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Abstract
Soil microbes may greatly affect plant growth. While plants are commonly associated with diverse communities of soil
microbes, complementary roles of different microbial communities that may stimulate synergistic effects on plant growth
are not adequately tested. Also, such synergistic effects may vary with environmental conditions such as soil nutrient and
water availability. We conducted a greenhouse experiment with a widespread clonal plant Solidago canadensis. The
experiment was a factorial design with four levels of soil microbial inoculation (fresh soil inocula from grasslands in
northern and southern China that were expected to differ in soil microbial composition, a mixture of the two fresh soil
inocula, and a sterilized mixed inoculum control), two levels of nutrient availability (low vs. high), and two levels of water
supply (low vs. high, i.e., 1376 vs. 352 mm per year). Irrespective of water supply and nutrient availability, total,
aboveground, and belowground mass of S. canadensis were generally higher when the plant grew in soil inoculated with
a mixture of soil microbes from the south and north of China (in the mixed inoculum treatment) than when it grew in soil
inoculated with soil microbes from only the north or the south or the sterilized control. Such effects of soil microbes on
total and aboveground mass were stronger under high than under low nutrient availability and also under high than under
low water supply. Our results suggest that interactions of different soil microbial communities can result in a synergistic
effect on plant growth and such a synergistic effect depends on environmental conditions. The findings shed light on the
importance of plant–microbe interactions during the spreading of some plant species in face of increased atmospheric
nutrient deposition coupled with altered rainfall pattern due to global change.
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Introduction

Interactions between plants and soil microbes can have pro-
found impacts on the structure and productivity of plant com-
munities [1–5]. Such biotic interactions also play key roles in
global carbon and nutrient cycling [6–9] and are important for

predicting species distribution under ongoing global change
[10–13]. Plants are commonly associated with diverse com-
munities of soil microbes [14–16]. Thus, to better understand
plant–soil interactions and their impacts, interactions of differ-
ent soil microbial communities should be considered.

Soil microbial communities vary greatly with climate (e.g.,
rainfall), soil physico-chemical properties, and vegetation
[17]. It is well known that soil microbial communities from
different sources (e.g., climatic regions) may have different
impacts on plant growth [13]. Furthermore, different soil mi-
crobial communities may interact to collectively determine
plant growth [18, 19]. If the main functions of different soil
microbial communities are complementary, then their collec-
tive effect could be synergistic, i.e., greater than the effect of
any of the soil microbial communities. For instance, rhizobia
and arbuscular mycorrhizal fungi (AMF) showed a synergistic
interactive effect on the growth of broad bean Vicia faba [50].
By contrast, if different soil microbial communities compete
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fiercely for resources such as carbohydrates from plants, then
an antagonistic effect may be shown [20, 21]. So far, however,
complementary roles of different microbial communities that
may stimulate synergistic effects on plant growth are not ad-
equately tested (but see Hestrin et al. [26]).

The synergistic effect of different soil microbial communi-
ties may vary with soil water conditions. It is well known that
soil microbial communities are sensitive to drought [22, 23]
and that soil water conditions can greatly influence the effect
of soil microbial communities on plant growth [24, 25]. For
example, the mutually beneficial interactions between plant
and soil microbial communities under moist conditions could
be changed into detrimental interactions under drought [24,
26–28]. Given that different soil microbial communities show
different dependencies on soil water conditions [25], changing
soil water conditions may alter the synergistic effect of differ-
ent soil microbial communities on plant growth. While many
studies have investigated the effects of soil water conditions
on plant–microbe interactions [3, 4, 23, 29, 30], to the best of
our knowledge, very few studies have tested how soil water
conditions affect the synergistic effect of soil microbial com-
munities of different origins on plant growth.

Soil nutrient availability may also affect the synergistic
effect of different soil microbial communities on plant growth.
Soil nutrient availability can affect the structure and activity of
soil microbial communities [31, 32] and influence their im-
pacts on plant growth [33, 34]. As different soil microbial
communities may respond differently to soil nutrient avail-
ability [35, 36], changing soil nutrient availability may alter
the synergistic effect of different soil microbial communities
on plant growth. For instance, Mack and Rudgers [20] found
that high nutrient availability significantly increased the abun-
dance of endophytic fungi and decreased AMF colonization,
resulting in a final increase in plant biomass by ~ 400%. High
nutrient availability could also stimulate soil biota interactions
that promoted plant growth as the interactions induced a shift
in plant–soil feedback from negative to positive [37, 38].
While many studies have tested the effects of soil nutrient
availability on plant–microbe interactions [3–5, 29, 30], to
the best of our knowledge, few have tested how soil nutrient
availability affects the synergistic effect of soil microbial com-
munities of different origins on plant growth.

We grew a widespread clonal plant Solidago canadensis in
background soil with fresh soil inoculum collected from two
different regions (north and south) of China, a mixture of the
two types of fresh soil inocula and sterilized soil inoculum
(control) under low versus high nutrient availability and under
high versus low water supply. Specifically, we addressed (1)
whether there is a synergistic interactive effect of the two soil
microbial communities (from the two regions) on the growth
of S. canadensis, (2) whether such a synergistic effect varies
with soil nutrient availability, and (3) whether such a syner-
gistic effect varies with soil water conditions.

Methods

Study Plant

Solidago canadensis L. (Asteraceae), a native of North
America, is one of the most destructive invasive weeds in
many countries, including China [39–41]. In China, it was
introduced first to Shanghai as an ornamental plant in 1935
and has since spread into the wild [42]. This species can re-
produce both sexually by producing large quantities of viable
seeds and asexually by clonal growth from its rhizomes [43].
The seeds are tiny and thus easily dispersed by wind. Plants of
S. canadensis can grow over 1.5 m tall. Due to its tall stature
and extensive clonal growth, the species has a strong compet-
itive ability and can displace native plant species, especially in
habitats disturbed by human activities [44]. It grows mainly
along roads, as well as in meadows, pastures, abandoned
farmlands, ditches, upland forests, and savannas [45].

Seed Collection and Propagation

In September 2018, we collected seeds of S. canadensis from
Taizhou (28° 38′ N, 121° 21′ E) in Zhejiang Province, China,
and stored them at 4 °C. On May 25, 2019, the seeds were
sterilized with 5% sodium hypochlorite and then sown in a
sterilized commercial potting substrate in a tray in a green-
house of Taizhou University. We covered the seed tray with a
plastic lid to increase the humidity to encourage fast germina-
tion. We added tap water to the substrate every day to keep it
moist. The seedlings were about 10 cm tall with 5–6 leaves
before the start of the experiment.

Experimental Design

The experiment was a factorial design with four levels of mi-
crobial inoculation, two levels of nutrient availability (low vs.
high), and two levels of water supply (low vs. high). The four
levels of microbial inoculation were (1) fresh soil (pH = 7.6 ±
0.08, EC = 265 ± 0.33 μS cm−1, clay = 26.4 ± 0.40%, silt = 5.8
± 0.15%, and sand = 67.8 ± 1.18%; n = 3) obtained from a
grassland in Taizhou, Zhejiang Province, in southern China
(hereafter referred to as “south inoculum”); (2) fresh soil
(pH = 7.2 ± 0.07, EC = 244.3 ± 0.66 μS cm−1, clay = 20.4 ±
0.64%, silt = 9.6 ± 0.23%, sand = 70 ± 0.35%; n = 3) obtained
from the Inner Mongolia grassland in northern China (hereafter
referred to as “north inoculum”); (3) a mixture of south and
north inocula (hereafter referred to as “mixed inoculum”); and
(4) a steam-sterilized mixed inoculum soil (hereafter referred to
as “control”). In the treatment with high nutrient availability,
we added 7.2 g L−1 slow-release fertilizer (14 N: 14 P: 14 K;
Osmocote 301, Scotts, USA) to the soil, and in the treatment
with low nutrient availability, we added 2.5 g L−1 [20]. In the
treatment with high water supply, we added 600 mL water per
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week to a pot with the target plant, equivalent to the annual
precipitation regime of 1376 mm in Zhejiang province. In the
treatment with lowwater supply, we supplied 150mLwater per
week to a pot, equivalent to the annual precipitation regime of
351 mm in the Inner Mongolia (https://www.currentresults.
com/Weather/China/average-yearly-precipitation.php) [5].
Each treatment had ten replicates.

On 22 July 2019, one seedling of S. canadensis was
planted in the middle of a plastic pot (16 cm in diameter ×
13.5 cm in height) filled with 2.4 L of a mixture (1:1, v:v) of
washed river sand and soil collected from a grassland nearby
Taizhou City in Zhejiang province, China. The sand–soil mix-
ture (hereafter referred to as “background soil”) was steam-
sterilized at 121 °C for 4 h and then thoroughly mixed with
7.5 g L−1 and 2.5 g L−1 of the slow-release fertilizer to mimic
the high and low nutrient soils, respectively.

Fresh soils used as the south and north inocula were col-
lected from the 0–15 cm soil layer from six different points
spaced 60 m apart in Taizhou and Inner Mongolia, respective-
ly. In sampling points in Taizhou (28° 38′ N, 121° 21′ E), the
dominant vegetations were Phalaris arundinacae, Erigeron
canadensis, Solidago canadensis, Bidens pilosa, and
Erigeron annuus; in the sampling points in Inner Mongolia
(40° 50’ N and 111° 43′ E), the vegetation was dominated by
Leymus chinensis, Stipa krylovii, Agropyron cristatum, and
Artemisia frigid. The inoculum soils were sampled from these
locations so that we could obtain soil microbial communities
that differ in species composition as these locations are known
to vary with climatic and environmental conditions, and thus,
the soil microbes collected were suitable for the aim of the
study. The soil collected from each site was pulverized and
homogenized to improve the uniformity of soil microbial dis-
tribution and stored at 5 °C until use. We homogenized the
north and south inocula at the ratio of 1:1 (v:v) to create the
mixed inoculum. The inocula were added at 10% (v/v) to the
background soil after filling the pots to about two-thirds, and
then the pots were capped with another small layer of steril-
ized background soil [46, 47]. In the control, the sterilized
inoculum was added to the sterilized background soil and
the pots were capped with a small layer of the sterilized back-
ground soil in the same way. This approach of mixing and
arranging the substrates enabled us to reduce the effects of the
potential differences in soil properties [48].

The pots were arranged randomly on a table in the green-
house of Taizhou University. The experiment was conducted
between July 22 and October 21 2019. During the experiment,
we randomly re-arranged the pots every 3 weeks to avoid the
potential effects of micro-environmental heterogeneity. The
average temperature in the greenhouse was 26.1 °C, and the
humidity was maintained at 84.7%. No plant died during the
experiment. At the end of the experiment, about 40% of the
plants had started flowering and 86.8% had produced off-
spring ramets.

Measurement and Harvesting

Prior to harvest, we measured the height of mother ramet and
recorded number of leaves of the mother ramet and number of
ramets in each pot. We harvested the aboveground and the be-
lowground parts (i.e., roots and rhizomes) of each plant sepa-
rately and then dried them at 70 °C for 72 h before weighing.

Statistical Analysis

We used three-way ANOVAs to examine the effects of soil
microbes (control, north inoculum, south inoculum, and
mixed inoculum), nutrient levels (low vs. high), and water
supply (high vs. low) on biomass (total mass, aboveground
mass, belowground mass, and mass per ramet), ramet number,
and height and leaf number of the mother ramet of
S. canadensis. Before analysis, all data were transformed to
square root to improve normality and homogeneity of vari-
ance. The data were analyzed, and figures created in R v.3.5.1
[49] through an RStudio platform (v.1.1.442) [50].

Results

Irrespective of water supply and nutrient availability, total,
aboveground, and belowground mass of Solidago
canadensis were generally higher in the mixed inoculum
treatment than in the control, the north, and the south in-
oculum treatments (Table 1; Fig. 1). However, such effects
on total and aboveground mass were stronger under high
and under low water supply and under high than under low
nutrient availability (effects of soil microbes × water sup-
ply: both P < 0.001; effects of soil microbes × nutrient
level: P = 0.006 or 0.001; Table 1; Fig. 1a, b). Such an
effect on belowground biomass was also stronger under
high than under low water supply (effect of soil microbes
× water supply: P = 0.013; Table 1; Fig. 1c) but did not
differ between the two nutrient treatments (effect of soil
microbes × nutrient level: P = 0.445; Table 1).

Ramet number of S. canadensis was the highest in the
mixed inoculum treatment, smallest in the north and the
south inoculum treatments, and intermediate in the control
(Table 1; Fig. 2a). Mass per ramet and height of the mother
ramet of S. canadensis were greater in the south and mixed
inoculum treatments than in the control and the north in-
oculum treatments, and such an effect was stronger under
high than under low water supply (effect of soil microbes ×
water supply: P = 0.021 and 0.030, respectively; Table 1;
Fig. 2b, c). Leaf number of the mother ramet of
S. canadensis was greater in the south and mixed inoculum
treatments than in the control and the north inoculum treat-
ment (Table 1; Fig. 2d). Mass per ramet and height and leaf
number of the mother ramet of S. canadensis under high
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nutrient availability and high water supply tended to be
greater in the south inoculum treatment than in the mixed
inoculum treatment (Fig. 2b–d).

Discussion

Interactions between different soil microbes may generate a
synergistic effect on plant growth [18, 26, 51], and such an

effect may vary with abiotic environmental conditions. While
there is a large body of evidence that the effect of soil mi-
crobes on plant growth can vary with environmental condi-
tions and that different soil microbial communities can have
different effects on plant growth [19, 52, 53], there is little
evidence that the synergistic effect of different soil microbial
communities on plant growth depends on abiotic environmen-
tal conditions. Our study provides evidence that there were
synergistic interactive effects of soil microbial communities

Fig. 1 (a) Total mass, (b)
aboveground mass, and (c)
belowground mass of Solidago
canadensis with or without
drought, under low or high
nutrient availability and with the
north, south, or mixed inoculum
or sterilized control. Mean ± SE
(n = 10) are given

Table 1 Results of ANOVAs for effects of soil microbes (sterilized control, north, south, and mixed inocula), nutrient levels (high vs. low), and water
supply (no drought vs. drought) on biomass, ramet number, mass per ramet, and height and leaf number of the mother ramet of Solidago canadensis

Variable Microbe (M) Nutrient (N) Water (W) M × N M × W N × W M × N × W

Total mass 34.4*** 35.4*** 181.8*** 4.3** 7.2*** 9.0** 0.8ns

Aboveground mass 34.1*** 30.0*** 196.9*** 5.3** 8.0*** 9.1** 1.0ns

Belowground mass 17.5*** 27.8*** 64.6*** 0.8ns 3.7* 5.5* 0.3ns

Ramet number 5.9*** 5.7* 11.2** 0.9ns 0.9ns 0.1ns 0.3ns

Mass per ramet 11.2*** 9.6** 65.2*** 1.6ns 3.3* 2.2ns 1.2ns

Plant height 36.1*** 68.6*** 162.1*** 0.7ns 3.0* 7.9** 1.7ns

Leaf number 23.7*** 8.8** 154.8*** 1.0ns 1.5ns 2.4ns 0.2ns

F values and significance levels (***P < 0.001, **P < 0.01, *P < 0.05, and nsP ≥ 0.05) are given. Values are in italics when P < 0.05. Degrees of
freedoms are (3, 144) forM,M ×N,M ×W, andM×N ×W and (1, 144) for N,W, and N ×W). All data were transformed to square root before analysis
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from two different sources on biomass production of Solidago
canadensis, and such synergistic effects varied with both soil
water supply and soil nutrient availability.

Synergistic Effects of Soil Microbial Communities of
Different Sources

We found that averaged across the water and nutrient
treatments, inoculation with soil microbes from the north
generally reduced the growth of S. canadensis compared
to the sterilized control, suggesting that soil microbes
from the north were harmful to S. canadensis. While,
compared to the control, both inoculation with soil mi-
crobes from the south and inoculation with a mixture of
soil microbes from the north and the south generally in-
creased biomass production of S. canadensis, the positive
effect was much stronger for the latter than for the former.
As a result, S. canadensis produced greater biomass when
inoculated with a mixture of the soil microbes from the
north and the south than when inoculated with soil

microbes from either the north or the south. These results
suggest that soil microbial communities from the north
and the south could interact to produce a synergistic effect
on biomass production of S. canadensis.

A synergistic effect of different soil microbial commu-
nities on plant growth has also been reported before [18,
54]. For instance, Hestrin et al. [26] found a synergistic
positive effect between mycorrhizal fungi and free-living
soil microbial communities on the growth of the grass
Brachypodium distachyon. Likewise, a recent study
showed a synergistic positive effect between rhizobium
and AMF on the growth of maize (Zea mays) [55].
However, Bauer et al. [47] found additive effects instead
of their expected synergistic effects of the interaction be-
tween rhizobia and AMF on the growth of Panicum
virgatum when it was grown in monoculture. They, how-
ever, attributed their findings to the inability of these mi-
crobial functional groups to form a synergy due to the
short-term nature of their study period. Similarly, additive
effects have also been reported on the interaction between

Fig. 2 (a) Ramet number, (b)
mass per ramet, and (c) plant
height and (d) leaf number of the
mother ramet of Solidago
canadensis with or without
drought, under low or high
nutrient availability and with the
north, south, or mixed inoculum
or sterilized control. Mean ± SE
(n = 10) are given
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two functionally dissimilar soil organisms (i.e., AMF and
root herbivores) on the total productivity of selected grass-
land species [56]. In that study, Ladygina et al. [55] ob-
served that the positive effects of AMF on the growth of
the species were ruled out by the biomass reduction effects
that resulted from the activities of wireworms and nema-
todes (root herbivores).

In the present study, under the conditions of high nutrient
availability and high water supply where S. canadensis com-
monly grows and invades, we found a positive biomass re-
sponse of S. canadensis to soil microbes from the south, but a
negative biomass response to soil microbes from the north
(Fig. 1a, b). We suggest that these disparities in growth re-
sponses to the different soil types may be due to differences in
co-evolutionary histories between plant species and soil mi-
crobes [57, 58] and in climatic conditions [59]. In this study,
the soil inocula from the south were collected in the invaded
area of S. canadensis. Thus, it is not surprising that we found a
positive growth response to soil microbes from the south as it
is frequently reported that in the invaded range alien invasive
species commonly have positive feedback from soil microbes
[60–62]. By contrast, S. canadensis has not invaded in the
Inner Mongolia grasslands where the soil inocula from the
north were collected [42]. Due to a lack of co-evolutionary
histories and the differences in climatic conditions, especially
precipitation, it is reasonable that soil microbes from the north
had a harmful effect on the growth of S. canadensis, as also
found in previous studies [63–65].

Previous studies have indicated that soil microbes from
different functional groups or sources can differ greatly in
terms of functional characteristics and roles [18, 19]. Based
on the finding that S. canadensis showed different growth
responses to soil microbes from the north and the south, we
hypothesized that soil microbes from these two sources may
play different functional roles and some of the functions are
also complementary, as reported in a previous study [66, 67].
Due to such complementarity, these soil microbes of different
sources could interact to provide more limiting resources such
as water and nutrients, which promote the growth of
S. canadensis. Consequently, we observed a stronger, positive
response of biomass production of S. canadensis to the mix-
ture of soil microbes than to soil microbes from a single source
(from the north or the south), demonstrating a synergetic ef-
fect on plant growth. The positive feedback from soil mi-
crobes in the south where S. canadensis is currently wide-
spread and the synergistic effect (i.e., enhanced positive ef-
fect) may highly increase the adaptation and competitive dom-
inance of this invasive plant species in the invaded range [65].
Moreover, the synergistic effects of different microbial com-
munities on the growth performance of S. canadensis could be
one of the mechanisms underlying the range expansion for
this invasive species in China [41] and possible also for other
invasive species [68, 69].

We did not detect a synergistic effect of soil microbes on
the size of the S. canadensis ramets as none of the three size
measures (mass per ramet, plant height, and leaf number) was
larger when S. canadensis grew in soil inoculated with a mix-
ture of soil microbes than when it grew in soil inoculated with
soil microbes from the south (Fig. 2b–d). By contrast, under
high nutrient availability and high water supply, ramet size of
S. canadensis tended to be larger in soil inoculated with mi-
crobes from the south than in soil inoculated with a mixture of
microbes from the north and the south (Fig. 2b–d), although
the number of ramets was smaller (Fig. 2a). This result sug-
gests that the synergistic effect on biomass production of
S. canadensis was due to its effect on ramet production, but
not its effect on individual ramet size. Similarly, synergistic
effects between AMF and rhizobia on biomass of grassland
species (e.g., Festuca ovina, Trifolium arvense, and Plantago
lanceolata) were also ascribed to the occurrence of the syner-
gistic effects on reproductive output [52].

Environment Dependence of Synergistic Effects

We found that the extent of the synergistic effect of soil mi-
crobes from the north and the south on biomass production of
S. canadensis varied with environmental conditions.
Specifically, the synergistic effect was stronger under high
than under low nutrient availability and under high than under
low water supply. Given that interactions between soil mi-
crobes can result in a synergistic effect on plant growth, if
high nutrient and/or high water availability can strengthen
such interactions compared to low nutrient or water availabil-
ity, then a stronger a synergistic effect may occur.

In the current study, we observed a synergic effect of
different soil microbes on biomass of S. canadensis.
Furthermore, we found a significant positive effect of soil
microbes at both high and low nutrient availabilities only
when there was a mixture of soil microbes from the north
and the south, but the effect of soil microbes from the south
and from the north depended on soil water and nutrient
availability. Similarly, many studies have shown that soil
microbes differ in their responses to soil nutrient availabil-
ity and soil water availability, which ultimately influences
their functional performance and activities [22, 70, 71]. For
instance, soil microbial symbionts exchange nutrients for
carbon with their host plants; however, in a situation where
available nutrients required by soil microbes to offset the
carbon cost are insufficient, the interaction often induces
inhibitory effects instead of synergistic effects [26, 72].
Moreover, nutrient stress could stimulate microbial com-
munities to compete for the limited available nutrients
[73]. As high nutrient and water availability could increase
complementary roles of different soil microbes, they in-
creased the synergistic effects of different soil microbes.
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In the soil inoculated with soil microbes from the
north, a negative response to microbial interaction gradu-
ally reduced with increasing water and nutrient availabil-
ity. Also, in the soil inoculated with soil microbes from
the south, a negative growth response at low nutrient
availability and under high water supply disappeared un-
der high water supply and nutrient availability. However,
soil microbes from the north and south generated a strong
positive effect when the two soils were co-inoculated un-
der high water supply and high nutrient availability. A
support to our finding is the recent work in which the
addition of high nutrients decreases the negative feedback
of 24 European grassland species [34]. Also, a low feed-
back response of Leontodon hispidus to the interaction of
AMF at low nutrients gradually increased with the addi-
tion of high nutrients [37]. Nutrient availability ultimately
shifts feedback from negative to positive due to the over-
all increase in plant fitness and resistance to pathogenic
diseases [63]. Therefore, synergistic effects of microbial
interaction under high nutrients and water availability
may generally promote the fitness of plants and stimulate
strong resistance to pathogenic stress.

Conclusions

Our results suggest that the interaction of soil microbial
communities of different sources could have a synergistic
effect on plant growth. Our results also provide evidence
that water supply and nutrient availability may have a po-
tential impact on interactions between different microbial
communities so that they can alter their synergistic effects
on plant growth. In this study, we did not quantify the
composition and functions of the soil microbial communi-
ties in the two soil sources. Thus, we do not know the
potential differences between these two soil communities
and cannot explore the mechanisms underlying these syn-
ergistic effects. Further studies could test whether syner-
gistic effects of different soil microbial communities were
due to functional complementary of different soil microbial
communities or other mechanisms.
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