zones: temperate shrubby steppe, temperate
shrubby and semishrubby, and warm temperate shrubby
and semishrubby (Table S1). Environmental factors varied
significantly from site to site (Table S1). The average annual
rainfall ranged from 221 mm in Inner Mongolia to 30 mm
in the middle of the Tarim basin. Approximately half of the
annual precipitation in these areas occurs during the
summer in China. The average annual temperature ranges
from 5.2°C to 12.4°C, and the average monthly temperature
ranges from 18.1°C to 28.5°C during the summer and
—10.7°C to —2.5°C during the winter. The human
population density ranges from 0.166 to 84.707 people per
square kilometer. According to Species2000 and Global
Biodiversity Information Facility, 1559 seed plant species
belonging to 504 genera of 87 families (Table S2) grow in
this area, which serves as an upper limit for DNA
metabarcoding of the sequences in this area.

Five topsoil samples (5 cm deep) were collected from
four corners and one in center (the standard five-spot-
sampling method) in a 1000 cm X 1000 cm quadrat for
each plot. The five soil samples were equally polled and
dried in an oven at 65°C for 24 h to prevent DNA from
degrading and kept at —20°C until DNA extraction.

Ecological data collection

The plant species diversity in soil samples is a random
sample of the plant species diversity in recent a few decades
[23]. Therefore, the averages over the last 30years were
used as climate indicators. Climate indicators for each plot,
including the average annual temperature, monthly
temperature, seasonal temperature, annual precipitation,
monthly precipitation, and seasonal precipitation of the last
30 years, were downloaded from WorldClim (http://www.
worldclim.org) using locality information of each sampling
plot. Sampling sites belonging city human population
density, major human settlements (above township level,
including township level), and dryness (annual evaporation
and drought index) were also collected from the website of
each related town. Surface plant species were recorded
when sampling the surface soil which only represents the
current year's plant diversity (Table S1).

Soil DNA extraction

Before DNA extraction, we conducted experiments
on the extraction of Soil DNA with PowerSoil DNA
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FIGURE 1 Surface soil sample collection sites in the northwest desert area along the ancient Silk Road in China. Sampling sites were

marked using the red dot according to their location information.

extraction kit and the traditional modified cetyltrimethy-
lammonium bromide (mCTAB) method [24] (Figure S1).
The results show that both the mCTAB method and the
PowerSoil kit have obtained eDNA with obvious main
bands, and both have the same performance in the
amplification experiments of rbcL1 universal fragments.
The recovery efficiency of the kit meets the needs and
saves time. After several pilot studies on DNA extraction,
we finally selected PowerSoil DNA extraction kit
(Thermo Fisher Scientific) to extract DNA from the 144
surface soil samples in this study. Ten grams of well-
mixed soil in each sample were grounded into fine
powder using a mortar and pestle. We followed the DNA
extraction instructions given by the kit manufacturer.
Three DNA extractions per sample were performed to
lower the possibility of random failure and the resultant
DNA from the same sample was combined. Negative
controls were conducted using DNA-free water to detect
potential lab DNA pollution.

PCR amplification

Due to the relatively rich species coverage in the public
database, three plant-specific chloroplast fragments,

rbcL, matK, and trnL-intron, were used as DNA barcodes
in this study. To meet the read length requirement of the
Ilumina platform, intermediate primers were used to
amplify matK and rbcL fragments of approximately
400 bp. The primer pairs used for fragment amplification
were rbcLbF and rbcL717LR for rbcL [25], matK472F and
matK821R for matK [26], and trnLc and trnLh for trnL-
intron [27]. The Illumina platform was used to sequence
the amplicons according to the methods of Liu et al. [28].
Each primer was labeled at the 5’-end by 8 bp unique
oligoes of 24 kinds (Table S1) for discriminating
fragments from different samples in a sequencing library.
The PCR procedures and programs with the unique
oligo-labeled primer pairs were the same as Dong
et al. [29]. To reduce PCR bias, the same amplification
was repeated three times and the three products were
combined for subsequent treatment. The PCR products
were checked by 1.5% agarose gel electrophoresis.

NGS library construction and sequencing
For each DNA barcode, the PCR products of every 24

samples labeled with different oligoes were combined
together, forming a sequencing library. There are six
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groups in total mixed separately and purified using
the Promega Wizard DNA Clean-Up System (Promega).
After quantification with a Qubit fluorescence quantifier
(Thermo Fisher Scientific), to reduce sequencing li-
braries, the purified PCR products of matK and rbcL were
pooled at nearly equal molar amounts for the considera-
tion that they are of similar lengths. A total of
12 sequencing libraries (six for matK + rbcL, and six for
trnL-intron) were constructed and sequenced at Beijing
Novogene Co. Ltd. on the Illumina platform. The
sequencing modes were PE250 for matK+ rbcL and
PE150 for trnL-intron (Table S3).

DNA barcode-reference library
construction

For accurate assignment of species names to the
sequences by DNA barcoding, all the rbcL, matK, and
trnL-intron sequences of all seed plants in Northwest
China [30] were acquired from the reference library
of Barcode of Plant in China (State Key Laboratory of
Systematic and Evolutionary Botany, Institute of
Botany, Chinese Academy of Sciences, unpublished).
Three local DNA barcode-reference libraries were
constructed according to the DNA barcodes.

NGS data processing

The data analysis methods and tools used were the same as
Liu et al. [28]. The quality control of the raw data from the
Mlumina platform was carried out using the NGS QC
toolkit v2.3.3 [31] with the default parameters. The readl
and read2 were merged using PANDAseq v2.11 [32] with
the default parameters. The sequences from the same
library were sorted into matK and rbcL according to the
primer sequences with fqgrep v0.4.4 (https://github.com/
indraniel/fqgrep) and further assigned to each sample
according to the unique oligoes using FASTX v0.0.13 toolkit
software (http://hannonlab.cshl.edu/fastx_toolkit/).

Data analysis
Feature table preparation

A feature table is a summary table containing the read
number of plant species in each sample. The feature table
was constructed by mapping the original reads of
each sample to the reference data using a 0.99 similarity
in Usearch v10.0.240 (https://drive5.com/downloads/
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usearch10.0.240_win32.exe.gz) for further analysis. Since
three barcodes were used in this study, three feature
tables were created. The feature tables were standardized
using Usearch v10.0.240 by adjusting each sample read
number to 10,000. Due to a lack of a reliable DNA
reference library of lower plants, only seed plants were
used in this study. The three feature tables were merged
according to the data ratio of angiosperms and gymnos-
perms (i.e., matK primers were majorly amplified for
angiosperms while rbcL and trnL-intron primers were
majorly amplified for seed plants, including angiosperms
and gymnosperms). Thus, the rbcL and trnL-intron
feature tables were merged equally first and the read
number was adjusted to 10,000 for each sample. Then,
the newly produced feature table was merged with the
matK feature table according to the proportion of
angiosperms.

Plant species distribution patterns

The plant species in all samples were summarized using
Microsoft Excel2016 and visualized using GraPhlAn
v1.1.3 [33]. The plant species distribution pattern in the
area was summarized using Microsoft Excel2016 based
on the species detected in each sampling site (=each
sample) and visualized using Adobe Illustrator CC 2018.
A plant species diversity map was pictured by QGIS
v3.6.3-Noosa to understand the plant species distribution
trend in the area.

Association between plant species diversity and
its potential driving elements

Associations between potential driving factors and native
plant species diversity (Table S1) were tested using R
v4.2.1. The correlation analyses were conducted between
climate factors and the alpha diversity indexes obtained
from the data set of wild plant species (Table S1). Climate
factors included temperature, precipitation, and other
related factors, and the alpha diversity indexes included
Shannon.e diversity diversity, Chaol diversity, Berger
Parker diversity, Buzas Gibson diversity, Dominance
index, Equitability diversity, Jost diversity, and Richness
and Simpson diversity. A correlation analysis was also
conducted between the results of plant species obtained
from soil DNA and the surface plant species using the R
v4.2.1 based on alpha diversity indexes obtained from the
Usearch v10.0.240 alpha_div command. The results of all
correlation analyses are visualized using Cytoscape
v3.9.1 [34].
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Unweighted pair-group method with arithmetic
(UPGMA) means analysis between plant
species diversity and areas of major human
settlement

Associations between human population density and
native plant species diversity (Table S1) were tested using
R v4.2.1. The correlation analyses were conducted between
the alpha diversity indexes obtained from the data set of
wild plant species and climate factors (Table S1).

RESULTS
DNA barcode-reference library

The DNA barcode-reference library consisted of three
data sets: rbcL, matK, and trnL-intron. The rbcL data set
consisted of 853 species in 361 genera of 80 families,
while matK consisted of 944 species in 374 genera of 81
families and trnL-intron consisted of 686 species in 316
genera of 70 families. In total, the three DNA barcode-
reference libraries consisted of 1183 species in 432 genera
of 83 families, which accounted for 76% of the species,
86% of the genera, and 95% of the families in the area.

Seed plant species detected from soil
samples

In total, 3.02, 2.29, and 19.08 million clean reads were
collected from the Illumina platform for rbcL, matK, and
trnL-intron, respectively. After mapping clean reads to
reference data sets, 671 seed plant species in 291 genera
of 65 families were detected from the 144 surface soil
samples (Table S4 and Figure 2). Among these, 623 were
wild plant species in 266 genera of 62 families
(Figure S2), 20 were invasive species, and 28 were
cultivated species. According to the number of reads,
which is a rough estimate of the abundance of
individuals, the top five most abundant families were
Asteraceae (16.11%), Rosaceae (12.50%), Pinaceae
(6.73%), Nitrariaceae (6.09%), and Fabaceae (5.94%)
(Figure S3A). The top five most abundant genera were
Artemisia (7.73%), Picea (6.68%), Nitraria (5.87%),
Juniperus (4.36%), and Ulmus (4.34%) (Figure S3B).
The top 10 most frequently observed species were
Nitraria sibirica (2.63%), Iljinia regelii (2.30%), Ulmus
glaucescens (2.17%), Ulmus pumila (2.17%), Picea asper-
ata (1.67%), Picea crassifolia (1.67%), Picea obovate
(1.67%), Picea schrenkiana (1.67%), Typha angustifolia
(1.29%), and Morus nigra (1.28%) (Figure S3C). The five
richest families (by a number of species) were Poaceae

(14.13%), Asteraceae (12.20%), Rosaceae (10.91%), Faba-
ceae (7.06%), and Ranunculaceae (5.62%) (Figure S3D).

Seed plant species observed in surface
quadrats

Through the surface vegetation investigation, 87 plant
species were identified, belonging to 59 genera of 23
families. Amaranthaceae (20 species), Fabaceae (13
species), Asteraceae (13 species), Poaceae (eight
species), and Zygophyllaceae (six species) were the
top five species-rich families. Artemisia (five species),
Caragana (five species), Salsola (five species), and
Zygophyllum (four species) were the species-richest
genera (Table S5). Among these genera, 44 species
were found in the soil samples, representing 50.6% of
plant species obtained in surface quadrats.

Spatial patterns of species diversity

The geographical pattern of plant species diversity was
outlined using the composition of seed plants from each
sampled site, including native wild, cultivated, and invasive
species. The number and relative richness of plant species
in the middle region were more complex than those in the
outer regions. The composition of plant species in the
middle region was in a balanced state, without dominant
species from current decades (Figure 3A). For example,
there were 383 plant species at Site 040, with the largest
proportion of 3.14% for Vitis vinifera. In contrast, Ennea-
pogon desvauxii showed a 29.46% dominance at Site 012 in
the east and I regelii showed a 25.68% dominance at Site
137 in the west. The Shannon.e diversity index showed a
similar trend for native wild (Figure 3B), cultivated, and
invasive species (Figure 3C,D). Plant species diversity
generally decreased from east to west (Figure 3). The
largest exception to this trend was a group of 20 sites in the
east (in the Ulan Buhe and Tengger deserts) that exhibited
lower plant species diversity because they contain hardly
any vegetation.

Association between plant species
diversity and ecological factors

The Shannon.e diversity index was positively corre-
lated with altitude and longitude (P <0.05), and
negatively correlated with annual temperature over
the last 30 years, the average temperature from January
to December, the maximum temperature in the
warmest month, the average temperature in the coldest
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rings (from outside to inside), the value is the logarithm of sequence number divided by 10 in each species.

month, the average temperature in the coldest season,
the average temperature in the warmest season, and
the frost-free period (Table S6, and Figures 4 and 5).
The Chaol diversity index was positively correlated
with latitude, longitude, and average precipitation in
each season (P < 0.05) and negatively correlated with
temperature (P <0.05) (Table S6, Figure 5, and
Figure S4). Correlations between the other alpha

and factors exhibited similar

diversity indexes

tendencies as the Shannon diversity and the Chaol
diversity indexes (Table S6, and Figure 5).

Association between plant species
diversity and human population size

Population size reflects human interference to the
environment. The population size and the plant species
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FIGURE 3 The plant species diversity distribution pattern in the northwest desert area of China based on plant species composition in

each sampling site. (A) All plants, (B) wild plants, (C) cultivated plants, and (D) invasive plants.

diversity index were significantly negatively correlated
(Table S6, and Figure 5). The UPGMA dendrograms
showed an association between plant species diversity
and human population size, with less native plant species
diversity in areas with more human settlements (Figure 6).
For example, site 023 had the maximum Shannon.e
diversity index of 4.61 (purple circle in Figure 6), while
site 134 had the minimum Shannon.e diversity index of
0.359 (green circle in Figure 6). These results imply that
human activities are related to the decline of plant species
diversity in the Northwest China desert.

DISCUSSION

Environmental sampling is a quick,
accurate, and cost-effective method

Surface plant surveys were previously the only practical
way to evaluate plant species diversity [20, 22, 35] but were
expensive, time-consuming, and labor-intensive. Now,

DNA metabarcoding of environmental samples is a viable
alternative. A direct comparison of this study with a
traditional quadrat survey in the same area [36, 37] reached
similar conclusions on plant species composition, the local
dominant species, and the geographical patterns of species
diversity based on more reliable data (Figure 3).

A sharp discrepancy between this and previous
studies is the number of species detected: 671 versus
87, respectively. The number of species detected in this
study is more reasonable due to the large sampling area
and species diversity present. Plant organs, such as pollen
grains, can be carried into a plot from outside their
boundaries by wind or water and can only be detected
with eDNA metabarcoding. Ephemeral plants that
appear and disappear from plots are identifiable based
on their remains by eDNA metabarcoding. While
environmental plant DNA metabarcoding can be power-
ful, our method only identified approximately half
(50.6%) the number of plant species observed in
traditional surveys. Similar research was rarely con-
ducted until now, with most current research focusing on
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certain groups and constructing a reference database
based on the group, in contrast to our study. Large debris
was removed from the samples before soil grinding to
reduce DNA bias, which is likely the cause of this
difference. Additionally, our study compared the diver-
sity of aboveground and environmental samples and
found no direct correlation between the two diversities.
The surface plants represent plant species diversity in the
sampling year, while the environmental samples repre-
sent the plant species diversity of recent decades, making
it inappropriate to compare the information gathered
from the two methods. The number of species found on
the soil surface is small and random, which is also

different from the traditional method of conducting
large-scale and long-term surface plant surveys. The
zonal statistics of surface plant information based on
1 year alone cannot reflect the current situation of plant
species diversity in this area. Moreover, among the 43
species missed with eDNA metabarcoding, 19 are in
Amaranthaceae (formerly Chenopodiaceae), seven in
Asteraceae, and five in Fabaceae. DNA barcoding has a
downside of low resolution for closely related species
when using conventional chloroplast fragments, so the
sequences of the closely related undetected species may
have been treated as background noise during
data processing. The internal transcribed spacer (ITS)
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between the small and large subunits of the ribosomal
RNA gene works well for species discrimination, but
eDNA often contains a large number of microorganisms
and the plant ITS sequences could be overwhelmed by
the ITS sequence of microorganisms.

Compared with the traditional plot survey method,
eDNA metabarcoding has several advantages: ease of
use, speed, labor-savings, unlimited sampling time, and
no need for prior taxonomic knowledge. eDNA meta-
barcoding is especially useful in the dynamic monitoring
of plant species diversity over a large geographical scale
in a short time [2, 5, 12, 38]. The maturity of DNA
labeling of samples [28] also makes it affordable for a
large number of samples. Mixed sequencing of multiple

samples using the amplicon sequence of labeling PCR
markers will save the cost of the original NGS library
building, library inspection, and redundant sequences,
reducing the cost to one-tenth of the original. Moreover,
a large amount of amplicon data can be obtained with
limited funds, which can help revitalize this field.

Effects of ecological factors on plant
species diversity

According to environmental cybernetics, climate, physi-
cal, and other ecological factors are the dominant forces
in the formation of plant species diversity patterns on
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multiple scales [39, 40]. Water and energy (mainly
temperature) are the two most important environmental
factors affecting plant diversity [41, 42]. In this study,
precipitation was surprisingly unrelated to plant species
diversity. Unlike moist, tropical, and subtropical areas
[13, 43-46], the precipitation in desert areas is too scarce
to play an important role in the formation of plant
species diversity, with desert plants relying mainly on
underground water. Counterintuitively, there was a
tendency of annual mean temperature decrease from
northwest to southeast in the sampled areas. Plant
species diversity was negatively correlated with the
temperature in the Northwest China desert, which was
first observed by [20, 35] based on data from traditional
surveying. A possible mechanism for this trend is that
higher temperatures induce more water evaporation that
aggravates aridity and lowers plant species diversity.
The association of plant population localities by
latitude, longitude, and altitude to plant species diversity

is the outcome of factors, such as energy, water
(especially underground water), and soil [47]. Latitude
was not significantly correlated with plant species
diversity in this study, probably due to the small range
of latitudes among sampling sites (standard deviation =
1.2°). Longitude was significantly positively correlated
with plant species diversity, although the impact of
precipitation seemed irrelevant. Owing to the high
elevation in the west, water (especially the underground
water from mountain glaciers) flows eastward, as with
the Tarim River (the longest inland river in China). The
communities in the east enjoy more underground water
supplies [48] and maintain higher plant species diversity.
Plant species diversity decreased with increasing altitude
due to the reduction of species and their distribution
evenness, confirming the findings of [49]. To understand
which factors contributed most to the formation of
geographical patterns of plant species diversity, we
conducted principal component analysis (PCA) of



LIU ET AL.

12 of 15 Wl LEY—iMetQ

26 elements based on the Shannnon.e diversity index.
There were 26 significantly related factors based on the
Shannnon.e diversity index. The top 16 influencing
factors were temperature related, indicating the impor-
tance of temperature in this desert area. Longitude was
the second most influencing factor (Table S7).

Human activities affect plant species
diversity

Human population growth and the increasing scope and
intensity of human activities have caused habitat loss and
fragmentation that threaten the survival and reproduc-
tion of species. Human population size increased along
the sampling belt from east to west and was negatively
correlated with plant species diversity (Figures 4 and 5,
and Table S6). Human activity was the third major factor
affecting plant species diversity in PCA results, indicating
the impact of human activity on local species diversity
(Table S7). Because habitat restoration is more difficult in
sensitive and fragile desert ecosystems, restriction of
human activities, such as overexploitation and farming,
is the simplest way to protect desert ecosystems and
maintain their ecological authenticity.

Desert plant species diversity conservation

Deserts are dry, hot in summer, and cold in winter, with
desert plants adapted to limited habitats in these
conditions. Plants that manage well in desert areas of
the Northwest include xerophytes, such as Zygophyllum
spp., Haloxylon spp., and Calligonum spp.; phreato-
phytes, such as Atriplex patens (Litv.) Iljin, Alhagi
sparsifolia Shap., and Tamarix chinensis Lour.; and
ephemerals, such as Erodium oxyrrhynchum M. Bieb.,
Alyssum liniolium Steph. ex Willd.,, and Schismus
arabicus Nees. However, parasites, such as Cynomorium
songaricum Rupr. and Cistanche deserticola Ma, rely on
trees and shrubs. Many desert plant species are endemic,
such as Ammopiptanthus mongolicus (Maxim. ex Kom.)
Cheng f., Potaninia mongolica Maxim., Pugionium spp.,
Stilpnolepis centiflora (Maxim.) Krasch., S. intricata
(Franchet) C. Shih., Tetraena mongolica Maxim., and
Tugarinovia mongolica Iljin. They are considered relict
flora of the Paleomediterranean components from the
Tertiary due to the uplift of the Himalayas [50]. Many
desert-endemic plants are used as herbal medicines of
high economic value. For example, Arnebia euchroma
(Royle) Johnst. is used in the treatment of measles,
constipation, burns, frostbite, eczema, and dermatitis,
while C. songaricum and C. deserticola are used as

aphrodisiacs. Many of these economically valuable desert
plants have been listed as endangered species due to
overexploitation.

Compared with biodiversity hotspots, desert plant
species diversity is low and vegetation coverage is poor.
Ground vegetation takes a long time to establish and can
suffer from instant destruction. The negative correlation
between species diversity and human population size
indicates that human activities in the Northwest desert
have contributed to the loss of desert plant species
diversity (Figures 4 and 5). Additionally, more heavily
populated areas experienced more invasive species and
imbalance of native species, warranting urgent conserva-
tion of both quantity of vegetation and the number of
plant species.

eDNA and metabarcoding work well for the monitor-
ing of dynamic changes of native plant species diversity
and invasive plants that are essential for effective
conservation. Metabarcoding has been successfully used
on microorganisms [13, 51] and animals [9, 11], as well
as plants in this study. Our results will promote plant
species diversity protection via rapid and accurate
evaluation of large-scale plant species, establishment of
national desert parks or nature reserves, and domestica-
tion economically valuable species. Creating desert
nature reserves would be unlikely to restrict human
activities in most of the Northwest China desert. Rather,
a few areas of high desert plant species diversity would be
protected as national parks or nature reserves, in which
human activities could be managed and other endan-
gered desert plants could be introduced for conservation.
Domesticating species of economic value, such as A.
euchroma, would aid conservation by allowing for
cultivation and preventing foraging from fragile ecosys-
tems. As parasites, C. songaricum and C. deserticola are
more difficult examples but still hold potential.

CONCLUSION

The study revealed spatial patterns of plant species
diversity based on species identified from eDNA ex-
tracted from 144 topsoil samples collected along the Silk
Road in the Northwest China desert. In all, 671 plant
species were detected, suggesting that the plant species
diversity is not as low as indicated by previous plant
community surveys. The species predominantly belonged
to Asteraceae, Rosaceae, Poaceae, Pinaceae, Nitrariaceae,
and Fabaceae. Plant species diversity was higher in the
east than in the west and was more affected by
temperature than precipitation. Underground water is
more vital to the survival of desert plants, and mainte-
nance of a high underground water level is essential for
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preventing desertification. Human activities profoundly
impact plant species diversity by reducing native wild
species and introducing crops and invasive plants.
Dynamic monitoring of desert plant species diversity
using eDNA metabarcoding technology is advised for
conservation efforts. Domestication of economic plants is
one possible solution to discourage local people from
overexploiting natural resources.
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