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Abstract
The impact of A. palmeri invasion on soil bacterial community under different habitats is unclear. In this
work, the influence of A. palmeri invasion on soil bacterial diversity and community structure were
investigated using full-length 16S rRNA sequencing technology under four typical habitats of riverbank
(A), roadside (B), wasteland (C) and farmland (D). A two-way ANOVA analysis showed that habitat,
invasion and the interaction of them had little effect on alpha diversity, expect for habitat factor had a
significant effect on Simpson indices (P<0.05). NMDS analysis demonstrated that soil bacterial
community structures among different invasive habitats were clearly distinguished. In addition, the most
abundant phyla in the non-invasive plots were Proteobacteria, Planctomycetes and Gemmatimonadetes.
However, the third predominant phyla converted from Bacteroidetes to Gemmatimonadetes with the
invasion of A. palmeri. LEfSe analysis revealed that the core microbiome, Burkholderiaceae and
Betaproteobacteriales (riverbank habitat), Gemmatimonadetes and Gemmatimonadaceae (wasteland
habitat), Sphingomonas_sediminicola (roadside habitat), Nitrosomonadaceae (farmland habitat), which
played important roles in facilitating the establishment of A. palmeri to heterogeneous habitats.

Introduction
Amaranthus palmeri (A. palmeri), native to America, belongs to the Amaranthaceae, amaranth
plant (Ehleringer 1983). Some characteristics make it a global malignant and troublesome weed, for
example, C4 photosynthetic pathway, whose photosynthetic rate is 3-4 times higher than soybean and
cotton (Gibson 1998; Palma-Bautista et al. 2019). Extremely high reproductive capacity and growth rate,
each plant can produce 600,000 seeds and the plant height can reach 2-3m under ideal conditions
(Keeley et al. 1987; Ward et al. 2013). Dioecism, high stress tolerance and genetic variation make it harder
to control (Bond and Oliver 2006; Oliveira et al. 2018). Moreover, A. palmeri has developed resistance to a
variety of herbicide modes in many states of America, such as action-dinitroanilines, ALS-inhibitors,
photosystem II inhibitors and glycines-with GR (Ahmed 2011; Heap 2014).

A. palmeri was discovered in Fengtai District, Beijing in 1985, which was the first time that A. palmeri
appeared in China. After nearly 30 years of latent transmission, it has shown an explosive invasion and
diffusion trend in North China in recent years. It rapidly invades into farmland, orchards and other
economic crops growing areas, competing with cash crops for nutrients, water, and light, which causes a
huge threat and damage to the local agricultural ecosystem and biodiversity security. There are few
studies on A. palmeri in China, mainly including: Li et al. (2015) predicted the potential distribution of A.
palmeri in China. Cao et al. (2015) showed that phenotypic variation (such as earlier flowering time of
high-latitude populations) could promote the environmental adaptive evolution of A. palmeri and expand
its suitable distribution in China. The previous study on phenotypic plasticity was carried out in our
research group (Zhang et al. 2020).
The invasion mechanism of alien plants is very complex, including increased competitive ability,
allelopathy, physical, chemical and microbial changes in rhizosphere, etc (Zhang et al. 2009; Fang et al.
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2019; Zhang et al. 2018). In recent years, it has become a new research idea and an important
development trend to study the invasion mechanism of alien plants from the view of plant-soil-microbial
community. The invasion of Ageratina adenophora will change the diversity and community structure of
soil microorganisms, causing the accumulation of beneficial functional bacteria and the change of soil
enzyme activities, forming a micro-ecological environment conducive to its invasion and expansion (Niu
et al. 2007; Xu et al. 2012; Hu et al. 2019). Smooth brome increases the richness and evenness of soil
bacteria, and the most important role is to selectively inhibit the dominant bacteria and increase the
relative abundance of rare bacteria (Piper et al. 2015). The invasion of Robinia pseudoacacia alters soil
bacterial abundance, which is mainly driven by Actinobacteria, Gemmatimonadetes and Nitrospirae (Liu
et al. 2018). Mikania Micrantha can change the interaction between microbial and microfaunal, thereby
stimulating potassium release (potassium-solubilizing bacteria) compared to native plants (Sun et al.
2019). Cirsium Arvense degrades the performance of some native plants by altering soil microbes, but its
own performance does not change, which makes competitive advantages of Cirsium (Verbeek and
Kotanen 2019). Cheng et al. (2019) found many rhizosphere and endophytic bacteria related to
phosphate solubilization (Brevundimonas diminuta), nitrogen fixation (Rhizobium leguminosarum) and
extreme environment tolerance (Exiguobacterium sibiricum) of invasive plant Senecio vulgaris, those
bacteria may facilitate the invasive ability of S. vulgaris. However, the influence of soil microbes on the
invasion of A. palmeri is still unclear. Therefore, it is of great theoretical and practical significance to
reveal the invasion mechanism of A. palmeri from the perspective of soil microorganisms, thereby
inhibiting its further diffusion and spread.
In this research, field experiment combined with full-length 16S rRNA sequencing technology were used to
study soil microbial diversity and composition under four major invasion habitats. We hypothesized that
soil bacterial communities would display distinct differences across heterogeneous invasive habitats.
Furthermore, there would be different types of potential core microbiome that may contribute to the
successful establishment of A. palmeri to new locations.

Materials And Methods
Study site and sampling collection
According to filed investigations, A. palmeri has four main invaded habitats, including riverbank (A),
roadside (B), wasteland (C) and farmland (D) (Fig. 1). In August, 2019, we collected soil samples in the
four major habitats. The sampling site is located in Wuqing District of Tianjin, North of China (117°16ˊE，
39°59ˊN), which belongs to temperate semi-humid continental monsoon climate, with an average annual
temperature of 11.6 °C, and an annual precipitation of 606 mm. This area is an ideal sampling site to
study the effect of A. palmeri invasion on soil bacterial community, because it has suffered from severe
invasion and formed single-dominant community in various habitats. The main accompanying herbs are
Setaria Viridis (L.) Beauv., Chenopodium album L., Chloris virgata Sw., Zea Mays L. etc.
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Four habitat sites including riverbank (A), roadside (B), wasteland (C) and farmland (D) were selected
(Fig. 1). Three invaded plots (coverage more than 70%) and three non-invaded plots (control plot) were
randomly designed from each of the four habitats, the six plots were 3-5m away from each other. Each
plot was set up with 2×2m quadrats. At each quadrat, five soil cores were collected by an auger (diameter
of 2.5 cm) after removing the litter layer to collect the soil adjacent to the stem of A. palmeri and its host,
five cores were mixed into one sample in each quadrat.
A total of 24 soil samples with 4 (habitat) × 2 (soil type) × 3 (repeat) were collected. Soil samples were
placed on ice for transport to the laboratory. Samples were and homogenized and sieved to remove
visible roots and stones, then immediately stored at -20°C prior to DNA extraction.
Bacterial diversity assay
The diversity of the bacterial communities was analyzed using single molecule real-time (SMRT) PacBio
sequencing technology (Pacific Biosciences, Menlo Park, CA, USA). Genomic DNA was extracted using
PowerSoil® DNA Isolation kit (Mo Bio, Solanan Beach, CA, USA) following the instructions provided by
the manufacturer. Primers 27F (5'-AGAGTTTGATCCTGGCTCAG-3') and 1492R (5'GGTTACCTTGTTACGACTT-3') were designed to amplify the full length of 16S rRNA gene of the bacteria.
Each 50uL polymerase chain reaction (PCR) amplification system includes: 40-60ng DNA, 2.5μl *Vn
F(10μM), 2.5μl *Vn R(10μM), 1μl KOD FX Neo(TOYOBO), 25 μl KOD FX Neo Buf(2X) and 10 μl 2Mm
dNTP; ddH2O was used to supplement the total system to 50 μL. Cycling conditions consisted of initial
denaturation at 95℃ for 5 min; 30 cycles including 95℃ for 30 sec, 50℃ for 30 sec, and 72℃ for
1min/1kb; elongation at 72℃ for 5 min. PCR amplification products were separated by agarose gel
electrophoresis and purified by MagicPure Size Selection DNA Beads (TransGen Biotech, Beijing, CN).
Sequencing libraries were built by the ligation of barcoded PCR products and SMRT bell adapters, then
the libraries were sequenced by PacBio Sequel.
Circular consensus sequencing (CCS) were obtained by correcting the original offline subreads using
SMRT Analysis Software (Pacific Biosciences, USA). Then, CCS sequences of different samples were
identified by barcode sequence and chimera were removed to obtain high-quality CCS sequences
according to Lima v1.7.0 software. The remaining sequences were clustered at 97% similarity and
assigned into operational taxonomic units (OTUs) at 0.005% threshold (Quast et al. 2013; Kõljalg et al.
2013)
Statistical analysis
Alpha diversity indices (ACE, Chao1, Shannon and Simpson) were calculated using Mothur version v.1.30
software. Two-way analysis of variance (ANOVA) using SPSS 20.0 was to evaluate the effect of invasion,
habitat and the interaction between them on alpha diversity indices of bacterial community. To visualize
the clustering of different habitats, non-metric multi-dimensional scaling (NMDS) was constructed based
on binary-jaccard dissimilarities. Furthermore, the linear discriminant analysis (LDA) effect size (LEfSe)
method was used to discover the potential biomarkers for different statistical groups of treatments. A
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significance Kruskal-Wallis test of 0.05 and an LDA score threshold of 4 were used for all biomarkers
evaluated in this study. All figures were generated in the R statistical environment.

Results
Sequencing results
Sequencing and identifying of 24 samples were performed by barcode, and a total of 180441 CCS
sequences were obtained. Each sample produced at least 3356 CCS sequences, with an average of 7518
CCS sequences.
Venn diagram can directly reflect the difference and overlap of bacterial OUTs. The four habitats of
riverbank (A), roadside (B), wasteland (C) and farmland (D) detected 1814, 1647, 1593, and 1608
bacterial OUTs in the invaded plots, and 2105, 1615, 1909, 1448 bacterial OUTs in the non-invaded plots,
respectively. There were 1285 and 1021 identical bacterial OUTs in invaded and non-invaded plots of the
four habitats, In the invaded plot, 314(A), 145(B), 117(C), and 240(D) OUTs were solely detected,
additionally, 213(A), 201(B), 127(C), and 104(D) bacterial OUTs were exclusively observed in the noninvaded areas, respectively (Fig. 2).
Diversity of bacterial communities under four habitats of A. palmeri
Chao1, ACE, Shannon and Simpson metrics were used to calculate bacterial alpha diversity. Simpson
indices were higher in A habitat and lower in C and D habitats. In contrast, C habitat had the highest
Shannon indices (both invaded and non-invaded plots), Chao1 and ACE richness (non-invaded plot).
Based on Two-Way ANOVA, in addition to habitat factors had a significant effect on Simpson indices,
there was no significant difference in alpha diversity between invasive and non-invasive plots of different
habitats (Table 1).
Table 1. Alpha diversity of bacterial community in the invasive and non-invasive plots under
four habitats.
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Simpson

Shannon

ACE

Chao1

AN

0.0036±0.002ab

6.458±0.300ab

1729.2±281ab

1693.3±308ab

AY

0.0045±0.001a

6.145±0.111b

1455.9±56bc

1424.7±63ab

BN

0.0021±0.001bc

6.484±0.278ab

BY

0.0032±0.001abc 6.270±0.173ab

1691.2±307abc 1596.5±268ab
1343.2±179c

1312.2±188b

1894.6±195a

1790.8±260a

CN

0.0022±0.000bc

6.601±0.126a

CY

0.0017±0.000c

6.582±0.187a

DN

0.0021±0.000bc

6.411±0.042ab

DY

0.0016±0.000c

6.432±0.351ab

Habitat

**

ns

ns

ns

Invasion

ns

ns

ns

ns

Habitat×Invasion

ns

ns

ns

ns

1675.9±172abc 1577.1±177ab
1497.9±14bc

1451.9±87ab

1535.4±157abc 1479.7±207ab

A, B, C, D indicate riverbank, roadside, wasteland and farmland habitats, respectively. N
indicates non-invaded plot, Y indicates invaded plot. Data are mean values ± SEM, Different
letters denote significant differences (P < 0.05).

NMDS analysis at the OTU level (binary-jaccard dissimilarities) were used to compare soil bacterial
community structures of four different habitats (Fig. 3). Bacterial communities can be divided into four
clusters based on the four habitats, which showed a visible difference amongst the four habitats of
microbial community compositions. Moreover, the bacterial communities in D habitat were distant from
those in A and B habitats, and the distance between C and D habitat was closer.
Phylum-level taxonomic composition of bacterial community of the four habitats
The bacterial phyla composition showed that Proteobacteria, Planctomycetes, Bacteroidetes,
Gemmatimonadetes and Acidobacteria were the most dominant phylum in all habitats (Fig. 4).
Proteobacteria were the most abundant phyla, with a relative abundance of 37.91%, 29.71%, 27.15%,
27.42% in the non-invaded plots, and a relative abundance of 42.75%, 26.08%, 30.35%, 28.41% in the
invaded plots of the A, B, C and D habitats, respectively. Planctomycetes were the second dominant
phylum, with a relative abundance of 7.61%, 13.41%, 19.24%, 20.57% in the non-invaded plots, and a
relative abundance of 5.38%, 21.79%, 19.78%, 21.34% in the invaded plots of the A, B, C and D habitats,
respectively. Invasion of A. palmeri increased the abundance of Proteobacteria in A and C habitats by
12.77% and 11.79%, enriched the abundance of Planctomycetes in B habitats by 62.49%, decreased the
abundance of Planctomycetes by 41.45% in A habitat. More importantly, the third bacterial phyla were
changed from Gemmatimonadetes to Bacteroidetes due to the invasion of A. palmeri. These changes
were mainly associated with the enrichment of Bacteroidetes in A, C and D habitats by 134.47%, 17.25%
and 42.04%, and the decrease of Gemmatimonadetes by in 61.18%, 27.71 and 9.35% in A, B and C
habitats. The fourth dominant phylum were Acidobacteria with a significant decrease of 48.89% under
the invasion of A. palmeri of A habitat.
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Determination of biomarker and core and core microorganisms in the four habitats of A. palmeri
The LEfSe (Linear Discriminate Analysis Effect Size) analysis were used to identify the most significant
biomarker bacterial microorganisms in the four habitats (LDA>4.0). The cladogram from the inside to the
outside represented the taxonomic level from phylum to species. In the invaded plot, the LDA results
reveled 15, 1, 7 and 8 phylotypes of bacteria in the riverbank, roadside, wasteland and farmland habitats,
respectively. For non-invaded plot, 7, 10, 2 and 6 phylotypes of bacteria were detected in the riverbank,
roadside, wasteland and farmland habitats, respectively (Fig. 5).
Compared to non-invasive plots, the relative abundance of Betaproteobacteriales (order),
Burkholderiaceae (family), Saccharimonadaceae (family), Xanthomonadaceae (family), Flavisolibacter
(genus); Candidatus_Saccharimonas (genus) and Flavisolibacter_sp (species) were significantly
increased with the invasion of A. palmeri under riverbank habitat. In roadside habitat,

Sphingomonas_sediminicola (species) was the only representative taxa detected in A. palmeri invasive
plot compared to non-invasive plot. In wasteland habitat, Gemmatimonadetes
(class) and Gemmatimonadaceae (family) were significantly more abundant under the invasion of A.
palmeri. Meanwhile, Nitrosomonadaceae and Phycisphaeraceae Family had a higher relative abundance
in the invasive plot of farmland habitat.

Discussion
Results of numerous studies have confirmed that soil microbial communities play a very important role in
the process of alien plants invasion (Piper et al. 2015; Aleksandra et al. 2019; Zhao et al. 2019). Studying
the impact of A. palmeri on soil microbial diversity under different habitats is an important way to reveal
its environmental adaptation strategy of invasion. In this study, full-length 16S rRNA sequencing was
used to analyze the impact of A. palmeri invasion on the structure and diversity of soil bacterial
communities.
This study found that invasion, habitat and the interaction of them had no significant effect on alpha
diversity indices (Chao1, ACE, Shannon, Simpson) of soil bacteria (Table 1). This result was inconsistent
with most studies, but similar to Kamutando’s research on invasive tree Acacia dealbata. Kamutando
believed that microbial community analysis methods were not well suited to accurately estimate
microbial richness, and diversity indices need to be applied judiciously in studies on microbial community
ecology and biodiversity (Bent and Forney 2008; Kamutando et al. 2017). Therefore, the combination of
multiple methods may lead to an optimal balance between resources required and information
gained (Bent and Forney 2008; Zhou et al. 2007).
Proteobacteria, Planctomycetes, Bacteroidetes, Gemmatimonadetes and Acidobacteria were the most
dominant phylum in all habitats (Fig. 4). These bacteria have also been widely reported in the invasion
areas of other alien plants, including Japanese barberry, Acacia dealbata and Cirsium arvense
(Kamutando et al. 2017; Coats et al. 2014; Nunes et al. 2019). Proteobacteria were the most dominant
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bacterial groups in this study, confirmed that Proteobacteria are the dominant bacterial community in
terrestrial soil ecosystem (Bazylinski et al. 2013). Compared to non-invasive plot, Proteobacteria that
have fast growth rates increased the relative abundance in riverbank habitat. While, Acidobacteria and
Planctomycetes that have slower growth rates decreased the relative abundance in this habitat respond
to the invasion of A. palmeri (Zeng 2016; Beckers et al. 2017; Ren 2020). This result was consistent with
the copiotrophic hypothesis (Castro et al. 2010; Beckers et al. 2017). However, abundance of
Planctomycetes enriched by a high proportion of 62.49% in roadside habitat, which may be explained by
previous reports that Planctomycetes play important roles in nitrogen and carbon cycling (Nie et al. 2015;
Woebken et al. 2007). This result showed that the microbial groups under the same phylum exhibited
different functions, therefore, it is particularly important to analyze the core microbiome in different
invasive habitats of A. palmeri in combination with specific genus or species. Moreover, the third bacterial
phyla were changed from Gemmatimonadetes to Bacteroidetes due to the invasion of A. palmeri. These
changes were mainly associated with the enrichment of Bacteroidetes by 134.47%, 17.25% and 42.04% in
A, C and D habitats. Bacteroides are a kind of microorganisms that participate in nitrogen metabolism
and labile carbon degradation. Therefore, the increase of Bacteroides may lead to the increase of soil
organic carbon (Wu et al., 2017; Wang 2020).
LEfSe analysis revealed that the invasive soil bacterial communities were mainly mediated
by Burkholderiaceae and Betaproteobacteriales of riverbank habitat, Gemmatimonadetes and
Gemmatimonadaceae of wasteland habitat, Sphingomonas_sediminicola of roadside habitat,
Nitrosomonadaceae of farmland habitat. Those of Betaproteobacteriales, Burkholderiaceae and
Nitrosomonadaceae belong to Proteobacteria and all of them have been reported to have positive
ecological roles in environmental ecosystems (Berendsen et al. 2012; Aguirre-von-Wobeser 2018; Lv
2014). For instance, the ability to fix nitrogen, ammonia-oxidizing, protect plant against soil pathogens
(Benítez 2009; Pedrosa 2011; Berendsen et al. 2012; Zwetsloot 2020). Sphingomonas_sediminicola was
first isolated from freshwater sediment in 2013 (An, 2013), Sphingomonas spp. have shown a positive
effect on plant growth promotion (Fuentes, 2020). It was worth noting that, although the abundance of
Gemmatimonadetes showed a downward trend in the invasive plots compared with non-invasive plots of
A. palmeri under wasteland habitat, Gemmatimonadetes and Gemmatimonadaceae were still the
dominant taxon in this habitat, indicating that those microorganisms played an important role in the
invasion of A. palmeri into wasteland. In summary, our study showed that the invasion of A. palmeri
significantly changed soil microbial community structure, and the core microbiome exhibited distinct
differences responding to heterogeneous habitats.
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Figures

Figure 1
Location of research site and four types of sampling habitats (riverbank (A), roadside (B), wasteland (C)
and farmland (D) habitats).The geographical map was created by Q-GIS Desktop 3.8.0 with GRASS
7.6.1(www.qgis.org/en/site/), the habitat photos were taken by an Canon EOS 6D (Japan).

Figure 2
Venn diagrams of shared OTUs (number of OTUs) of invaded (left) and non-invaded (right) by A. palmeri
plants under four sampling habitats. Letters in the figure, A: riverbank, B: roadside C: wasteland D:
farmland.
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Figure 3
NMDS analysis of bacterial communities using Binary-Jaccard distances under four habitats.

Figure 4
Phylum-level taxonomic composition of the bacterial community in the soil of A. palmeri invaded and
non-invaded plots under four habitats. The legend at the top right shows the top 10 species classified by
species abundance. The others are classified as Others, and the unannotated species are classified as
Unclassified.
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Figure 5
Cladograms via linear discriminate analysis (LDA) of effect size (LEfSe) with an LDA score higher than
4.0 of A. palmeri invasive (top) and non-invasive (bottom) treatments under heterogeneous habitats.
Significant differences in microbial abundances according to taxa among habitats are represented by
colored dots, Circles represent phylogenetic levels from kingdom to genus.
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