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Abstract Plant-soil feedback is recognized as the mutual in-
teraction between plants and soil microorganisms, but its role
on the biological invasion of the Brazilian tropical seasonal
dry forest by invasive plants still remains unclear. Here, we
analyzed and compared the arbuscular mycorrhizal fungi
(AMF) communities and soil characteristics from the root
zone of invasive and native plants, and tested how these
AMF communities affect the development of four invasive
plant species (Cryptostegia madagascariensis, Parkinsonia
aculeata, Prosopis juliflora, and Sesbania virgata). Our field
sampling revealed that AMF diversity and frequency of the
Order Diversisporales were positively correlated with the root
zone of the native plants, whereas AMF dominance and fre-
quency of the Order Glomerales were positively correlated
with the root zone of invasive plants. We grew the invasive
plants in soil inoculated with AMF species from the root zone
of invasive (hangea) and native (Zynaierea) plant species. We
also performed a third treatment with sterilized soil inoculum
(control). We examined the effects of these three AMF inoc-
ulums on plant dry biomass, root colonization, plant
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phosphorous concentration, and plant responsiveness to my-
corrhizas. We found that /ynaiered and Jopangea promoted the
growth of all invasive plants and led to a higher plant dry
biomass, mycorrhizal colonization, and P uptake than control,
but Ienangea Showed better results on these variables than
Linaterea- For plant responsiveness to mycorrhizas and fungal
inoculum effect on plant P concentration, we found positive
feedback between changed-AMF community (/changed) and
three of the studied invasive plants: C. madagascariensis,
P aculeata, and S. virgata.

Keywords Biological invasion - Arbuscular mychorrizal
fungi - Brazilian seasonal tropical dry forest - Soil available
phosphorus - Glomeromycota - Cryptostegia
madagascariensis - Prosopisjuliflora - Parkinsonia aculeata -
Sesbania virgata

Introduction

Understanding the feedback between invasive plants and soil
communities that influence abiotic and biotic properties of the
root zone, which in turn influence biological invasion and the
performance of the invasive plant species, is fundamental to
predict the course of biological invasion in areas from the
Brazilian tropical seasonal dry forest. Plant-soil feedback
(hereafter PSF) is recognized as the mutual interaction be-
tween plants and soil microorganisms [1], but its role on the
biological invasion of the Brazilian xeric shrubland by inva-
sive plant species still remains unclear. According to Carvalho
et al. [2], positive PSF may contribute to the success of inva-
sive plants introduced into new habitats by altering soil mu-
tualistic and enemies’ impacts. Invasion success may also de-
pend on the action of abiotic (e.g., water availability, sunlight,
soil fertility, soil oxygen, and soil temperature) and biotic
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conditions (e.g., the community composition of herbivores,
decomposers, pathogens, and predators) as described by
Johnstone [3] and Agrawal et al. [4].

Biologic invasion by legume and non-legume invasive
plant species is recognized as one of the most important events
affecting the dynamics of plant communities in the Brazilian
semi-arid [5-7]. Invasive plant species such as Cryptostegia
madagascariensis Bojer ex. Decne, Prosopis juliflora SW.
(DC.), Parkinsonia aculeata L., and Sesbania virgata (Cav.)
Pers. have been displacing native species (e.g., Copernicia
prunifera (Mill.) H. E. Moore. and Mimosa tenuiflora
(Willd.)), which might have a negative impact in the soil com-
munity (e.g., changing microbial community composition, al-
tering nutrient cycling, and reducing soil community diversi-
ty) [2, 7]. Studies from elsewhere have shown that over time,
invasive plant species can also affect soil properties, such as
soil pH and available phosphorous [8, 9], and alter arbuscular
mycorrhizal fungi (hereafter AMF) communities (i.e.,
changed-AMF community) [10, 11], contributing to a decline
of AMF diversity [12—14] and influencing the outcome of PFS
in the new ranges [2].

PSF may be mediated by symbiotic mutualists, such as AMF
[15]. PSF effects among invasive plants and root-associated or-
ganisms and saprotrophic organisms have been described in
sand dunes, grasslands, and in Mediterranean conditions
[16-18]. Klironomos [15] and van der Putten et al. [19] reported
that invasive plants show positive PSF more frequently than
native plants in their new geographic ranges. Invasive plants
can also experience stronger positive PSF mediated by AMF
and other soil organisms than natives in introduced ranges [16,
20-22]. Despite the growing interest in understanding the mech-
anisms associated with successful plant invasion, little is known
about the potential linkages between invasive plant species and
AMF in semi-arid conditions.

The main objective of the present study was to investigate
the relation established between four invasive plant species
(C. madagascariensis, P. aculeata, P. juliflora, and
S. virgata) in the Brazilian semi-arid and the AMF communi-
ties. Our study addressed the following questions: (1) Do in-
vasive plant species alter the composition of the AMF com-
munity in the new range? Based on the enhanced mutualisms
hypothesis [20, 22], we expected to find evidence for a
changed-AMF community. (2) Is there evidence for differ-
ences in the relationship between invasive and native plants
and the changed-AMF community in field conditions? We
hypothesized that invasive plants would experience a stronger
interaction with the changed-AMF community according to
the invasion opportunity windows and resource enemy release
hypotheses [3, 4, 23]. (3) How do invasive plant species
grown from seed respond to the inoculation with AMF from
native and invasive root zones? We expected invasive plant
species to show a higher mycorrhizal colonization, rhizobial
colonization, and plant responsiveness to mycorrhizas after

inoculation with changed-AMF communities. This expecta-
tion is based on the disturbance-contingent niche creation
model [24]. To accomplish this, we combined field sampling
of two root zone types, i.c., invasive and native root zones,
characterized both the soil chemical properties and AMF com-
munities, and performed bioassays under glasshouse condi-
tions. Fungal inoculum was obtained by establishing a trap
culture with Zea mays, a standard host plant used in several
mycorrhizal inoculum potential assays according to the
International Culture Collection of (Vesicular) Arbuscular
Mycorrhizal Fungi, INVAM (http://invam.caf.wvu.edu/).
The bioassays allowed us to investigate soil feedback effects
on plant dry biomass, root colonization, plant phosphorous
concentration, and plant responsiveness to mycorrhizas.

Material and Methods
Plant Species and Study Sites

Field sampling was carried out in four different areas in Brazil
(Ibaretama, Ceara, 06° 51’ 11.3" S; 35° 55’ 51.5" W;
Juazeirinho, Paraiba, 07° 02’ 3.4” S; 36° 30’ 16.6"” W;
Monteiro, Paraiba, 06° 51’ 12.6” S, 35° 55’ 50.6” W; and
Natuba, Paraiba, 07° 26" 86" S, 35° 32’ 73" W). These study
areas are classified as hot semi-arid climate (type Bsh) following
Kd&ppen-Geiger climate classification, i.e., hot semi-arid with hot
summers and mild to warm winters, annual precipitation, and
temperature of 600 mm and 30 °C, respectively. In these sites,
rainfall is highly low, unpredictable, and irregular [25]. Data on
the monthly rainfall and main temperature between January and
December 2012 were obtained from the Brazilian National
Institute of Meteorology (Fig. 1; http://www.inmet.gov.br).
With the exception of Ibaretama site where the soil was
classified as eutric vertisol, soil types from the remaining areas
were classified as sandy loam dystric fluvisols [26].

We selected the invasive plant species C. madagascariensis,
P. juliflora, P. aculeata, and S. virgata, because
C. madagascariensis co-occur with C. prunifera, which is an
endangered native species from Ceara, while the remaining in-
vaders co-occur with M. fenuiflora that is a common native tree
from the Brazilian xeric shrubland [27]. Seeds from the invasive
plants were directly collected from the studied areas, kept in
paper bags, and dried at room temperature.

Field Sampling, Soil, and AMF Communities’
Characterization

In each study area, we established 40 plots of 100 m* accord-
ing to Fortin and Dale [28]. Within each plot, we selected 80
plant species (i.e., 40 invasive plant species plus 40 native
plant species) according to the following criteria: (1) the plant
had a diameter near soil surface >3 c¢cm and (2) no individual
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Fig. 1 Mean temperature (black line) and rainfall amount (dotted line) in
each studied site from January to December 2012; the arrows indicate the
sampling period. Data were obtained from the website: http://www.inmet.
gov.br

from a different plant species were growing in a 3-m radius to
the sampling point in all directions [28-30]. Root zone sam-
ples (including soil and root fragments) were collected near
the drip line and beyond (020 cm deep), during the dry peri-
od, i.e., at the beginning of September 2012. By sampling
during the dry season, we guaranteed that we sampled the
largest number of AMF species, because fungal sporulation
is expected to be higher at this time of the year in semi-arid
environments [31]. Samples from each plant species in each
plot were bulked, mixed, and stored at 4 °C until host-plant
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bioassays. During sampling and handling of each soil sample,
precautions (e.g., sterilization with ethanol and gloves) were
undertaken to avoid cross contamination. Later, each sample
collected from the field was divided into portions intended for
chemical soil characterization, AMF community assessment,
and mounting trap cultures.

To chemically characterize the soil from each plot, we ana-
lyzed soil pH, total organic carbon, total nitrogen, and available
phosphorus (N =40 by plant species). Soil pH was measured in
a suspension of soil and distilled water (1:2.5 v:v, soil:water
suspension) [32]. Total organic carbon was determined by rapid
dichromate oxidation method according to the methodology
described by Okalebo et al. [33]. To quantify total nitrogen, soil
samples were first digested with sulfuric acid plus potassium
sulfate, and we then followed the protocol described in Kjeldahl
[32]. Available phosphorus (Olsen’s P) was determined colori-
metrically using a spectrophotometer at 882 nm by extraction
with sodium bicarbonate for 30 min [34].

AMF communities extracted from native and invasive
plant species were classified as “changed-AMF community”
if they occurred in the root zone of invasive plant species only,
and as “unaltered-AMF community” if they occurred in the
root zone of native plant species only. These were used to
establish trap cultures of each AMF community for each stud-
ied root zone grown in field soil in sterilized 2-L plastic pots to
later be propagated on a common host-plant (Z. mays L.). To
establish the initial fungal inoculum (i.e., soil, roots, and
spores), we used a portion of soil (500 g) from the field. We
sterilized the seeds of Z. mays in 10% sodium hypochlorite for
10 min, and then these were thoroughly rinsed with deionized
water. This species is a standard host-plant used for mycorrhi-
za trap cultures and inoculum potential assays according to the
INVAM (http://invam.caf.wvu.edu/). Z. mays plants were
grown in a mixture 3:1 (m:m) of sterilized sand to field soil
during 4 months in a glasshouse at the University of Coimbra.
This was the period required until sporulation occurred. The
average temperature in the glasshouse was 28 °C, ranging
from 20 to 35 °C, an irradiance of up to 70% of full sun,
relative humidity ranging between 65 and 75%, and
photoperiod of 16 h/8 h light/dark. The host-plants received
weekly amounts of a modified nutrient solution [35] contain-
ing 554.0 mg L' KCI, 200.0 mg L™' NaH,PO4-H,0, 2.
24 mg L' MgS0,, 520.0 mg L' CaCl,'H,0, 1.7 mg L™!
MnSO,, 0.25 mg L' CuSO4'5H,0, 0.30 mg L'
ZnS0,47H,0, 5.0 mg L' NaCl, 3.0 mg L' H;0;, 0.
09 mg L' (NH,)¢Mo0,0,4-4H,0, and 32.9 mg L' Na-Fe
EDTA. The nutrient solution was previously sterilized by
UV radiation to avoid external contamination.

Spores from field and trap cultures were extracted by the wet
sieving technique [36] followed by sucrose centrifugation [37].
For this, we used 100 g of field soil and 100 g from the trap
cultures. Initially, the extracted spores were examined in water
under a dissecting microscope and they were separated based on
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morphology. Subsequently, they were mounted in polyvinyl al-
cohol lacto-glycerol (PVLG) with or without the addition of
Melzer’s reagent [38]. Species identification was based on the
descriptions provided by Schenck & Perez [39], publications
with descriptions of new families and genera [40], and by con-
sulting the INVAM database (http://invam.caf.wvu.edu). In this
work, we followed the classification proposed by Oehl et al. [40]
, including recently new described taxa [41, 42]. In addition to
species identification, we also assessed spore abundance by
counting the total number of spores, spore abundance of each
AMF species by recording the number of spores of each AMF
species recorded in the samples, and the species occurrence
frequency (FO;) of each AMF species. FO; was calculated
using the following equation:

FOiZ}’li/N

where #; is the number of times an AMF species was observed
and N is the total of AMF spores observed from each studied
area. We classify the FO; of each AMF species based on Zhang’s
[43] frequency of occurrence classification: dominant
(FO; > 50%), most common (31 < FO; < 50%), common
(10 £ FO; £ 30%), and rare (FO; < 10%).

Bioassay Experiments

The bioassay experiments were performed in a completely
randomized design with three treatments: sterilized inoculum
(control) and two non-sterilized inoculum treatments, one
with inoculum of AMF communities from native plant root
zone (unaltered-AMF), and the other with inoculum from in-
vasive plant root zone (changed-AMF). The control received
500 mL of filtrate from 500 g of AMF-inoculum with no
mycorrhizal spores obtained by sieving through a 25-um
mesh and 500 g of sterilized mixed AMF inoculum (a mix
of all AMF inoculums by plant species), thereby controlling
for potential mineral and non-mycorrhizal microbial compo-
nents of the AMF inoculum. Each treatment had 30 replicates,
each from 30 independent replicates at trap culture stage.
This experiment was conducted in a glasshouse at the
University of Coimbra with average temperatures of 25 °C/
16 °C (day/night). Seeds of all invasive plant species were
sterilized in 10% sodium hypochlorite for 10 min, and then
thoroughly rinsed with deionized water. Seeds were then ger-
minated in sterilized trays containing sterilized sand (sterilized
twice at 121 °C for 20 min each in two consecutive days).
Seven days after emergence, seedlings (plant height varied
between 2 and 4 cm) were selected and individually trans-
ferred to sterilized plastic pots containing 2000 g of substrate
obtained by mixing 1500 g of sterilized sand with 500 g of soil
containing fungal inoculum. The number of infective propa-
gules was determined following the protocol described by
Habte and Osorio [44] and ranged between 5.35 and 6.18

propagules per gram of soil. All pots were covered with alu-
minum wrap around the seedling to prevent dehydration and
external contamination, and plants were watered with steril-
ized water as necessary and fertilized using the same nutrient
solution as in the trap culture [35].

Five months after planting, the invasive plant species were
harvested. Roots were separated from shoots, and the fresh
roots were weighed immediately. A total of 0.5 g of each fresh
root sample was used for determination of root colonization
following the grid line intersect method [45, 46]. Under a
compound microscope at 200x magnification, 100 intersects
were examined and hyphae were scored as “mycorrhizal”
based on the presence of vesicles, arbuscules, spores, and
the morphology of the mycelium. Thus, if any of the structures
referred to were found in one of the 100 microscope intersec-
tions per replicate, they were scored as mycorrhizal. To avoid
error associated with the observer, all microscopic examina-
tions were carried out by the same individual.

To estimate shoot and root dry biomass, the remaining root
material and shoots were oven-dried at 72 °C for 48 h. The
plant responsiveness to mycorrhizas (PRM) was calculated
using the values of dry biomass from the non-sterilized treat-
ment and the control, by using the formula:

PRM = (BAMF_Bcontrol)/BAMF} x 100

where Bawr is the dry biomass of model plants in the non-
sterilized treatment and Bqnop 1S the dry biomass of the con-
trol treatment [47]. To estimate the total P, a known mass of
the dry material was first digested in a 10:1:4 mixture of
HNO;:H,S04:HCI (60%), and then analyzed using the vana-
date molybdate colorimetric method [48]. We also calculated
the AMF inoculum effect on plant P concentration (IEP) by
using the formula:

IEP = (PAMF_PCOntrol)/(PAMF + PControl)

where Panr is plant P concentration in non-sterilized treat-
ment and Pc oo Tefers to plant P concentration in the control
[49]. The fungal inoculum effect can only range between —1
and +1, with positive values indicating positive effects of
AMF on plant P concentration and negative values indicating
negative effects [49].

Statistical Analysis

The Kolmogorov-Smirnov test was applied to assess the nor-
mality of the data distribution. To assess for correlations be-
tween the chemical soil properties and the ecological indexes
of the AMF community, we used Pearson’s correlation. To
explore the variability and similarities among soils and AMF
community composition among plant species, principal com-
ponent analysis (PCA) was used. Student ¢ test for
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independent samples was carried out to investigate differences
between native and invasive root zones in each parameter
from field collection. One-way ANOVA was used to test for
the effect of fungal inoculum on plant dry biomass and plant P
concentration for all studied plant species in the bioassay. Data
sets were arcsin square root transformed for percentage vari-
ables and log;o(x) for the remaining [50]. Notwithstanding,
the results are presented in their original scale of measurement
(mean + standard deviation). In the control treatment, mycor-
rhizal colonization, PRM, and IEP were zero and consequent-
ly, they were excluded from the statistical analyses. When
necessary, Tukey’s HSD post hoc comparison tests were con-
ducted. All statistical analyses were conducted using SAS
9.1.3 Portable, while the ecological indexes and PCA analysis
were conducted using MVSP 3.1 [51].

Results
Effects of Invasive Plants on Soil Characteristics

Significant differences between native and invasive root zones
were found for soil chemical properties in all studied areas
(Table 1). Across the investigated areas, the root zone of the
invasive plant species had a soil pH ranging from acid (e.g.,
S. virgata) to neutral (e.g., P. aculeata and P. juliflora), where-
as all root zone of the native plant species had acid pH. Total
organic carbon (P < 0.01), total nitrogen (P < 0.01), and avail-
able phosphorous (P < 0.01) were significantly larger in the
root zone of the invasive plant species. However, no differ-
ences between C. madagascariensis and C. prunifera were
obtained for total organic carbon (P = 0.1150). Not only total
organic carbon was particularly high in the root zone of
P. aculeata (9.99 + 0.57 g kg™') and S. virgata
(9.73 + 1.78 g kg ") but also total nitrogen (0.98 + 0.09 and
1.51 £0.17 g kg ', respectively). The highest value of avail-
able phosphorous was found in the root zone of P. juliflora
(10.70 £ 0.52 mg dm ) (Table 1).

For all study areas, the number of spores, root colonization,
diversity, and dominance of AMF species were significantly
different between invasive and native plant species (Table 2).
The number of AMF spores (P < 0.01) and diversity of AMF
species (P < 0.01) were significantly higher in the root zone of
native plants than in the invaders. The highest number of
spores was found in the root zone of M. tenuiflora
(11.70 £ 1.42 spores g soilfl; P < 0.05) from Natuba, PB,
whereas the highest diversity in AMF species (2.98 + 0.22;
P < 0.05) was found in the root zone of the same native plant
species from Monteiro, PB. In contrast, root colonization
(P < 0.01) and dominance of AMF species (P < 0.01) were
significantly higher in the root zone of invasive than native
plants (Table 2). The highest values were detected in the root
zone of S. virgata (40.2 = 3.1% and 0.91 £ 0.01 for root
colonization and dominance of AMF species, respectively)
(Table 2).

In total, we identified 29 different AMF species corre-
sponding to 12 genera—Acaulospora (3), Ambispora (1),
Claroideoglomus (2), Dentiscutata (2), Entrophospora (1),
Funneliformis (3), Gigaspora (4), Glomus (3), Quatunica
(1), Racocetra (3), Rhizoglomus (4), and Scutellospora (2).
The most abundant taxa were species from the Order
Diversisporales in the root zone of all studied native plant
species, whereas AMF species from the Order Glomerales,
such as AMF species from the genus Claroideoglomus,
Funneliformis, and Rhizoglomus, were mostly found in the
root zone of the invasive plant species (Table S1). For this
reason, we decided to only include the values of frequency
of occurrence from these three genera and from the Order
Diversisporales in the PCA analysis (Table 3).

The PCA analysis showed a clear plant species separation
on the basis of sampling root zone, with all studied invasive
plant species on one side and all studied native plant species
on the other side (Fig. 2). Number of AMF spores, AMF
diversity, and frequency of Order Diversisporales were posi-
tively correlated with the root zone of the native plants, where-
as chemical soil properties, AMF dominance, and the frequen-
cy of occurrence of AMF species from genera Funneliformis

Table 1 Chemical soil properties

from the root zone of the studied Root zone Soil pH (H,0) TOC (gkg ) N(gkg™ P (mg dm )

plant species (mean = SD, N = 40)
C. madagascariensis 6.03 £0.13* 3.30+0.46 0.10 £ 0.04 4.83 £ 1.06%
C. prunifera 5.01+0.53 3.25+0.46 0.10 £ 0.04 2.53+0.34
P. aculeata 6.35+ 0.46* 9.99 +0.57* 0.98 £ 0.09* 6.57 £0.47*
M. tenuiflora 5.20+0.29 2.52+£0.59 0.22+0.07 1.74 £0.26
P, juliflora 6.87 £ 0.26* 8.81+0.71* 0.87 £0.07* 10.70 £ 0.52*
M. tenuiflora 487+0.22 3.71+0.15 0.28 £0.09 2.78 £0.45
S. virgata 4.50+0.35% 9.73 £ 1.78* 1.51£0.17* 1.62 £ 0.22%
M. tenuiflora 427+0.17 435+1.26 0.45+0.32 0.51+0.09

Asterisks indicate the statistically significant differences of chemical soil properties between the studied root zones

(unpaired ¢ test, P < 0.05)
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Table 2 Number of AMF spores

(NS, g soil "), root colonization Root zone NS (g soil ') RC (%) Diversity Dominance

(RC, %), and ecological indexes

(diversity and dominance) from C. madagascariensis 2.74 £0.11 39.8 £3.1%* 1.76 £ 0.08 0.88 £0.01*

the root zone of the studied plant  C. prunifera 5.17 £ 1.65% 232+34 242 +0.07* 0.76 + 0.02

species (mean + SD, N = 40) P aculeata 2.14+0.18 353 42.3% 2.01+0.11 0.80 + 0.02%
M. tenuiflora 3.66 + 0.44* 20.1+1.9 2.76 +0.10%* 0.68 +£0.01
P, juliflora 2.12£0.46 38.0 £ 1.5% 2.39+0.12 0.87 £0.03*
M. tenuiflora 3.53£0.73* 23.8+£6.1 2.98 +0.22* 0.76 £ 0.07
S. virgata 6.10 = 0.82 40.2 £3.1% 1.80 £0.10 091 +0.01*
M. tenuiflora 11.70 + 1.42% 209+3.4 2.12£0.32% 0.79 £ 0.03

Asterisks indicate the statistically significant differences of chemical soil properties between the studied root zones

(unpaired ¢ test, P < 0.05)

and Rhizoglomus were positively correlated with the root zone
of the invasive plants (Fig. 2).

Fungal Inoculum Effect on Plant Growth

The fungal inoculum (i.e., control, /ynaiereds aNd Ichanged) had a
significant effect on biomass for all studied invasive plant
species (C. madagascariensis, F, 7 = 12.78, P < 0.0001;
P. aculeate, I, 7 = 22.02, P < 0.0001; P. juliflora,
Fr,7 = 1591, P < 0.0001; S. virgata, F,,7; = 32.81,
P < 0.0001). In the invasive C. madagascariensis, no differ-
ences between control and /,apereq Were found in plant bio-
mass, whereas Ichangeq had a significant positive effect. For the
remaining invasive species, both Ichanged aNd Iynaiterea had a
significant positive effect on plant growth, but it was signifi-
cantly larger for Ipanged than Iynaerea (Fig. 3A).

While we detected significant effects of AMF inoculum on
the AMF root colonization of C. madagascariensis (P < 0.01),
P, juliflora (P < 0.05), and S. virgata (P < 0.01), no significant
effect was found for P. aculeata (P = 0.0833). There was a
drastic reduction in AM colonization caused by AMF inoculum
from /paiierea COMpared to Ioyangeqa- For the control treatments, we
did not find any root colonization for all studied plant species.

Table3  Percentage of root colonization by AMF for C. madagascariensis,
P, aculeata, P, juliflora, and S. virgata growing after inoculation with Znaiered
and ]ch'dnged

Plant species Root colonization (%)

]unaltered Ichanged t test
C. madagascariensis 11.78 £ 6.19 51.48 £9.72 10.13%*
P, aculeata 2571 +£2.13 30.66 +4.14 2.03™
P, juliflora 21.18 +1.79 31.37+£2.79 8.03*
S. virgata 21.17+5.13 3891 +9.12 11.15%%*

Values represent the mean = SD. ¢ value indicates significant differences
(unpaired ¢ test, * for P < 0.05, **for P<0.01, and “ns” for non-statistical
significant differences) between AMF inoculum treatments

Plant P concentration significantly differed among AMF in-
oculation treatments (C. madagascariensis, F>,7 = 10.99,
P <0.0001; P, aculeata, F, 7 = 12.78, P < 0.0001; P, juliflora,
F>57=11.28, P<0.0001; S. virgata, F> 57 =14.01, P < 0.0001).
For C. madagascariensis plants, the In,ereq and control treat-
ments showed lower plant P concentration than I pangeq
(P <0.05). For P. aculeata and P, juliflora, plant P concentration
was larger after /natered a0d Zchanged treatments than in the control
(P <0.05). S. virgata experienced larger positive effects growing
With Lpanged than Zynaierea inoculation (P < 0.05; Fig. 3B).

Significant differences between /naitered and Lehanged treat-
ments on PRM and IEP for C. madagascariensis (t = 11.13,
P < 0.001) and S. virgata (t = 10.79, P < 0.001). For
P aculeata and P. juliflora, there were no significant differ-
ences (=199, P=0.098, and ¢ = 2.01, P = 0.1055, respec-
tively). The analysis of the effects of AMF inoculation by
plant species on PRM and IEP revealed that
C. madagascariensis, P. juliflora, and S. virgata experienced
significant positive effects when growing with I pangeq inocu-
lation, and negative effects when growing with /,a1tered
(t=23.73, P <0.001; t = 12.65, P < 0.001; and ¢ = 11.98,
P < 0.001, respectively). For P, juliflora, we found no signif-
icant differences of both inoculation treatments (¢ = 2.09,
P =0.1123; Fig. 4A and B).

Discussion

Our results provided evidence for changes in soil properties
caused by invasive plant species and to differences in the
AMF community composition between sites with native and
invasive plant species in the Brazilian semi-arid region. In
fact, invasive plant species may influence AMF community
composition in different ways [52]. In our study sites, the
introduction of invasive plant species significantly affected
AMF abundance and diversity. These results are in agreement
with previous studies [8, 9, 52, 54, 55, 60, 61] and support our
hypothesis that invasive plants are associated with a changed-
AMF community. The whole of these studies showed
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Fig. 2 Score plot for the PCA of
AMEF ecological indices (diversity
and dominance), chemical soil
properties, and frequency of
occurrence of AMF species from
the Order Diversisporales and
genera Claroideoglomus,
Funneliformis, and Rhizoglomus
from the root zones of the studied
plant species. The two axes
explained 88.79% of the variation
in the samples. Points represent
samples in each studied root zone
of the plant species. Invasive
plants: C. madagascariensis,

P, aculeata, P. juliflora, and

S. virgata; native plants:

C. prunifera and M. tenuiflora.
Circles represent samples in root
zones from legume plant species

37.34 %

-14 -1.1

Axis 2

negative effects of exotic plant species on AMF abundance
and diversity. Zubek et al. [52] reported that the number of
AMF spores and the number of AMF species (species rich-
ness) decreased 35.5 and 20.74%, respectively because of
invasion by three exotic plant species in southern Poland.
Examining other studies around the world, we found negative
effects of Eucalyptus litter on AMF symbiotic status
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Fig.3 a AMF inoculation effect on plant dry biomass (mg/plant). b Plant
phosphorous concentration (g/kg) for invasive plant species growing in
soil inoculated with control (non-inoculated); /,paiereq (fungal inoculum
from the root zone of native plant species) and Jchanged (fngal inoculum
from the root zone of invasive plant species). Values are mean and
standard deviation of the mean. Different letters indicate significant
differences after Tukey’s HSD post hoc test (P < 0.05) among AMF
inoculum treatments for each invasive plant species
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(mycorrhization) [8] and a significant reduction (on average
24%) on AMF diversity as a result of C. maculosa invasion
[60] in Africa and California grasslands, respectively.
Vogelgang and Bever [61] also reported reduction of AMF
density (on average 28%) in the non-native-conditioned soil
relative to the native-conditioned soil. In total, when we com-
pare our results against these studies, we found in our case
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Fig.4 a AMF inoculation effect on plant responsiveness to mycorrhizas.
b IEP for invasive plant species growing in soil inoculated with Z,pgiered
(fungal inoculum from the root zone of native plant species) and Lpanged
(fungal inoculum from the root zone of invasive plant species). Values are
mean and standard deviation of the mean. *** indicated significant
differences and ns indicated no significant differences by unpaired ¢ test
(P <0.001) among AMF inoculum treatment
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reduction on number of AMF spores (on average 44.1%),
AMF diversity (on average 22.4%), and AMF species richness
(on average 54.57%) as a result of plant invasion, and we can
suggest that the biological invasion process is more impactful
in the Brazilian semi-arid compared to other areas where exotic
species have taken place. As a consequence, invaders seemed
to be in advantage comparing with natives (e.g., emergence
rate, survival rate, plant growth, or nutrient uptake) by profiting
from beneficial AMF species (e.g., AMF from the Order
Glomerales) [53]. The differences in AMF community struc-
ture between natives and invasive plant species were revealed
by the decreased AMF species richness in all invasive plant
species root zone and a lesser root colonization of the natives.
According to studies from elsewhere [52, 54, 55], we hypoth-
esize that three different mechanisms may be involved in the
detected AMF-changed community. First, invasive species
form large monospecific plant populations, as was the case in
our study, thus reducing the diversity of host-plants available to
the AMF community. Consequently, (1) this changes soil or-
ganic carbon inputs [5, 7, 56], and (2) monospecific stands of
exotic plant species result in a reduction of mycorrhizal plant
communities that impact negatively the AMF growth because
the reduction of possible host-plants [57].

Second, metabolites produced by invaders negatively af-
fect native plant growth by disrupting their mutualistic asso-
ciations with the unaltered-AMF community [52]. Studies by
Stinson et al. [58], Callaway et al. [54], and Yuan et al. [59]
have provided evidence that invasive plant species produce
metabolites that are novel for unaltered-AMF community in
their introduced areas, and these secondary compounds direct-
ly limit AMF growth, spore germination, and root coloniza-
tion [54]. Consequently, the most beneficial AMF (e.g., AMF
species from Order Glomerales) from the unaltered-AMF
community composition are favored, while the growth of the
less favorable ones (e.g., AMF species from Order
Diversisporales) is inhibited.

Finally, the introduction of invasive plant species might
cause changes in soil chemical properties that may indirectly
affect AMF community composition and thus, contribute to a
successful establishment and spread of invasive plant species
[53]. As revealed by our study, soil pH and available P were
higher in the root zone of all invaders compared with native
plants, whereas total organic carbon and total nitrogen were
higher in the root zone of P. aculeata, P. juliflora, and
S. virgata than in the native’s root zone. These results are in
agreement with previous work [8, 62] that reported higher
values of soil pH and available P in the root zone of invasive
plants, such as Acacia senegal, Acacia seyal, Acacia albida,
Eragostis albensis, and Olpidium spp. By altering the chem-
ical properties of the soil below their canopy, invasive plant
species may alter the nutrient cycle [63] and thus, are respon-
sible for the modification from an unaltered-AMF community
to a changed-AMF community in the invaded sites [52, 57].

Our results are in agreement with the mechanisms described;
once the invasive plant species significantly changed plant
community structure, soil properties that turn directly and in-
directly altered AMF community structure (number of AMF
spores, root colonization, AMF diversity, AMF dominance,
and the frequency of occurrence of AMF species).

The PCA analysis revealed that AMF species from the
Order Glomerales (e.g., genus Claroideoglomus,
Funneliformis, and Rhizoglomus), the extent of root coloniza-
tion, and AMF dominance are positively correlated with the
root zone of invasive species, supporting our hypothesis that
invasive plants would experience a stronger interaction with
the changed-AMF community. According to Ramos et al. [64]
and Carneiro et al. [65], AMF species from the Orders
Diversisporales and Gigasporales are commonly found in acid
soil with low available P, and changes in these two variables
might be more favorable to AMF species from the Order
Glomerales, such as Claroideoglomus claroideum,
Funneliformis caledonium, Funneliformis mosseae, and
Rhizophagus intraradices.

In our bioassay, all fungal inoculum (/ynattered and Lenanged)
were capable of root colonization of the invasive plant species.
Plant dry biomass and plant phosphorous concentration indi-
cated that the invasive plants responded positively to the
Ichanged treatment. The results from these two variables also
indicated a low responsiveness of the studied invasive plants
to Lunaitered @nd control treatments. In fact, we found a signif-
icantly positive effect of Iiangeq On the root colonization,
which might promote the growth of the invasive plants studied
here. These results support our hypotheses that (1) invasive
plants are strongly associated with / panged, and that (2) the
fungal inoculum would result in a high mycorrhizal coloniza-
tion and rhizobial colonization. However, we cannot exclude
the hypothesis that a rhizobial population colonizing legume
invasive species after /changea inoculation may be also in-
volved in the increased plant dry biomass, plant P concentra-
tion, and root colonization. The ability to nodulate in the pres-
ence of a changed-AMF community may play a very impor-
tant role in the first stages of biological invasion [66] and
deserves further consideration.

Fungal inoculum from the root zone of the invasive plant
species (Lehangea) Played a role in the early growth of invasive
species in our study, since there was a large increasing in AMF
root colonization, PRM, and IEP. Conversely, the fungal in-
oculum from native plant species rhizosphere (/natered) Pro-
moted the reduction on plant biomass accompanied by the
reduction in plant P concentration and AMF root colonization.
These results suggest that the studied invasive plant species
(legume or non-legume) may benefit from /cpanged, but
C. madagascariensis and S. virgata experienced higher bene-
fits from the /opangeq treatment than P. aculeata and P juliflora.

Our results from field samples suggest an increase in pro-
miscuous AMF propagules more associated with invasive than
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native plants, such as AMF species from the Order Glomerales
(e.g., C. claroideum, F. caledonium, F. mosseae, and
R. intraradices). The results showing higher benefits for the
invasive plant growth after inoculation with /ihangeq fungal in-
oculum than when inoculated with I,jereq fungal inoculum
support previous studies by Griimberg et al. [67] and Ortiz
et al. [68], which concluded that AMF benefit plants by medi-
ating the availability of important plant nutrients, promoting
plant growth, and offering protection against drought and soil
pathogens, thus highly benefiting fast-growing invaders [24].
This largely supports our hypothesis that the spread, invasion,
and dominance of invasive species would result in positive
feedbacks for their own growth [16, 24]. Evidences for direct
modification of soil communities induced by plant invasion
thus generating self-facilitative conditions for invaders have
been found in other study systems [4, 16, 20]. Our results also
suggest that the sites invaded by the exotic plant species present
a changed-AMF community that are in general characterized by
low microbiological activity as described by Zhang et al. [16]
and Zubek et al. [52]. The decreased emergence, survival rate,
plant growth, or nutrient uptake of several native plant species
were found on soils with changed-AMF community by biolog-
ical invasion process in comparison to soils with unaltered-
AMF in North America and Asia [16, 54, 58, 61].

As is highly recognized, AMF increase nutrient acquisi-
tion, growth, and vitality of their hosts, independently of the
plant species, thus playing an important role in the survival of
their plant host. In semi-arid conditions as is the case in our
study, AMF are also crucial for the protection of their hosts
against abiotic stresses, such as drought and salinity, and have
been found to determine plant community composition and
function in other study systems [69]. The main point of our
study was to assess the changes in soil properties caused by
invasive plants that in turn affect AMF community composi-
tion given as abundance and species richness. Despite the
clear pattern of a changed-AMF community associated with
the invasive species, at this stage, we cannot prove that chang-
es in AMF community composition in the Brazilian semi-arid
region are detrimental to native plant species and accelerate
plant invasions as described by Reinhart and Callaway [22]
and Shah et al. [53].

The main findings of this study may be summarized as
follows: (1) invasive plant species alter soil chemical proper-
ties and AMF community composition in field conditions
from the Brazilian semi-arid region, and (2) the inoculation
with a changed-AMF community ([ panged) in a bioassay ex-
periment increased the growth, P uptake, AMF colonization,
and rhizobial colonization of all invasive plant species. Our
findings suggest that a changed-AMF community can facili-
tate the establishment and subsequent spread of invasive
plants in the Brazilian semi-arid region. Despite our results
are an important contribution to our understanding on the
importance of considering ecological mechanisms underlying

@ Springer

how PSF affects biological invasions, we do not know for sure
that the patterns obtained under controlled glasshouse condi-
tions would be the same in a dynamic plant community. Thus,
future studies should include fungal inoculation under field
conditions to fully understand its effects on the dominance
of invasive plants over natives in natural communities.
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