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ABSTRACT The rhizosphere of invasive plants presumably develops different soil microbial
assemblages compared with native plants, which may hinder or promote their invasion.
However, to date, no studies have clearly explored rhizosphere microbial community
assemblages during invasion. The invasive species Ambrosia artemisiifolia L. and Bidens
pilosa L. are widely distributed in China and are known to reduce local biodiversity
and cause agricultural losses. Monoculture of A. artemisiifolia or B. pilosa, a mixture
of each invasive and native species, and monoculture of native species were established
to simulate different degrees of invasion. Metagenomic sequencing techniques were used
to test microbial community structure and function. The aim was to explore the drivers of
the assembly of peculiar functional microbes in the rhizosphere soil of invasive species
during the long-term invasive-native species interaction. Compared with the native species,
the relative abundance of 34 microbial genera was higher in the rhizosphere soil of the
invasive species. The NO,-N concentration in the rhizosphere soil from the A. artemisiifolia
and B. pilosa monocultures was lower than that from monocultures of the three native
plants, whereas pH followed the opposite trend. The NO;-N concentration was significantly
and negatively correlated with Sporichthya, Afipia, Actinokineospora, and Pseudolabrys. pH
was positively correlated with Bradyrhizobium, Actinoplanes, Micromonospora, Steroidobacter,
Burkholderia, and Labilithrix. The differences in soil microbes, NOs-N concentrations, and pH
between native and invasive species suggest that the rhizosphere soil microbial assemb-
lages may vary. The reduced NO,-N concentration and increased pH corelated with changes
in rhizosphere microbial community during A. artemisiifolia and B. pilosa invasion.

IMPORTANCE  Soil microbial communities play a vital role in the growth of invasive plants.
Invasive species may shape peculiar functional microbes in the rhizosphere soil of an invasive
species to benefit its growth. However, the drivers of the assembly of soil microbial com-
munities in the rhizosphere soil of invasive species remain unclear. Our study established
the relationship between soil microbial communities and soil chemical properties during
invasion by A. artemisiifolia and B. pilosa. Additionally, it showed that the presence of the
invasive plants correlated with changes in NO;-N and pH, as well as in rhizosphere microbial
community assemblage. Furthermore, the study provided important insights into the differ-
ence in the microbial community assembly between native and invasive plant species.

KEYWORDS invasive Asteraceae plants, NOs-N, rhizosphere soil microbial assemblages, pH

iological invasion is regarded as the second most substantial threat to biodiversity
in terrestrial ecosystems, and it has considerable ecological, economic, and social impacts
(1, 2). Soil microbial communities play a vital role in the growth of invasive plants. The
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rhizospheres of invasive plants are believed to develop different soil microbial assemb-
lages from those that characterize the rhizospheres of native plants, which may hinder
or promote the invasion of plant species (3, 4). However, there are few studies focused
on the differences in functional microbes within rhizosphere soil between invasive and
native species. Furthermore, most of these studies have not clearly reported how the
soil microbial community assembles during their invasion (5, 6). Therefore, the assemb-
lages of the soil microbial community and the factors that affect such assemblage
remain an important focus for research.

The structure of soil microbial communities can be influenced by various abiotic and biotic
factors. Plant species and diversity drive changes in soil microbial communities by altering the
diversity and level of soil leachate (7, 8). Temperature, aridity, and soil properties may also
affect soil microbial community assemblages (9). Temperature and soil carbon adjust the diver-
sity of soil archaea and aridity, while vegetation attributes and pH regulate the diversity of soil
bacteria (10). The compositional similarity of soil microbial communities tends to decrease
with increasing geographical distance (11). Alien invasive plant species are thought to have lit-
tle short-term influence on soil microbial structure. A longer interaction process is required to
destroy the long-term equilibrium symbiosis between native plants and soil microorganisms,
which has a considerable impact on soil microbial community (12, 13). Most studies have char-
acterized soil biota in samples collected from the field (14, 15). However, these methods can-
not accurately determine the duration of invasion. Therefore, the results may have been con-
founded by heterogeneity in the biotic and abiotic environments. Long-term manipulated
field experiments can profit homogeneity and are essential for identifying the factors that
drive microbial community assemblages in the rhizosphere soil of invasive species during
the invasion process.

Ambrosia artemisiifolia L. and Bidens pilosa L. are two invasive plants of the Asteraceae
family that are widely distributed in China (16, 17). Their invasion reduces local biodiversity,
impairs ecosystem functioning, and results in agricultural losses (18). Soil microbial diversity,
such as arbuscular mycorrhizal fungi in the rhizosphere soil of A. artemisiifolia and B. pilosa,
has been shown to be different from that of native plants (19). Furthermore, it has been sug-
gested that the soil microbial community supports the invasive plants A. artemisiifolia and B.
pilosa to outcompete the native plants (19). However, the key drivers of the assembly of the
peculiar functional microbes in the rhizosphere soil of invasive species during long-term
interaction processes remain unknown. To fill these gaps in our knowledge, we conducted
long-term homogeneous garden experiments to characterize the rhizosphere microbial
communities of native and invasive plants during invasion by A. artemisiifolia and B. pilosa.
We hypothesized that the rhizosphere microbial communities of A. artemisiifolia and B.
Pilosa, as well as the factors that affect the soil microbial assemblages, may be similar to
those of Asteraceae. We performed a comparative analysis of the effects of different degrees
of invasion by A. artemisiifolia and B. pilosa on the microbial community and the chemical
properties of the rhizosphere soil. The relationships between the microbial community and
chemical factors were analyzed to identify which factors significantly correlate with changes
in the microbial community.

RESULTS

Comparative analysis of the effects of different degrees of invasion by A. arte-
misiifolia and B. pilosa on the microbial community in the rhizosphere soil. The mi-
crobial composition of the rhizosphere soil was analyzed at the phylum and genus levels
for the two invasive species A. artemisiifolia and B. pilosa and for the three native plants
Chenopodium album L., Melilotus officinalis Ledeb., and Setaria viridis (L.) Beauv. Actinobacteria,
Proteobacteria, Acidobacteria, and Chloroflexi were the dominant phyla in the rhizosphere soil
for all five species (Fig. 1). Principal-component analysis at the genus level showed that signifi-
cant differences were observed between monoculture and the mixed treatments of A. artemi-
siifolia, although no significant difference between samples (e.g., A. artemisiifolia in the mixture
between A. artemisiifolia and C. album [AC-a] and C. album in the mixture between A. artemisii-
folia and C. album [AC-c], A. artemisiifolia in the mixture between A. artemisiifolia and M. offici-
nalis [AM-a] and M. officinalis in the mixture between A. artemisiifolia and M. officinalis [AM-m],
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FIG 1 The microbial community of rhizosphere soil for two invasive and three native plants species at phylum level. A, A.
artemisiifolia monoculture; C, C. album monoculture; M, M. officinalis monoculture; S, S. viridis monoculture; AC-a, A. artemisiifolia in
the mixture between A. artemisiifolia and C. album; AM-a, A. artemisiifolia in the mixture between A. artemisiifolia and M. officinalis;
AS-a, A. artemisiifolia in the mixture between A. artemisiifolia and S. viridis; AC-c, C. album in the mixture between A. artemisiifolia
and C album; AM-m, M. officinalis in the mixture between A. artemisiifolia and M. officinalis; AS-s, S. viridis in the mixture between A.
artemisiifolia and S. viridis; B, B. pilosa monoculture; BC-b, B. pilosa in the mixture between B. pilosa and C. album; BM-b, B. pilosa in
the mixture between B. pilosa and M. officinalis; BS-b; B. pilosa in the mixture between B. pilosa and S. viridis; BC-c, C. album in the
mixture between B. pilosa and C. album; BM-m, M. officinalis in the mixture between B. pilosa and M. officinalis; BS-s, S. viridis in the
mixture between B. pilosa and S. viridis; CK, no plant.

and A. artemisiifolia in the mixture between A. artemisiifolia and S. viridis [AS-a] and S. viridis in
the mixture between A. artemisiifolia and S. viridis [AS-s]) was observed, as their points were
mainly closely located in the second or third quadrants (Fig. 2). The number of species in
the soil for the two invasive plants was greater than that of the three native plants growing
under monoculture. The number of microbial species in the soil for the two invasive plants
in the monoculture was greater than that for the invasive and native plants in the mixture
treatment (Fig. 3). The relative abundance of bacteria in the rhizosphere soil for A. artemisiifo-
lia and B. pilosa monocultures was also higher than that in the native species monoculture,
while no significant difference was found in the rhizosphere soil of between the invasive
and the native species for mixture treatments (Table S1 in the supplemental material). After
the relative abundances of genera were compared between the monocultures of two
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FIG 2 Differences in microbial community of invasive and native species rhizosphere soil under different treatments.
(A1) PCoA analysis of microbial community of A. artemisiifolia and three native species in the rhizosphere soil of the monoculture
and mixture treatments. (A2) PCoA analysis of microbial community of B. pilosa and three native species in the rhizosphere soil of
the monoculture and mixture treatments. (B1) ANOSIM comparative analysis of similarities in soil microbial community of the
rhizosphere soil of between A. artemisiifolia and three native species under different treatments. (B2) ANOSIM comparative
analysis of similarities in soil microbial community of the rhizosphere soil of between B. pilosa and three native species under
different treatments. A, A. artemisiifolia monoculture; C, C. album monoculture; M, M. officinalis monoculture; S, S. viridis
monoculture; AC-a, A. artemisiifolia in the mixture between A. artemisiifolia and C. album; AM-a, A. artemisiifolia in the
mixture between A. artemisiifolia and M. officinalis; AS-a, A. artemisiifolia in the mixture between A. artemisiifolia and S. viridis; AC-
¢, C. album in the mixture between A. artemisiifolia and C. album; AM-m, M. officinalis in the mixture between A. artemisiifolia
and M. officinalis; AS-s, S. viridis in the mixture between A. artemisiifolia and S. viridis; B, B. pilosa monoculture; BC-b, B. pilosa in
the mixture between B. pilosa and C. album; BM-b, B. pilosa in the mixture between B. pilosa and M. officinalis; BS-b; B. pilosa
in the mixture between B. pilosa and S. viridis; BC-c, C. album in the mixture between B. pilosa and C. album; BM-m, M.
officinalis in the mixture between B. pilosa and M. officinalis, BS-s, S. viridis in the mixture between B. pilosa and S. viridis; CK,
no plant.

invasive and three native species, and between the monocultures of invasive A. artemisiifolia
(or B. pilosa) and the mixtures of invasive species, respectively, 34 genera, including
Bradyrhizobium, Candidatus, Entotheonella, Skermanella, Actinoplanes, Sorangium,
Micromonospora, Steroidobacter, and Burkholderia, were found whose relative abundances
in the A. artemisiifolia and B. pilosa monocultures were higher than those in the monocul-
tures of native species or the mixtures of invasive species, respectively (Fig. 4A). Meanwhile,
microbial communities recorded in the rhizosphere soil of the two invasive plants were related
to companion species in the mixture treatment (Fig. 4B).

Comparative analysis of the effects of different degrees of invasion by A. artemisii-
folia and B. pilosa on the chemical properties of the rhizosphere soil. Total nitrogen
concentration (TN) in the soil was significantly lower for both A. artemisiifolia and B. pilosa
when the invasive species were grown alone, compared with the soils of most other plant-
ing arrangements (Table S2 and S3). The nitrate nitrogen (NO,-N) concentration in the two
invasive species was lower than that in the three native species planted as monocultures,
while the opposite trend was observed for pH. Compared with the two invasive species in
the monoculture treatments, the NO5-N concentration in the mixed treatments increased
significantly, whereas pH decreased. The change in ammonium nitrogen (NH,-N) concen-
tration in the invasive species with mixed treatments was significantly associated with the
native species that it was planted alongside. Compared with the two invasive species
in the monoculture treatment, the NH,-N concentration decreased when the species
was grown with C. album but not when it was grown with S. viridis or M. officinalis, in
which cases it remained unaltered. A similar trend was observed with respect to the
changes in nutrient levels and pH in the rhizosphere soil of A. artemisiifolia and B. pilosa
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FIG 3 Venn diagram of soil microbial community in the rhizosphere soil of invasive and native plant species at the genus level. The overlapping part
represents the species common to multiple sample groups, the nonoverlapping part represents the species unique to the sample group, and the number
represents the number of corresponding species. A, A. artemisiifolia monoculture, C, C. album monoculture; M, M. officinalis monoculture; S, S. viridis
monoculture; AC-a, A. artemisiifolia in the mixture between A. artemisiifolia and C. album; AM-a, A. artemisiifolia in the mixture between A. artemisiifolia and
M. officinalis; AS-a, A. artemisiifolia in the mixture between A. artemisiifolia and S. viridis; AC-c, C. album in the mixture between A. artemisiifolia and C.
album; AM-m, M. officinalis in the mixture between A. artemisiifolia and M. officinalis; AS-s, S. viridis in the mixture between A. artemisiifolia and S. viridis; B,
B. pilosa monoculture; BC-b, B. pilosa in the mixture between B. pilosa and C. album; BM-b, B. pilosa in the mixture between B. pilosa and M. officinalis; BS-
b; B. pilosa in the mixture between B. pilosa and S. viridis; BC-c, C. album in the mixture between B. pilosa and C. album; BM-m, M. officinalis in the mixture
between B. pilosa and M. officinalis; BS-s, S. viridis in the mixture between B. pilosa and S. viridis; CK, No plant.

in mixed treatments, which were closely related to the native species (Table S2 and S3).
When A. artemisiifolia or B. pilosa competed with C. album, TN concentration and pH
increased, whereas available potassium, NH,-N, and NO;-N concentrations decreased.
In turn, when A. artemisiifolia or B. pilosa competed with M. officinalis, TN, available po-
tassium (AK), available phosphorus (AP), organic carbon (OC), and NH,-N concentration
increased, whereas NO5-N concentration and pH decreased. Finally, when A. artemisiifo-
lia or B. pilosa competed with S. viridis, TN and OC concentrations increased, whereas
total phosphorus (TP), AK, AP, OC, and NH,-N concentrations and pH decreased. TN
concentration was higher in the mixed treatments compared with monocultures for all
three native species.
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FIG 4 Genera gathered in the rhizosphere soil of A. artemisiifolia and B. pilosa. (A) The genera whose relative abundances in
the rhizosphere soil of the monoculture of A. artemisiifolia and B. pilosa were higher than that of three native species. (B)

(Continued on next page)

January/February 2023 Volume 11 Issue 1 10.1128/spectrum.03649-22


https://journals.asm.org/journal/spectrum
https://doi.org/10.1128/spectrum.03649-22

Rhizosphere Microbial Community Assemblages

6.00 dissimilatory nitrate Assimilatory nitrate Denitrification Nitrification

5.00

4.00 mA
uC
uM

g
=3
S

Relative abundance (%)
w
=
(=]

=3
S

a
“q;baaaz aaaa aaaa

aaaa
A998 gaaa|bbad bbaa pbaa g.aa
—

g
o
S

0.00 — e
5.00
g
§ 4.00 A
§ HmAC_a
2 3.00 HAM_a
,:;; AS_a
=
&

1.00 -
aabbgbaaaa aaaa aaaa cadp aada bt aaaa
0.00 | e i |
5.00
4.00 B
uC
M

g
=
S

Relative abundance (%)
()
=
()

o
S

a
b2cabypaa

a
- 2338 aa2a aaaa cba? cbaa cbhaa gaaa

0.00 =TT ST g
5.00 1%
b
-
3 cc a mB
S
5/4‘00 y mEC b
=1 cbe =BM_b
< I ot
2 3.00 ag BS_b
] b, =
ﬁ C =
.g 2.00 i . aaaad
s b,
2 1.00 : i g
= 24322 am,, aal?‘i,
-;%_ >¢ aaaa palp Raaa 2222 44 522% Laaa pasa aaaa
0.00 [ e | P
Q < [a)] = < < /Mm /m o N4 M /Mm N 2] O e HO « < 8
= o = P = ] o v =} ol P =] = M Q < <
= E ¢ E E ¢ E §E A L B 8 2 % 2 gggEge
2z 8ac &% &«

FIG 5 Significant differences in relative abundance of functional genes related to nitrate synthesis
and decomposition in two invasive and three native species in different treatments. A, A. artemisiifolia
monoculture; B, B. pilosa monoculture; C, C. album monoculture; M, M. officinalis monoculture; S, S. viridis
monoculture; AC-a, A. artemisiifolia in the mixture between A. artemisiifolia and C. album; AM-a, A.
artemisiifolia in the mixture between A. artemisiifolia and M. officinalis; AS-a, A. artemisiifolia in the mixture
between A. artemisiifolia and S. viridis; BC-b, B. pilosa in the mixture between B. pilosa and C. album; BM-b,
B. pilosa in the mixture between B. pilosa and M. officinalis; BS-b; B. pilosa in the mixture between B. pilosa
and S. viridis. Different letters in lower case indicate significant differences of four treatments at P < 0.05.

Comparative analysis of the effects of different degrees of invasion by A. artemisii-
folia and B. pilosa on the expression of functional genes related to nitrate synthesis
and decomposition in rhizosphere soil. The relative abundances of genes that were
related to dissimilatory nitrate and assimilatory nitrate were higher than those of the denitrifi-
cation and nitrification within the different degrees of A. artemisiifolia and B. pilosa invasion
tested (Fig. 5 and Fig. S1). The relative abundance of genes that were related with nitrification

FIG 4 Legend (Continued)

The genera whose relative abundances in the rhizosphere soil of the monoculture of A. artemisiifolia and B. pilosa were
higher than that of mixture of of A. artemisiifolia and B. pilosa. Different color indicated the difference in relative abundance
of genera, red color indicates the higher relative abundance of genera, and blue indicates the lower relative abundance of
genera. *Significant among the treatments. A, A. artemisiifolia monoculture; B, B. pilosa monoculture; C, C. album monoculture;
M, M. officinalis monoculture; S, S. viridis monoculture; AC-a, A. artemisiifolia in the mixture between A. artemisiifolia and C.
album; AM-a, A. artemisiifolia in the mixture between A. artemisiifolia and M. officinalis; AS-a, A. artemisiifolia in the mixture
between A. artemisiifolia and S. viridis; BC-b, B. pilosa in the mixture between B. pilosa and C. album; BM-b, B. pilosa in the

mixture between B. pilosa and M. officinalis; BS-b; B. pilosa in the mixture between B. pilosa and S. viridis.
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FIG 6 The total nitrogen content per m? in different treatments. A, A. artemisiifolia monoculture; C, C. album monoculture; M,
M. officinalis monoculture; S, S. viridis monoculture; AC-a, A. artemisiifolia in the mixture between A. artemisiifolia and C. album;
AM-a, A. artemisiifolia in the mixture between A. artemisiifolia and M. officinalis; AS-a, A. artemisiifolia in the mixture between A.
artemisiifolia and S. viridis; AC-c, C. album in the mixture between A. artemisiifolia and C. album; AM-m, M. officinalis in the
mixture between A. artemisiifolia and M. officinalis; AS-s, S. viridis in the mixture between A. artemisiifolia and S. viridis; B, B. pilosa
monoculture; BC-b, B. pilosa in the mixture between B. pilosa and C. album; BM-b, B. pilosa in the mixture between B. pilosa and
M. officinalis; BS-b; B. pilosa in the mixture between B. pilosa and S. viridis; BC-c, C. album in the mixture between B. pilosa and
C. album; BM-m: M. officinalis in the mixture between B. pilosa and M. officinalis; BS-s: S. viridlis in the mixture between B. pilosa
and S. viridis; Different lowercase letters indicate significant differences of four treatments at P < 0.05.

was lower than that of genes related with denitrification. Overall, our results suggest that
the microbial community ability to decompose NO5-N was higher than its ability to synthe-
size NO;-N.

The relative abundances of the nirB and nasA genes were the highest among all the
genes regarding dissimilatory nitrate reduction and assimilatory nitrate reduction. The
relative abundances of the nirB and nasA genes isolated from the soils of the two inva-
sive species were higher under monoculture than under mixed treatments. This trend
was also observed when comparing the invasive and native monoculture treatments,
whereby nirB and nasA relative abundances were highest in the invasive monoculture
treatments. As for the nitrification ability of the soil microorganisms, the changes in functional
genes such as pmoB-amoB, pmoC-amoC, and pmoA-amoA were similar. The relative abundan-
ces of pmoB-amoB, pmoC-amoC, and pmoA-amoA were lower in invasive species monocultures,
compared with mixed treatments or native species monocultures.

Comparative analysis of the effects of different degrees of invasion by A. arte-
misiifolia and B. pilosa on plant nitrogen-absorption capacity. Nitrogen concentra-
tion was highest in the two invasive species planted as monocultures, compared with the
rest of the treatments. A similar trend was observed for TN uptake per unit area, in which
case, the highest TN uptake was observed in the invasive species monocultures (Fig. 6).

Relationships between microbial community and chemical factors in the rhizo-
sphere soil. The pH and NO;-N concentration were two factors highly correlated with
changes in the microbial community in the rhizosphere soil of A. artemisiifolia and B. pilosa
(Fig. 7 and Table S4). Furthermore, pH was positively correlated with Bradyrhizobium,
Actinoplanes, Micromonospora, Steroidobacter, Burkholderia, Dactylosporangium, Labilithrix,
Salinispora, and Alloactinosynnema, while NO5-N was positively correlated with Bradyrhizobium,
Micromonospora, Sporichthya, Afipia, Actinokineospora, Salinispora, and Pseudolabrys during the
various degrees of A. artemisiifolia invasion (Fig. S2). Significant correlations were defined at
P < 0.05. In turn, pH was positively correlated with Bradyrhizobium, Actinoplanes, Sorangium,
Micromonospora, Steroidobacter, Burkholderia, Haliangium, Chondromyces, Labilithrix, and
Sandaracinus, whereas NO,-N concentration was positively correlated with Actinoplanes,
Afipia, Sporichthya, Actinokineospora, Alloactinosynnema, Bradyrhizobium, Micromonospora,
and Pseudolabrys during different degrees of B. pilosa invasion. Overall, pH of the invasive
species was positively correlated with Bradyrhizobium, Actinoplanes, Micromonospora,
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FIG 7 db-RDA analysis of rhizosphere soil microorganisms and soil physicochemical factors of two invasive and three native plants under
different treatments. The arrows in the figure represent soil physicochemical indicators, the green inverted triangles represent high abundance
microbial genera, and the other graphs represent soil samples. The length of the arrows represents the degree of correlation between the measured
soil physicochemical factors and the rhizosphere soil microbial community and microbial species distribution. The longer the line, the higher the
degree of correlation, and vice versa; the size of the included angle represents the positive and negative correlation. Right angles are represented as
having no correlation. A, A. artemisiifolia monoculture; C, C. album monoculture; M, M. officinalis monoculture; S, S. viridis monoculture; AC-a, A.
artemisiifolia in the mixture between A. artemisiifolia and C. album; AM-a, A. artemisiifolia in the mixture between A. artemisiifolia and M. officinalis; AS-
a, A. artemisiifolia in the mixture between A. artemisiifolia and S. viridis; AC-c, C. album in the mixture between A. artemisiifolia and C. album; AM-m, M.
officinalis in the mixture between A. artemisiifolia and M. officinalis; AS-s, S. viridis in the mixture between A. artemisiifolia and S. viridis; B, B. pilosa
monoculture; BC-b, B. pilosa in the mixture between B. pilosa and C. album; BM-b, B. pilosa in the mixture between B. pilosa and M. officinalis; BS-b; B.
pilosa in the mixture between B. pilosa and S. viridis; BC-c, C. album in the mixture between B. pilosa and C. album; BM-m, M. officinalis in the mixture
between B. pilosa and M. officinalis; BS-s, S. viridis in the mixture between B. pilosa and S. viridis; AK, available potassium; AP, available phosphorus;
OC, organic carbon; NH,-N, ammonium nitrogen; NO,-N, nitrate nitrogen; TP, total phosphorus; TN, total nitrogen concentration.

Steroidobacter, Burkholderia, and Labilithrix, and NO5-N concentration was positively correlated
with Sporichthya, Afipia, Actinokineospora, Bradyrhizobium, Micromonospora, and Pseudolabrys.

DISCUSSION

Increasing evidence shows that invasive species shape different rhizosphere microbial
communities compared with native species (5, 6, 20, 21). Thus, for example, Li et al. (22) sug-
gested that the invasion of Ageratina adenophora resulted in the selection of specialized bac-
terial communities in soils, thereby switching the microbial composition from Aeromicrobium
and Marmoricola to Reyranella and Bradyrhizobium in the bulk soils and from Gp4, Pirellula,
Lysobacter, and Aridibacterrae to Reyranella and Streptomyces in the rhizosphere soils. Similarly,
our results demonstrated that specific functional microbes are recruited in the rhizosphere of
invasive species, such as Bradyrhizobium, Skeroidobacter, and Actinoplanes, most of which
belong to beneficial groups: Steroidobacter has denitrification effect (23, 24), and Actinoplanes
can inhibit the growth of plant pathogens and produce antifungal compounds as well as
accelerate nutrient absorption and positively influence plant growth (25, 26). In turn,
Micromonospora, Burkholderiales, and Anaerolinea are related to the N and C cycles (27-29),
and Saccharothrix can generate chitinase and degrade the structure of plant-pathogenic
fungi (30). For their part, genera such as Rhodopseudomonas, Actinoplanes, Burkholderia, and
Variovorax paradoxus, which are present in the rhizosphere soil, can help Panax notoginseng
resist the invasion of root rot disease (31). Consistently, the results reported herein highlighted
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the fact that the increased relative abundance of Bradyrhizobium, Micromonospora,
Burkholderiales, and Anaerolinea may enhance the N and C cycles, thereby providing
more available nutrients to invasive species. The increased relative abundance of
Rhodopseudomonas and Saccharothrix may benefit the growth of the two invasive
species by controlling pests, diseases, and pathogens in the rhizosphere soil. The association
between beneficial bacteria and the growth of A. artemisiifolia and B. pilosa requires further
exploration.

Both soil characteristics and plant species play a significant role in shaping rhizosphere mi-
crobial communities (32, 33). Various abiotic factors such as pH, nutrient levels and soil texture,
and plant characteristics, including biomass production, litter quality, and root exudates, can
affect the assembly of soil microbial communities (33, 34). In this study, the long-term homo-
geneous garden experiment showed that the invasion of A. artemisiifolia and B. pilosa may al-
ter biotic and abiotic properties of the soil. The relative abundances of 34 genera in the mono-
cultures of A. artemisiifolia and B. pilosa were higher than those in the monocultured native
species and in the mixed treatments of invasive species monocultures, respectively. However,
compared with the native species monocultures, NO;-N concentration decreased and pH
increased in the invasive species monocultures. Differences such as those observed in our
study in soil microbial communities and the soil properties may be based on quantitative and
qualitative differences in rhizodeposits and the litter quality between invasive and native plant
communities (21). Long-term interactions between plants and soil microbial communities may
lead to changes in the soil properties (35, 36) that can subsequently affect the growth of
microbial communities and plants (10). We suggest that the similar changes in microbial
community, pH, and NO,-N between A. artemisiifolia and B. pilosa indicate that they may
share a similar mechanism at play in the assembly of rhizosphere microbial communities.

Soil pH has a strong effect on the diversity and structure of soil bacterial communities
(37). Soil bacteria grow well in neutral or alkaline environments, with few microbial com-
munities present in acidic soils (38). Different soil microorganisms respond differently to pH,
and small pH changes can lead to the screening and enrichment of specific microorganisms
(39). Compared with the rhizosphere soil of native species, the increased pH in alkaline envi-
ronments in the rhizosphere soil of A. artemisiifolia and B. pilosa benefited bacterial growth,
such as Bradyrhizobium, Micromonospora, Burkholderia, Steroidobacter, and Actinoplanes. Fan
et al. (40) suggested that soil pH may play an essential role in the interaction and assem-
blage processes of the diazotrophic community in the rhizosphere. Similarly, Li et al. (22)
suggested that soil pH plays an important role in shaping microbial communities in both rhi-
zosphere and bulk soils of Ageratina adenophora. The invasion of exotic plant species has
been shown to increase soil pH (41-43), which is consistent with the results of this study.
Specifically, the db_RDA redundancy analysis between the microbial community and the
chemical factors in various soil treatments showed that pH was highly correlated with changes
in the microbial community in the rhizosphere soil of A. artemisiifolia and B. Pilosa, suggesting
that pH is an important factor influencing the assemblage processes of the microbial commu-
nity in the rhizosphere soil of A. artemisiifolia and B. pilosa. Soil pH likely plays a vital role in
controlling the interactions and assemblage processes of soil microbial communities (40).
However, different plant species may exhibit a preference for acidic, alkaline, or neutral pH
conditions to form stable microbial communities to benefit their growth. A neutral pH in the
rhizosphere soil of wheat may indicate a more stable diazotrophic community, whereas, for
the two alien invasive species A. artemisiifolia and B. pilosa, soils with alkaline pH may indicate
a more stable microbial community.

The invasion of alien plant species may also alter the N cycle of the rhizosphere soil and
result in the increase or decrease of NO;-N concentration (22, 44). Consistent with the results
of previous studies (45, 46), here, we found an association between the presence of invasive
species and the lower NO5-N concentration in the soil. The decrease in NO5-N concentration
in the rhizosphere soil may depend on a strong plant N-uptake capacity and changes in the
N conversion rate of rhizosphere soils. The higher N-uptake capacity of A. artemisiifolia and
B. pilosa, compared with that of the native species, may lead to a decrease in NO;-N concen-
tration in the rhizosphere soil of the invasive species. The uptake of nitrate may be effective
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in increasing the subsurface soil pH through rhizosphere alkalization, which may lead to dif-
ferences in N-use efficiency and asymmetrical competition between alien and native plants
(47-49). Soil microbial mediation plays a vital role in soil N cycling (50, 51). The circular trans-
formation of N in nature includes four basic processes, namely, fixation, nitrification, ammo-
nification, and denitrification. In our study, we observed a higher relative abundance of
genes related to dissimilatory and assimilatory nitrate as well as a lower relative abundance
of genes related to denitrification. This may result in lower NO;-N concentrations in A. arte-
misiifolia and B. pilosa soils. The relative abundance of soil N-cycle functional genes can indi-
rectly reflect the rate of the soil N cycle (52, 53). The relative abundance of the functional
genes involved in nitrification (pmoB-amoB, pmoC-amoC, and pmoA-amoA) in the A. artemi-
siifolia and B. pilosa monocultures was lower than that observed in the monocultures of
native species, suggesting that the invasion of A. artemisiifolia and B. pilosa reduced the
potential nitrification rate of rhizosphere soils. However, the relative abundance of functional
genes associated with nitrate decomposition (e.g., nirB and nasA) was higher than that
observed in the monocultures of the native species, suggesting that the long-term invasion
of A. artemisiifolia and B. pilosa may significantly increase the nitrate decomposition in rhizo-
sphere soil and accelerate the decomposition of nitrate, thus leading to a decrease in NO;-N
concentration in the rhizosphere soil. The invasion of exotic plant species may enhance the
soil nitrification rate (54-56), while consistently, the enrichment of NO,-N and NH,™-N in the
rhizosphere soil has been observed for alien plant species (51, 57). These differences may be
related to secondary metabolites released by alien plant species (58). Additionally, we
found that the NO5-N concentration was positively correlated with Sporichthya, Afipia,
Actinokineospora, Bradyrhizobium, Micromonospor, and Pseudolabrys, suggesting that NO;-N
is another important factor that influences the assemblage processes of the microbial com-
munity in the rhizosphere soil of A. artemisiifolia and B. pilosa.

MATERIALS AND METHODS

Study site. To study the interaction between invasive plants and soil microorganisms during the invasion
process, a long-term field experiment was conducted from 2008 until 2019 at the Langfang Experimental
Station of the Chinese Academy of Agricultural Science, Beijing, China (39°30'42"N, 116°36'07"E). The ex-
perimental site has a temperate northern climate. The soils at the site are sandy-clay loam ferric Acrisols
(FAO/UNESCO classification method). Mean annual precipitation and temperatures for the period from 2008 to
2019 are listed in Table S5.

Experiment design. Chenopodium album, M. officinalis, and S. viridis are widely distributed in farm-
lands, roadsides, and wastelands and are often found in areas invaded by A. artemisiifolia and B. pilosa.
Experimental plots (3 by 2 m) were set up in May 2008, and 12 treatments were listed to simulate dif-
ferent degrees of invasion: uninvaded, 60% invaded, and 100% invaded areas. They were as follows: (i) uninvaded
area included three treatments: monoculture of C. album (C), monoculture of M. officinalis (M), and monoculture
of S. viridis (S); (ii) 60% invaded area included six treatments: mixture of A. artemisiifolia and M. officinalis (AM), mix-
ture of A. artemisiifolia and S. viridis (AS), mixture of B. pilosa and C. album (BC), mixture of B. pilosa and M. officina-
lis (BM), mixture of B. pilosa and S. viridis (BS), and mixture of A. artemisiifolia and C. album (AC); the invasive and
native species cover was 60% and 40%, respectively, when grown under competition of invasive species; and (i)
100% invaded area included two treatments: monoculture of A. artemisiifolia (A) and monoculture of B. pilosa (B).
The invasive species cover was 100%. No plant plots were regarded as a control treatment (Table S6). A total of
100 seeds of invasive and native species were sown in each plot, with 6 replicate plots per treatment. Seventy-
two plots were arranged in a randomized complete block design. No fertilizer was applied during the experiment.
The plant species composition in each plot was kept constant by manually removing weeds after the seeds ger-
minated during the growing season. Withered plants were pulled out before spring. Invasive and native species
were reseeded in their monoculture or in a mixture the following spring. Each plot was irrigated once and field
capacity reached 40% before seed germination in spring. Annual rainfall is listed in Table S1. A 1-m-wide buffer
strip was established to separate the plots. Samples from each treatment group were collected in 2019.

Plant and soil sampling. In the field experiment, growths of the invasive and native plants were not
uniform under individual treatments. Initially, there were six replicates for each treatment, but this was later
reduced to three, where only plants with similar growth and vigor were used. Huber (59) highlighted that, by
identifying the outliers and thinned samples, the individual sample size would more robustly represent the
sample mean. Therefore, 3 replicates were included for each treatment, and a total of 54 rhizosphere soil sam-
ples of invasive and native species were collected in September 2019. In the treatments with mixed species,
rhizosphere soil samples were collected from both native and invasive plants. The rhizosphere soils were col-
lected and preprocessed according to the method described by Tang et al. (60). Specifically, rhizosphere soil
was operationally defined as soil adhering to the total roots after gentle shaking. Whole plants with their roots
were extracted from the soil and after shaking off the loosely adhering soil, the tightly adhering rhizosphere
soil was carefully collected. The soil samples were sieved (<2 mm), and approximately 5 g of soil was stored in
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a —80°C ultrafreezer for soil metagenomic assays. The remaining soil samples were air dried at 20 to 25°C to
determine the soil physicochemical indicators.

Structural and functional analysis of rhizosphere soil-microbial communities. (i) DNA extraction,
library construction, and metagenomic sequencing. Microbial community structure and function in
the rhizosphere soil were determined using metagenomic sequencing techniques. Total genomic DNA
was extracted from 0.5-g soil samples using the FastDNA Spin kit for Soil (Mpbio, CA, USA) according to
the manufacturer’s instructions. The concentration and purity of the extracted DNA were tested using
TBS-380 and NanoDrop 2000, respectively. The quality of the DNA extract was checked on a 1% agarose
gel. DNA was fragmented to approximately 400 bp using Covaris M220 (Gene Company Limited, China)
for paired-end library construction. The paired-end library was built using NEXTFLEX Rapid DNA-Seq (Bio
Scientific, Austin, TX, USA). Adapters that include the full complement of the sequencing primer hybrid-
ization sites were ligated to the blunt ends of the fragments. Paired-end sequencing was performed on
lllumina NovaSeq (lllumina Inc., San Diego, CA, USA) at Majorbio Bio-Pharm Technology Co., Ltd. (Shanghai,
China) using NovaSeq Reagent Kits according to the manufacturer’s instructions (www.illumina.com).
Sequence data associated with this project were deposited in the NCBI Short Read Archive database (acces-
sion number PRINA899702).

(ii) Sequence quality control and genome assembly. Raw reads from metagenome sequencing
were used to generate clean reads after removing the adaptor sequences and trimming and removing
low-quality reads using fastp (https://github.com/OpenGene/fastp, version 0.20.0) on the free online Majorbio
Cloud Platform (cloud.majorbio.com). High-quality reads met the criteria of reads with N bases, a minimum
length threshold of 50 bp, and a minimum quality threshold of 20. These high-quality reads were then
assembled into contigs using MEGAHIT (parameters: kmer_min = 47, kmer_max = 97, step = 10) (https://
github.com/voutcn/megahit, version 1.1.2), which uses succinct de Bruijn graphs.

(iii) Gene prediction, taxonomy, and functional annotation. Open reading frames (ORFs) in the
contigs were identified using MetaGene (https://www.metagene.de/). Predicted ORFs with a length of over
100 bp were retrieved and translated into amino acid sequences using the NCBI translation table. A nonredun-
dant gene catalog was constructed using CD-HIT (https://packages.debian.org/sid/soapaligner, version 4.6.1)
with 90% sequence identity and 90% coverage. After quality control, reads were mapped to the nonredundant
gene catalog with 95% identity using SOAPaligner (http://soap.genomics.org.cn/, version 2.21), and gene
abundance in each sample was analyzed. Representative sequences of nonredundant gene catalogs were
compared with the NCBI NR database with an e-value cutoff of 1e™® using Diamond (https://github.com/
bbuchfink/diamond, version 0.8.35) for taxonomic annotation. The Kyoto Encyclopedia of Genes and Genomes
(KEGG) annotation was performed using Diamond (https://github.com/bbuchfink/diamond, version 0.8.35)
against the KEGG database (http://www.genome.jp/kegg/) with an e-value cutoff of 1e>.

(iv) Comparative analysis of the effects of different degrees of invasion on the expression of
functional genes related to nitrate synthesis and decomposition in rhizosphere soil.The relative
abundances of the functional genes related to the dissimilatory nitrate (nirB, nrfA, nirD, and nrfH), assimilatory
nitrate (NasA, nirA, narB, NR, and NTT-6), denitrification (NirK, norB, nosZ, nirS, and norC), and nitrification (pmoB-
amoB, pmoC-amoC, pmoA-amoA, and hao) under different treatments were analyzed. The dissimilatory nitrate,
assimilatory nitrate, and denitrification were used to compare the difference in NO,-N decreases, and nitrifica-
tion was used to compare the difference in NO,-N increases among treatments.

(v) Soil chemical properties. Soil samples were air dried and sieved (1-mm mesh) before determi-
nation of soil properties. Soil pH was measured using a pH meter (E20-FiveEasyTM pH, Mettler Toledo, Germany)
in a 1:5 (fresh soil: deionized water [wt/vol]) suspension after shaking for 30 min. Organic carbon was analyzed
using spectrophotometric measurement after digestion with a K,Cr,0,-H,SO,-soil mixture in a commercial micro-
wave oven. After extraction with sodium bicarbonate, available soil P (AP) was determined using the molybde-
num blue method (61). Concentrations of ammonium nitrogen (NH,-N) and nitrate nitrogen (NO,-N) were ana-
lyzed using a SmartChem automatic discontinuous chemical analyzer (62). Total nitrogen (TN) and total
phosphorus (TP) were determined using the Kjeldahl and the perchloric acid, and sulfuric acid methods, respec-
tively (63).

(vi) Nitrogen uptake ability. For each treatment, a 50 by 50-cm area was selected for each plot. To
eliminate edge effects, a 50 by 50-cm area was selected at the center of a 2 by 1-m area within each 3
by 2-m plot. The entire plant, including the aboveground components and the root biomass in the
50 by 50-cm plots was collected, washed to remove any soil particles, and then oven dried at 80°C for 48
h to collect data on dry biomass. Plant biomass per unit area was then obtained. Approximately 2 g of
leaves were analyzed for TN concentration, which was measured using the micro-Kjeldahl method (64).
The per unit N content of the plant was then calculated using the following formula:

per unit N content of plant (g/kg) = per unitbiomass (kg) x N concentration (g/kg)

Data analysis. A comparative analysis of the microbial community between the invasive and the
native species in the rhizosphere soil under different treatments was performed using the base R package
“VennDiagram, vegan, and ggplot2.” The Venn chart indicates the similarity and overlap of the species composi-
tion among samples, and the bar chart indicates the species composition of the different groups. Principal coordi-
nates analysis (PCoA) was performed using the prcomp function from the R package “stats” with the Bray-Curtis
metric. The Bray-Curtis metric was calculated using the vegdist function from the R package “vegan” (v.2.4-4). The
multivariate null hypotheses “no differences among prior defined groups” were examined using nonparametric
test ANOSIM (an analog of univariate ANOVA). To statistically support the visual clustering of the rhizosphere soil
microorganisms in the principal-component analysis, two invasive plants in the monoculture, three native plants
in the monoculture, as well as the invasive and native plants in the mixture were compared using the Wilcoxon
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rank-sum test followed by the R package “vegan” to draw the Heapmap, which is used to distinguish the relative
abundance at the genus level. KEGG pathway enrichment analysis was performed using the function phyper in
the R package “stats.” One-way ANOVA was carried out to determine the differences in the genes involved in N
metabolism, relative abundance of bacteria, and soil chemical properties among different treatments. Spearman’s
correlation coefficient and significance were calculated using the rcorr function in the R package “Hmisc” (v. 4.0-
3). Bray-Curtis distance-based redundancy analysis (db-RDA) was used to examine the relationship between mi-
crobial community structure and soil chemical factors. Spearman’s correlation coefficient and its significance
were calculated using the rcorr function in the R package “Hmisc” (v. 4.0-3).
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