
J Appl Ecol. 2022;00:1–12.    | 1wileyonlinelibrary.com/journal/jpe

Received: 1 February 2022  | Accepted: 16 October 2022

DOI: 10.1111/1365-2664.14330  

R E S E A R C H  A R T I C L E

Arbuscular mycorrhizal fungi communities shaped by  
host- plant affect the outcome of plant– soil feedback  
in dryland restoration

Adler Santana Medeiros1,2  |   Julie Christine Scaloppi2  |   Edjane Silva Damasceno2  |   
Bruno Tomio Goto3  |   Daniela Cristine Mascia Vieira2  |   Fábio Socolowski2 |    
Renato Garcia Rodrigues2  |   Adriana Mayumi Yano- Melo1

© 2022 The Authors. Journal of Applied Ecology © 2022 British Ecological Society.

1Programa de Pós- Graduação em 
Agronomia –  Produção Vegetal, 
Laboratório de Microbiologia, Campus 
Ciências Agrárias, Universidade Federal do 
Vale do São Francisco, Petrolina, Brazil
2Núcleo de Ecologia e Monitoramento 
Ambiental, Campus Ciências Agrárias, 
Universidade Federal do Vale do São 
Francisco, Petrolina, Brazil
3Departamento de Botânica e Zoologia, 
Laboratório de Biologia de Micorrizas, 
Centro de Biociências, Universidade 
Federal do Rio Grande do Norte, Natal, 
Brazil

Correspondence
Adriana Mayumi Yano- Melo
Email: adriana.melo@univasf.edu.br

Funding information
Conselho Nacional de Desenvolvimento 
Científico e Tecnológico, Grant/
Award Number: 310857/2018- 0 
and 311945/2019- 8; Ministério do 
Desenvolvimento Regional

Handling Editor: S. Emilia Hannula

Abstract
1. Plant inoculation with arbuscular mycorrhizal fungi (AMF) can be a useful tool 

to overcome challenges in dry forest restoration. However, advances are still 
needed to guide choices regarding soil origin and inoculum production methods, 
since outcomes can vary due to plant– soil feedbacks (PSF). We evaluate how soil 
origin and host plant used for inoculum production affect AMF community and 
therefore the plant biomass accumulation and functional traits.

2. In the conditioning phase, we investigated whether soils originating from a re-
covered area (Quarry) and a vegetation fragment (Caatinga) would have their 
AMF communities modified due to the growth of Sorghum bicolor (used for in-
oculum production) and Senna uniflora (used in Brazilian semiarid restoration). 
In the feedback phase, we compared the performance of four plants species 
growing on a degraded soil and inoculated or not by a mixture of AMF isolates in 
comparison to soil inoculum prepared from the conditioning phase.

3. The inoculum from Caatinga presented seven times more AMF species com-
pared to that from the Quarry, which presented ruderal and stress tolerant spe-
cies. The soil inoculum conditioned by S. uniflora, regardless of origin, presented 
greater evenness compared to the soil inoculum produced with S. bicolor and 
promoted 33% more plant biomass compared to the control without inocula-
tion. Root colonization by AMF increased PSF and decreased plant investment 
in functional traits such as specific root length (SRL) and specific leaf area (SLA).

4. Our results demonstrate the importance of adopting strategies that preserve 
local adaptation of inoculants produced. The use of native plant for propagation 
of native AMF in the conditioning phase provided more positive responses for 
Mesosphaerum suaveolens and Rhaphiodon echinus than inoculated with intro-
duced AMF isolates. This is probably due to the interaction of inoculated plants 
with responsive AMF present in the soil.
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1  |  INTRODUC TION

Plant– soil feedback (PSF) refers to the performance of plants 
after alterations in soil conditions (biotic and abiotic) caused by 
the same or another plant species (Bennett & Klironomos, 2019; 
Bever et al., 2010). These responses can be positive when plant 
performance increases, or negative when it decreases (Bever 
et al., 1997). Previous studies have shown that increased interac-
tion with soil microorganisms, particularly arbuscular mycorrhizal 
fungi (AMF), leads to higher biomass production in plants (pos-
itive PSF) (Cortois et al., 2016; Semchenko et al., 2018). On the 
one hand, plant identity strongly affects AMF in PSF experiments 
(Semchenko et al., 2018). On the other hand, AMF community com-
position is influenced by plant investment in root functional traits 
(Eissenstat et al., 2015; Francioli et al., 2021; Sweeney et al., 2021) 
and, by weak or non- existent relationships with leaf functional 
traits (Semchenko et al., 2018; Sweeney et al., 2021). Plants may 
also show higher percentages of root colonization in roots with 
shorter specific root length (SRL) (Cortois et al., 2016; Semchenko 
et al., 2018; Zhang et al., 2019). This may occur for morphological 
reasons, as plants with lower SRL tend to have larger root diame-
ter and more root cortex area available for interaction with AMF 
(McCormack & Iversen, 2019; Reinhardt & Miller, 1990). This sug-
gests that interventions adopted to intensify AMF- plant interaction 
should be considered strategically, aiming to optimize PSF results.

Deeper understanding of PSF mechanisms mediated by na-
tive mycorrhizal fungi has yielded promising results for ecologi-
cal restoration (Koziol et al., 2021). A common goal in ecological 
restoration projects is to advance the successional status of a 
given community by increasing the biomass and survival of late- 
successional plants. In this regard, different studies have shown 
that late successional plants exhibit positive feedbacks, while rud-
eral plants present negative feedbacks (Kardol et al., 2006; Koziol 
& Bever, 2019). However, early successional plants are important 
for initiating the ecological restoration process of degraded areas, 
because in a post- disturbance condition late successional plants 
tend to be observed less frequently (Swanson et al., 2011). Wubs 
et al. (2019) have also demonstrated negative PSF in early suc-
cessional plants when they received soil from remnant vegetation, 
however, positive PSF was achieved when using inoculated soil 
from long- term agricultural activity. This highlights that the origin 

of the soil inoculum can drive the feedback outcome in early suc-
cessional plants as well.

The functionality of mycorrhizal interaction also depends on the 
structure of the community associated with plant roots. It has been ev-
idenced that inoculants with a higher richness of AMF species increase 
the accumulation of plant biomass (Hoeksema et al., 2010). However, 
similar growth patterns can be achieved when inoculating an efficient 
plant growth promoter isolated or mixed with others species (Bennett 
& Bever, 2007; Crossay et al., 2019). These finds reinforce that the 
effects of AMF on plants can be associated with an individual species, 
despite great variation in studies (Powell & Rillig, 2018). In this sense, it 
is reasonable to suggest that some species might be key for function-
ing of the total community (Rodriguez & Durán, 2020). Corroborating 
these finds, Koziol and Bever (2019) suggested that composition of 
AMF species might be more important to provide benefits to the host 
than richness. They showed that AMF species evenness affect plant 
diversity. However, few studies have emphasized the influence of the 
AMF community evenness on primary production.

Plant inoculation is one of the strategies proposed for the 
UN Decade on Ecosystem Restoration (Aronson et al., 2020). 
Projects in semi- arid ecosystems that have adopted this strategy 
have recorded higher plant survival compared to the application 
of hydrogel, organic matter, and tree shelter (Piñeiro et al., 2013). 
Restoration success can be enhanced by inoculating plants 
with soil originating from reference ecosystems (Neuenkamp 
et al., 2019), and thus the origin of soil inoculum can determine 
the trajectory of plant species composition and microorganisms in 
areas under processes of restoration (Wubs et al., 2016). However, 
as a practical matter, commercial inoculants may be preferred, re-
sulting in unsatisfactory plant performance in the field (Maltz & 
Treseder, 2015). Isolates of AMF from culture collections as well 
as commercial inoculants are produced with plants such as Zea 
mays, Sorghum bicolor, and Paspalum notatum, which are recom-
mended for promoting high sporulation (Ijdo et al., 2011; Kumar 
& Saxena, 2018). However, glomerospores (AMF spores; Goto & 
Maia, 2006) have hundreds of nuclei that may have genes adapted 
to a particular host plant species and certain environmental con-
ditions (Kokkoris et al., 2020). Plant and environmental influences 
occur even during inoculant production in protected environments, 
reflecting in modifications at the AMF- community level (Sýkorová 
et al., 2007; Trejo- Aguilar et al., 2013). Therefore, the reduction in 

5. Synthesis and applications. Our study shows that conditioning field- collected soil 
with Senna uniflora and using it for inoculation can be a simple technique to pro-
mote biomass accumulation for other native herbaceous species. This preserves 
the compatibility between the soil inoculum produced with native AMF and na-
tive plants, representing an important tool for restoration programs.

K E Y W O R D S
arbuscular mycorrhiza, desertification, inoculum origin, native mycorrhizae, recovery of 
degraded areas, restoration ecology, soil conditioning
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plant survival can be explained by a possible incompatibility be-
tween the characteristics incorporated in the inoculant and those 
present in the target plant and ecosystem of inoculation. This fact 
is reinforced when considering that the AMF- plant interaction re-
sponds to local adaptation (Bauer et al., 2020; Revillini et al., 2016; 
Rúa et al., 2016). Thus, inoculant production through trap culture 
may be an alternative to preserve this compatibility by making sim-
ple choices such as using soil from reference ecosystems, mixed or 
not with washed sand, and using it to grow native species (Koziol 
et al., 2018). This technique represents an important strategy to 
investigate the response of plants used in restoration projects.

Here, we investigate how plant soil feedback is influenced by 
modifications in AMF communities due to choices of soil origin 
and host plants. Based on studies of AMF application for ecologi-
cal restoration, we tested whether inoculant production closer to 
the environmental conditions of a degraded ecosystem can result 
in positive PSF for plants growing on a similar degraded soil. To 
this end, soils from reference ecosystems (remnant vegetation and 
restored area) were grown with Sorghum bicolor (widely used for 
inoculant production) or Senna uniflora (a native plant utilized to 
restore ecosystem). Thereafter, we evaluated how the changes 
caused by these plants in AMF communities influence the feed-
back between plant and soil for four herbaceous species used in 
the restoration of degraded areas (S. uniflora, Mesospharum sua-
veolens, Rhaphiodon echinus and Sida galherensis). Specifically, we 
tested the following hypotheses:

1. The use of S. uniflora for arbuscular mycorrhizal inoculant pro-
duction is more efficient in promoting biomass accumulation 
for itself, resulting in positive PSF.

2. Native inoculants cultivated in environmental conditions similar 
to those found in the field promote greater gain of plant biomass 
compared to inoculants composed of a mixture of isolates of dif-
ferent AMF species.

3. Inoculants originated from recovered areas promote greater ac-
cumulation of plant biomass than those from the remaining veg-
etation area, because they are composed of AMF tolerant to the 
soil conditions where they are to be applied.

4. The structure of AMF communities differs due to different soil 
origins, but also due to the influence of host plant growth.

5. Plants with a lower percentage of mycorrhizal colonization in-
vest more in functional traits related to the rapid acquisition of 
resources, compensating for the absence or low intensity of mu-
tualistic interaction.

2  |  MATERIAL S AND METHODS

2.1  |  Study system

Our study investigates the interaction between four species of her-
baceous plants used in the recovery of degraded areas and AMF 
communities from soils under influence of the Integration Project of 

the São Francisco River with Watersheds of the Northern Northeast 
(PISF, acronym in Portuguese). Our study was part of environmental 
installation licences number 438/2007 and 925/2013, ethical ap-
proval was not required. The building process required vegetational 
suppression, followed by mineral extraction, excavation, drilling, 
and construction of canals to transport water for about 12 million 
people.

The structure was installed in the Brazilian semiarid region in the 
largest seasonally dry tropical forest ecosystem in South America, 
called Caatinga, with low water availability and high solar radiation 
(Silva et al., 2017). The vegetation composition varies mainly ac-
cording to the aridity index (Silva & Souza, 2018) and species have 
adaptations such as water and energy storage in the roots or stem, 
as well as the loss of leaves in the dry season (Moro et al., 2015). 
The climate is classified as hot semi- arid, according to Köppen, with 
mean annual temperatures ranging between 23.4 and 24.8°C, with 
maximum between 30.4 and 31.4°C and minimum between 18.9 and 
19.8°C. Mean annual rainfall indices are between 541 and 627 mm, 
concentrated between the months of December and April.

2.2  |  Soil conditioning phase— Do soil origin and 
host plant identity modify AMF communities?

We established an experiment to investigate whether AMF spor-
ulation is influenced by the origin of the soil inoculum collected 
from degraded areas that have been restored (quarry) or from 
areas of remaining vegetation (Caatinga); as well as by the host 
plant species (Sorghum bicolor and Senna uniflora), totaling four 
treatments, combined factorially, with three repetitions, resulting 
in 12 experimental units (Figure 1). The first soil origin, Quarry 
(n = 15), comprises rhizospheric soil of Senna uniflora, one of the 
herbaceous species used to restore areas adjacent to the water 
transport canal. Such areas were severely degraded after mineral 
exploration activities which exposed the soil to environmental 
weathering; consequently, erosion processes occurred, leading to 
a loss in nutrients and organic matter via lixiviation. As a conse-
quence, soil compaction increased, accompanied by a reduction 
in aeration and water infiltration. The second soil origin, Caatinga 
(n = 20), corresponds to areas of remnant vegetation, neighbour-
ing the areas directly degraded by PISF activities. Before setting 
up the experiment, the soil samples were dried at room tem-
perature (~22°C) and characterized for physical, chemical (see 
Appendix S1 and Table S2), and AMF- community parameters (see 
Appendix S2 and Table S4). Another portion of the soil samples 
was homogenized according to origin, sieved (2- cm mesh), diluted 
in previously disinfected sand (1:1 v/v) and distributed in 900 ml 
pots in the respective treatments. The sand was washed with 
water and kept in sodium hypochlorite solution (1:0.01 w/v) for 
24 h and then washed with water and dried in an oven at 105°C. 
The seeds of the host plant species were arranged on the soil sur-
face and covered with a thin layer of substrate. After emergence, 
thinning was performed to keep four individuals per pot. The 
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plants were irrigated daily with 100 ml of water and maintained for 
135 days in a greenhouse at the UNIVASF Campus of Agricultural 
Sciences (9°19′31.93″S, 40°33′34.24″W) (Figure S3). At the end 
of the experiment, counting of the number of glomerospores and 
the identification of AMF species were done from 20- g samples 
(Figure S1), according to the procedures described in Appendix S2.

2.3  |  Feedback phase— Do changes caused in the 
soil alter performance of herbaceous plants?

We set up the second experiment to test whether the growth of 
four herbaceous plant species is influenced by the AMF communi-
ties originated from two soil (Figure 1), modified by two host plants 
(conditioning phase). We performed an experiment in a randomized 
block design in a factorial arrangement with six treatments of in-
oculation and four herbaceous plants, with five replicates, totalling 
120 growing pots. Four inoculants originated from the soil condi-
tioning phase were contrasted with two other treatments, a non- 
sterilized control (soil without inoculation), and a soil inoculated with 

a mixture of three AMF isolates, composed of 100 glomerospores of 
each of the following isolates: Acaulospora longula (URM FMA 07), 
Claroideoglomus etunicatum (Univasf 05) and Rhizoglomus intraradi-
ces (CICG- FRA130A), made available from the Culture Collection of 
Univasf.

To represent a closer condition to the field, we filled the exper-
imental pots (3.0- L) with soil collected from one of the degraded 
areas by mineral exploration activities (Quarry) at the PISF construc-
tion site in the municipality of Floresta, Pernambuco (8°28′16.56″S, 
37°54′26.95″W). The soil presented a low abundance of glomero-
spores (0.46 glomerospores g−1 soil) (Table S3). Before setting up the 
experiment, the soil was homogenized but not sterilized, and frag-
ments above 4 cm were removed.

In the centre of each pot (18 cm diameter × 14 cm high), a portion 
of soil was removed and filled with a layer of inoculant (soil inocu-
lum). Just above it, 20 seeds and a thin layer of soil were arranged. 
The weight of each inoculant for each pot was standardized to re-
ceive 300 glomerospores (Table 1). After emergence, the seedlings 
were thinned to maintain one plant per pot, irrigated with 80 ml of 
water daily during 90 days in a greenhouse.

F I G U R E  1  Experimental scheme illustrating location (a), the two soil origins (b) (Caatinga and quarry). In the soil conditioning phase (c), 
we prepared an experiment with a fully randomized design with a factorial arrangement of 2 (soil origin) × 2 (host plant— Sorghum bicolor 
and Senna uniflora) in three repetitions (N = 12). Thereafter, in the feedback phase (d), we conducted an experiment with randomized 
block design in factorial arrangement of 6 (inoculants) × 4 (plant species), with five repetitions (N = 120). We tested how soil conditioning 
influences the response of herbaceous species native to the Brazilian semiarid region growing in a background soil collected from an 
un- restored quarry. The soils inoculum produced in the conditioning phase were contrasted with a treatment containing plants without 
inoculation (control) and plants inoculated with a mix of AMF isolates tested on other native plants.

Quarry n= 15Caatinga n= 20

(b) Soil origin

(c) Soil conditioning

(d) Feedback phase Mix
No 

inoculation

(2 x 2 * 3 rep.)

(6 x 4 * 5 rep.)

(a) Location

S. bicolor S. uniflora S. bicolor S. uniflora
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The four plant species tested in the feedback phase have a wide 
distribution in the Brazilian semiarid region and have been used in 
the recovery program of degraded areas of the PISF (Socolowski 
et al., 2021). The plants are (1) Senna uniflora (Mill.) Irwin & Barneby 
(Fabaceae) which has no records of symbiosis with nitrogen- fixing 
bacteria (Tedersoo et al., 2018), (2) Rhaphiodon echinus (Nees & 
Mart.) Schauer (Lamiaceae), (3) Mesosphaerum suaveolens (L.) Kuntze 
(Lamiaceae); and (4) Sida galherensis Ulbr. (Malvaceae) (Appendix S3; 
Figure S2).

2.4  |  Functional traits and plant parameters

We investigated whether mycorrhizal colonization explains vari-
ation in data on functional traits related to resource acquisition 
and plant biomass allocation (see Appendix S4 for extended meth-
odology). We measured root colonization percentage (Phillips & 
Hayman, 1970— modified, Giovannetti & Mosse, 1980), the ratio 
of biomass allocated to roots and shoots (Root:Shoot) (Markesteijn 
& Poorter, 2009), relative growth rate (RGR), specific leaf area 
(SLA), specific root length (SRL) (Cornelissen et al., 2003, Pérez- 
Harguindeguy et al., 2016; see Table S6 for calculations).

2.5  |  Plant– soil feedback calculations

Two plant– soil feedback (PSF) indices were calculated, using the 
total dry biomass of plants per experimental block (n = 5). We calcu-
lated these indexes as proposed by Brinkman et al. (2010):

where the PSF index assessing plant responses against non- inoculated 
control corresponds to the value of the inoculated plant (X) divided by 
the value of the plant without inoculation (Y), and the PSF index as-
sessing plant responses against inoculated control, corresponds to the 
value of the inoculated plant (X), divided by the value of the plant with 
the inoculant mix (Y). In cases where the plant without inoculation or 
plants with inoculant mix were dead, we drew plants from other blocks 
for the calculation.

2.6  |  Statistical analyses

Differences between the structures of AMF communities (Bray– 
Curtis dissimilarity) from different soil origins and different host 
plants (soil- conditioning phase) were tested using permutational 
multi- variate analysis of variance (PERMANOVA), running the adonis() 
function in the ‘vegan’ package (Oksanen et al., 2015) in r software 
version 3.6.1 (R Core Team, 2019). Communities were also charac-
terized by Shannon- Wiener's diversity index, total richness, glom-
erospores abundance and Pielou's evenness index (Pielou, 1975). In 
addition, we investigated whether there were any indicator species 
of the origin of soil or host plants, using the multipatt() function in 
the ‘indicspecies’ package (De Caceres & Legendre, 2009).

For the feedback phase, we fitted linear mixed models (LMM) 
using the plant– soil feedback indices as response variables as a func-
tion of the interaction between inoculation treatments and herba-
ceous species, both considered with fixed effect, while the blocks as 
random effect. A second set of LMMs was fitted aiming to evaluate 
how the interaction between root colonization by AMF and herba-
ceous species affects the measures of PSF, Root:Shoot, SLA and 
SRL. LMMs were fitted with the respective response variables as 
a function of species with fixed effects, while blocks were included 
with random effects. We considered these LMMs with normal error 
structure of the residuals after graphical analysis of the model vari-
ances (Figure S3). We tested the significance of the colonization 
and species factors using the Anova() function available in the ‘car’ 
package with the prior models (Fox & Weisberg, 2019). All models 
were tested using the ‘lme4’ package (Bates et al., 2015) and the lme() 
functions for the LMMs in R software.

3  |  RESULTS

3.1  |  Soil origin and host plant influence AMF 
communities

The components of AMF community diversity were affected by the 
treatments. While the choice of soil origin affected species richness, 
the choice of host plant affected the evenness of the AMF commu-
nities (Table 2). The structure of AMF communities showed signifi-
cant differences between soil origin (df = 1; R2 = 0.065; p = 0.0002, 

PSF = Ln

(

total dry biomass of plant X

total dry biomass ofplant Y

)

,

TA B L E  1  Chemical characterization of the substrate after the addition of soil inoculum used in the feedback phase. The soil inoculum was 
weighed for each pot to reach 300 glomerospores

Origin Host Weight (g) pH EC Na Al Ca Mg K P

Control — — 4.38 0.68 0.70 0.55 2.86 0.90 0.13 0.97

AMF mix Sorghum bicolor 12 4.46 0.64 0.57 0.65 2.70 0.22 0.13 0.61

Caatinga Sorghum bicolor 21 4.55 0.61 0.61 0.55 3.52 0.76 0.13 1.05

Caatinga Senna uniflora 50 4.57 0.60 0.52 0.45 3.15 0.39 0.10 0.68

Quarry Sorghum bicolor 31 4.62 0.63 0.57 0.15 2.92 0.59 0.10 0.53

Quarry Senna uniflora 189 4.68 0.55 0.74 0.10 3.47 0.58 0.13 0.53

Note: pH (1:2.5), EC (dS m−1); Na, K, Al, Ca e Mg (cmolc dm−3); P (mg dm−3).
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Table S7), plant host (df = 1; R2 = 0.046; p = 0.0004, Table S7) and 
their interaction (df = 1; R2 = 0.026; p = 0.0156, Table S7). Soil 
conditioned by S. uniflora showed a more even AMF community. 
Regardless of host plant identity, the soil originating from Caatinga 
presented AMF communities with the highest richness (30 species), 
26 species more than recorded in the quarry (4 species) (Table 2; 
Table S4).

Glomus cubense is an indicator species of soil originated from 
Quarry (Table 3), although it was not found sporulating in the field 
soil (Table S4). The indicator analysis also showed that Acaulospora 
sp2 is an indicator of soil constrained by Sorghum bicolor, and 
Septoglomus furcatum is an indicator of soil constrained by Senna uni-
flora. For the soil originated from Caatinga no indicator species was 
found (Table 3).

3.2  |  Soil inoculum conditioned by Senna 
uniflora leads to positive feedbacks for other 
herbaceous plants

In both calculated feedback indexes, the responses of inoculated 
plants were significantly different with respect to the host plant 
used in the conditioning phase, and with respect to the soil inocu-
lum origin (Table S9). An addition of 31% (Quarry origin) and 37% 
(Caatinga origin) of dry biomass was accumulated in plants inocu-
lated with soil conditioned by S. uniflora relative to S. bicolor. The 
highest PSF were recorded in soil conditioned by S. uniflora, with soil 
originating from Quarry for M. suaveolens (1.12 ± 0.18 [mean ± SD]) 
and for S. galherensis (1.12 ± 1.05, Figure 2a). Meanwhile, the soil 
originating from Caatinga showed the highest positive response for 
R. echinus (1.29 ± 0.79, Figure 2b) and negative response for S. galhe-
rensis (−1.24 ± 1.61, Figure 3b) and for S. uniflora itself (−0.35 ± 0.64, 
Figure 3a).

The herbaceous species tested showed significant differences 
regarding the intensity of plant– soil feedback (Table S8). Among 
the species, the greatest response was recorded for M. suaveo-
lens (0.62 ± 0.3), a species that benefited from all inoculants tested 

(Figure 2). The opposite occurred in S. uniflora and S. galherensis, 
which did not benefit from inoculation, either compared to the con-
trol without inoculation (Figure 2a) or the inoculation with the mix of 
AMF isolates (Figure 2b), except when tested in the soil conditioned 
by S. uniflora originating from the Quarry.

3.3  |  Mycorrhizal colonization increases plant– soil 
feedback and explains variation in plant traits

The plant– soil feedback (PSF) values were positively related to 
the percentage of root colonization by AMF (X2 = 8.9; df = 1; 
p = 0.003). This relationship differed in intensity as a function of 
the species analysed (X2 = 21.9; df = 3; p < 0.0001), with S. galhe-
rensis (0.5 ± 1.3) being the most positively influenced (coef = 0.94; 
ep = 0.24; t = 3.925), ranging from negative PSF values at low my-
corrhizal colonization percentages to positive values when mycor-
rhizal colonization was high. The same was observed for R. echinus 
(0.3 ± 0.9) and M. suaveolens (0.6 ± 0.5) (Figure 3a; Table S7). Most 
observations of PSF in S. uniflora were negative (−0.4 ± 0.4), nev-
ertheless, the species also followed the tendency of recording 
higher PSF values as a function of increasing colonization percent-
age (Figure 3a).

Plants allocated more biomass to the roots with increasing root col-
onization by AMF (X2 = 13.4; df = 1; p = 0.0002), resulting in positive re-
lationships between root dry biomass and mycorrhizal root colonization 
(Figure 3b; Table S10). The species showed distinct patterns regarding 
the ratio of biomass allocated to the root and shoot (X2 = 39.9; df = 3; 
p < 0.0001). Most plants of S. uniflora favoured root biomass allocation 
over shoot biomass (1.2 ± 0.4), contrary to what occurred for the other 
species; the lowest means were recorded in R. echinus (0.7 ± 0.3) and S. 
galherensis (0.8 ± 0.4), while M. suaveolens (0.9 ± 0.2) showed a propor-
tional mean in biomass allocation (close to 1).

Plants invested more in fine and long roots (higher SRL) in situ-
ations of low colonization percentage (X2 = 7.9; df = 1; p = 0.005). 
Differences among species were significant with respect to SRL 
(X2 = 18.2; df = 3; p = 0.0004), with S. uniflora (4391.1 ± 1131.4) 
being the species that showed thicker and poorly elongated roots. 
The species S. galherensis (5922.7 ± 1264.7) and M. suaveolens 
(6484.3 ± 2745.9) showed relationships between SRL and mycor-
rhizal root colonization that were similar to each other and stron-
ger when compared to R. echinus (6235.8 ± 2061.3) (Figure 3c; 
Table S10). SRL responded inversely to the relationship between PSF 
or root to shoot with mycorrhizal root colonization.

TA B L E  2  Diversity, total evenness, total richness and mean of 
glomerospores count (20 g soil−1; n = 3) of the AMF communities 
recorded after the conditioning phase. Soils were sourced from two 
reference ecosystems (Caatinga and quarry) and conditioned under 
the rhizosphere of two plant species (Senna uniflora and Sorghum 
bicolor) after 135 days in a greenhouse

Caatinga Quarry

S. uniflora S. bicolor S. uniflora S. bicolor

Diversitya 2.68 1.18 1.24 0.06

Evennessb 0.94 0.38 0.89 0.09

Richness 18 22 4 2

Glomerospores 129.7 ± 42.1 304.3 ± 158.2 31.5 ± 10.8 180.0 ± 86.2

aShannon- Weaver index.
bPielou index.

TA B L E  3  AMF species indicator analysis. IV = indicator value, 
statistic of the test calculated according to De Caceres and 
Legendre (2009)

Species Treatment IV p value

Glomus cubense Quarry 0.376 <0.0001

Acaulospora sp2 Sorghum bicolor 0.303 0.002

Septoglomus furcatum Senna uniflora 0.254 0.0201
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Specific leaf area (SLA) showed a negative relationship with 
mycorrhizal colonization percentage (X2 = 3.8; df = 1; p = 0.05), 
with differences among the species studied (X2 = 31.1; df = 3; 
p < 0.0001). While R. echinus (coef = −1.10; SD = 0.95; t = −1.155) 
showed a negative relationship between mycorrhizal colonization 
and SLA; all other species showed weak positive or neutral relation-
ships (Figure 3c; Table S10).

4  |  DISCUSSION

We found that the soil inoculum conditioned by Senna uniflora in-
creased the biomass of other herbaceous species, but not of itself. 
With this, we reject our first hypothesis that positive PSF would be 
recorded in S. uniflora inoculated with its own soil inoculum. This 
result indicates that S. uniflora may be an early successional spe-
cies, probably with low competitor potential, since ruderal plants 
are often associated with negative PSF (Kardol et al., 2006; Wubs 
et al., 2019). But it also indicates that S. uniflora may create favour-
able edaphic conditions for other herbaceous species through modi-
fication in the AMF community.

Indeed, biomass and height increases tend to be greater when 
inoculating soil conditioned by other species (Kuťáková et al., 2018). 
However, we found negative PSF more often in plants inoculated 
with soil inoculum conditioned by Sorghum bicolor compared to 
S. uniflora. Although S. bicolor promoted AMF abundance in the soil 
of recovering Quarry, the communities consistently showed lower 
evenness compared to S. uniflora, corroborating results that S. bicolor 
increases glomerospore density (Bever et al., 1996) and decreases 
evenness under greenhouse cultivation (Sýkorová et al., 2007). 
These results reinforce the idea that some plants may benefit more 
from the AMF community of another coexisting plant species than 
from itself (Bever, 2002). In this sense, the production and applica-
tion of soil inoculum conditioned by S. uniflora may work to trans-
port AMF communities capable of benefiting herbaceous species in 
ecological restoration projects in the dry forest of Brazilian semiarid 
region.

In our study, the soils inoculum of S. uniflora and the inoculant 
mix showed high evenness. However, only the soils inoculum of 
S. uniflora increased plant biomass, while the inoculant mix showed 
similar results to plants without inoculation, confirming our second 
hypothesis. In soil, AMF species with higher relative abundance 

F I G U R E  2  Plant– soil feedback (PSF) 
calculated by the log of the ratio of the 
dry biomass of plants in each inoculation 
treatment in relation to the dry biomass 
of non- inoculated plants (control per 
block), for each of the four species. 
Positive PSF values without inoculation (a) 
indicate greater biomass accumulation of 
the inoculated plant compared to plants 
without inoculation, while positive PSF 
values with inoculation (b) indicate greater 
biomass accumulation compared to plants 
inoculated with a mixture of AMF isolates 
(mix). Bars represent mean and whiskers 
standard error.
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have a greater numerical chance of establishing associations than 
species with lower relative abundance. However, species differ in 
glomerospore germination speed and root colonization strategy. 
For example, Hart and Reader (2002) observed that Glomus species 
(such as G. cubense) are faster at colonizing roots than Acaulospora 
species and also show more extensive root colonization. Therefore, 
the first colonizers tend to dominate and compete for space in the 
root cortex against species that colonize later, which sets up the 
priority effect (Werner & Kiers, 2015). Consequently, the functions 
performed by the dominant species in the root tend to excel. If they 
are related to plant growth promotion, the PSF values tend to be 
positive, as observed by Bennett and Bever (2007) and Crossay 
et al. (2019). The evenness present in the soil inoculum of S. uniflora 
may have decreased the strength of the priority effect and, in addi-
tion to the preservation of the local adaptation provided by the ad-
opted methodology, may have allowed AMF with growth- promoting 
function to colonize the roots of the plant species tested, especially 

S. galherensis and R. echinus, which showed substantial increments 
in biomass. Therefore, in the context of ecological restoration, the 
application of native AMF inoculants with more even communities 
should be prioritized over inoculants composed of isolates with low 
adaptation to the inoculation target conditions.

Soil origin influenced the structure of the AMF communities and 
altered the levels of plant biomass depending on the herbaceous spe-
cies tested. We can confirm the third hypothesis regarding the AMF 
community. Certainly, the stressful condition present in the Quarry 
soil selected stress- tolerant and ruderal species. Glomus cubense 
might be a clear example of a ruderal species, given that it was re-
ported an indicator species of the soil originating from Quarry, and 
furthermore, this species also showed high sporulation during the 
soil conditioning phase and might be related to the increased root 
colonization in the feedback phase. Such characteristics corroborate 
those reported by Chagnon et al. (2013). Additionally, G. cubense has 
already been related to increased phosphorus concentration in the 

F I G U R E  3  Relationship of root colonization by AMF in the (a) plant– soil feedback index, calculated by the log of the ratio between dry 
biomass of plants in each inoculant and dry biomass of non- inoculated plants (control per block). Values above the dashed line indicate 
greater biomass accumulation in inoculated plants than in non- inoculated plants, (b) ratio between root and shoot dry weight. Values above 
the dashed line indicate greater biomass allocation in the root than in the shoot, (c) specific root length (SRL) and (d) specific leaf area (SLA). 
Symbols indicate species as follows, □S. uniflora, △M. suaveolens, ⚫R. echinus and ○S. galherensis.
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tissue of leguminous species (Klabi et al., 2014) and to increased pro-
ductivity of different agricultural crops such as banana, cassava, and 
forages in the tropical region (Cañizares et al., 2016). Furthermore, 
Paraglomus occultum can be recognized as an example of stress- 
tolerant species, because it remained in the soil under different 
disturbance conditions in our study. This find corroborates previous 
studies that showed the ability of P. occultum to maintain coloniza-
tion and to promote growth on Citrus tangerine even under high sa-
linity (Wu et al., 2010). This species has already been reported under 
similar stressful conditions in the Brazilian semiarid, such as in areas 
degraded by limestone (Teixeira- Rios et al., 2013) and gypsum min-
ing (Mergulhão et al., 2010), as well as in areas prone to desertifica-
tion in the Mediterranean semiarid (Ferrol et al., 2004).

The soil inoculum originating from the area of remaining vege-
tation showed higher richness and number of glomerospores, com-
pared to soil from the recovering area. This confirms our fourth 
hypothesis; however, greater richness was not always represented 
an increase in the PSF. This can be explained by some species 
were not always associated with increased plant response, such as 
Acaulospora morrowiae (Zanchi et al., 2021), or by species that may 
be useful for biological control such as Entrophospora infrequens in 
soybean attacked by bacterial pathogens (Malik et al., 2016). Despite 
these changes in AMF communities, the intensity of PSF varied ac-
cording to the origin of the inoculant. Several studies have shown the 
relevance of inoculating soil with native AMF communities rather 
than commercial inoculants (Maltz & Treseder, 2015; Neuenkamp 
et al., 2019). Our results suggest that inoculant mix of AMF isolates 
may not be an alternative to increase plant biomass, diverging from 
that found by Koziol et al. (2021). Other studies show increased 
biomass and survival in plants inoculated with soil originating from 
remnant vegetation (Smith et al., 2018; Wubs et al., 2016). Although 
the richness of AMF species in Quarry soil inoculum was four spe-
cies, this set of species favoured a positive PSF in M. suaveolens,  
S. uniflora and S. galherensis (early successional plants) compared to 
the AMF community found in the soil inoculum of Caatinga (18 spe-
cies), reinforcing the proposition by Koziol and Bever (2019) that spe-
cies composition is more determinant than richness. Since the analysis 
pointed G. cubense as a Quarry soil indicator species, it is possible that 
it is a key species for productivity. Future studies should be conducted 
to confirm its role in degraded soils of the Caatinga.

Plants compensated for the low percentage of root coloniza-
tion by AMF by investing in functional resource acquisition traits, 
confirming our fifth hypothesis. Our results corroborate the pat-
tern that plants invest less in active soil nutrient searching (lower 
SRL) when they have a higher colonization percentage (Sweeney 
et al., 2021). We also found this response for SLA, different from the 
results found by Semchenko et al. (2018) and Cortois et al. (2016). In 
general, the plants tested accumulated more biomass in the shoot 
than in the root, contrary to what is expected, since tree plants in 
the same study system tend to allocate more biomass in the roots 
(Teixeira et al., 2020). Certainly, this divergence occurs because 
they are annual herbaceous plants that tend to invest energy for re-
production in the rainy season. Thus, we expected that plants with 

greater mycorrhizal colonization would invest even more biomass 
in the shoot. However, inoculation with native AMF increased root 
colonization of the plants, which in turn accumulated more biomass 
in the roots. This fact may be due to the low nutrient availability 
(mainly P = 0.10 mg dm−3) in the background soil, directing the plant- 
AMF interaction to actively search for nutrients in the soil. This 
scenario can reflect in benefits for recovery of a degraded soil, as 
the joint increase in AMF colonization and root production can drive 
carbon input into the soil (Rillig et al., 2001), promoting the flow of 
nutrients and energy between different trophic levels (Antunes & 
Koyama, 2017). In this way, edaphic conditions can be improved by 
promoting the establishment of other plant species and contributing 
to successional advancement and the success of ecological resto-
ration programs.

Our study suggests the importance of incorporating strategies to 
preserve local adaptation during AMF inoculant production aimed at 
application in restoration projects. Three aspects were considered 
and corroborated: (1) the predictions of local adaptation of AMF 
communities, soil and plant (Rúa et al., 2016); (2) the choice of na-
tive AMF inoculant instead of commercial or AMF isolates (Maltz & 
Treseder, 2015); and (3) the establishment of an AMF management 
model in ecological restoration projects (Asmelash et al., 2016). The 
success of the adopted strategy was influenced by the choice of cul-
tivation technique (trap culture with native soil instead of AMF iso-
lates), and the host belonging to native flora (S. uniflora instead of S. 
bicolor). These decisions may favour the adaptation of the inoculant 
to those conditions present in the recovery target soil and intensify 
the accumulation of plant biomass in early successional plants, even 
in a severely degraded soil.
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