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RESUMEN

Antecedentes: Hongos micorrizégenos arbusculares (HMA) y biocostras (BC), estan dentro y fuera de islas de recursos
formadas por Mimosa luisana (M. luisana-IR), en el Valle de Tehuacan-Cuicatlan, Puebla-Oaxaca, México.

Objetivos: Determinar: 1) la presencia de HMA en las biocostras, 2) la abundancia y riqueza de HMA, y 3) el potencial de
propagacion de los HMA en BC y suelo debajo de las BC, dentro (BC-IR, suelo-BC-IR) y fuera (BC-FIR, suelo-BC-FIR) de
M. luisana-IR, y &reas abiertas (AA) en lluvias (septiembre-2011) y secas (mayo-2012).

Métodos: Los HMA se extrajeron de biocostras y suelo colectados dentro y fuera de M. luisana-IR y AA, en ambas es-
taciones. La abundancia de esporas y riqueza, asi como la propagacién potencial de los HMA se determinaron en el
laboratorio e invernadero.

Resultados y Conclusiones: Las biocostras dentro y fuera de M. luisana-IR forman reservorios de esporas y riqueza de
HMA (12 spp.), y actian como “escudo” protector de los HMA, comparando con AA (5 spp.). La disponibilidad de agua
regula las comunidades de HMA en biocostras y suelo. Las esporas de HMA en BC-IR y BC-FIR tienen un alto potencial
de propagacion y las BC-FIR amortiguan la pérdida de HMA formando inéculos micorrizicos en el suelo.

Palabras clave: costras biolégicas del suelo, Glomeromycota, islas de fertilidad, leguminosas, Valle de Tehuacan-Cui-
catlan

ABSTRACT

Background: Arbuscular mycorrhizal fungi (AMF) and biocrusts (BC), occur inside and outside Mimosa luisana resource
islands (M. luisana-Rl) at the Tehuacén-Cuicatlan Valley, Puebla-Oaxaca, Mexico.

Objectives: To determine: 1) Whether there are AMF within biocrusts, 2) The abundance and richness of AMF, and 3) The
potential of AMF propagation in BC and soil below BC inside (BC-RI, soil-BC-RI) and outside (BC-ORI, soil-BC-ORI) M.
luisana-RI, and open areas (OA), in the rainy (September 2011) and dry (May 2012) seasons.

Methods: AMF were extracted of biocrusts and soil samples collected inside and outside M. luisana-Rl and OA, in both
seasons. Spore abundance and species richness, as well as potential propagation of AMF were determined in laboratory
and greenhouse.

Results and Conclusions: Biocrusts inside and outside M. luisana-RI form reservoirs of AMF spores and species richness
(12 spp.), and act as “shields” protecting AMF compared with OA (5 spp.). Seasonal changes in the AMF composition
within the biocrusts and the soil suggest that the availability of water drives AMF assemblages. The AM fungal spores in
BC-RI and BC-ORI have a high potential of propagation; however, the BC-ORI by buffering the loss of AMF in soil-BC-
ORI, they form mycorrhizal inocula within the soil.
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INTRODUCTION

Arbuscular mycorrhizal fungi (AMF; Phylum Glomero-
mycota) are ubiquitous and ancient microorganisms
that establish mutualistic association with the roots
of more than 85 % of plants forming the arbuscular
mycorrhizae (AM) (Smith and Read, 2008). This associ-
ation is characterized by the presence of specific fun-
gal structures called arbuscules within the root corti-
cal tissue and extraradical mycelium forming spores
and foraging resources into soil (Smith and Read,
2008); these fungi are critical for host plants grown at
environmental stressful conditions, as it occurs in arid
and semiarid ecosystems (Montesinos-Navarro et al.,
2012).

AMF play an important role for vegetation at arid and
semiarid ecosystems, since water stress and nutrient
deficiencies are the most common constraints for plant
growth (Tarafdar and Panwar, 2008). In these ecosys-
tems, the AM is advantageous to mycorrhizal plants
because the mycelium increases the root absorption
area and is able to mobilize sparingly available soil nu-
trients, as phosphorus that is present as calcium phos-
phate, an insoluble chemical form, and its diffusion
is further decreased by low soil moisture (Ezawa and
Saito, 2018).

In Mexico, arid and semiarid ecosystems occupy
about 60 % of the surface of the country (Toledo and
Ordofiez, 1998). In these environments, shrubs and
trees mainly belonging to the Leguminosae family,
contribute to soil fertility by protecting the under-
story vegetation and the soil against wind and wa-
ter erosion, as well as by incorporating organic mat-
ter and nutrients into soil under their canopies, thus
forming resource islands (Rl) (Reynolds et al., 1999).
Legumes as Acacia farnesiana (L.) Willd (Monroy
et al., 2007), Prosopis laevigata (Humb et Bonpl ex
Willd) (Garcia-Sanchez et al., 2012), and several Mi-
mosa species (Camargo-Ricalde and Dhillion, 2003;
Garcia-Sédnchez et al., 2012; Montesinos-Navarro et
al., 2012) may form RI, that are not only rich in soil
nutrients, but in mycorrhizal propagules. Within the
semiarid valley of Tehuacén-Cuicatldn, Mexico, Rl of
Mimosa luisana Brandegee (M. luisana-Rl), as well as
other Mimosa species, serve as mycorrhizal reservoirs
affecting AM fungal spore dynamics (Camargo-Rical-
de and Dhillion, 2003; Camargo-Ricalde and Espe-
ron-Rodriguez, 2005; Chimal-Sénchez et al., 2016).
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Mimosa species, and a wide range of plants associ-
ated to them, are favored in biomass and nutrients
through AMF in the RI (Camargo-Ricalde et al., 2003;
Camargo-Ricalde et al., 2010a; Montesinos-Navarro
et al., 2016; Sorbitrén et al., 2019).

Biocrusts composed of mosses, lichens, cyanobacte-
ria, fungi, green algae and soil particles are present
inside and outside M. luisana-RI (Rivera-Aguilar et al.,
2006; Sandoval-Pérez et al., 2016). In arid and semi-
arid environments, biocrusts improve soil fertility by
increasing nitrogen and carbon inputs, water infiltra-
tion, and providing habitat for soil fauna and microor-
ganisms (Belnap and Lange, 2003; Sandoval-Pérez et
al., 2016; Barrera Zublaga y Godinez Alvarez, 2018).
However, the presence and dynamics of AMF in bi-
ocrusts are not very well known. For instance, Bates
et al. (2010) and Porras-Alfaro et al. (2011) did not
detect any AMF within biocrusts in different deserts
of the world; in contrast, Hernandez-Hernandez et al.
(2017) found AMF in biocrusts that could be linked
to nutrient exchange between biocrusts and plants,
alluding to the functional role of AMF in biocrusts as
part of the ‘fungal loop model’ proposed by Collins
et al. (2008) for arid ecosystems. Nevertheless, these
contradictory studies show uncertainty on whether
AMF are present in biocrusts at other arid and semi-
arid ecosystems.

It is not clear enough whether Rl and biocrusts may
act as AMF reservoirs, in arid and semiarid ecosystems;
this knowledge is of critical importance, due to that
these microenvironments could be promoting native
mycorrhizal inocula, which could be useful for suc-
cessful re-establishment of native plants in disturbed
areas (Jasper et al., 1991; Chaudhary et al., 2019). In
addition, both Rl and biocrusts may be contributing to
increase the inventory of AMF species in dry environ-
ments (Varela et al., 2019). However, whether or not,
biocrusts host AMF assemblages inside and outside
M. luisana-RI has never been investigated. Therefore,
our objectives were to determine: 1) Whether there
are AMF in biocrusts, 2) If present, the abundance and
richness of AMF, and 3) The potential of propagation
of AM fungal spores associated to BC and soil below
BC, inside (BC-RI, soil-BC-RI) and outside (BC-ORI, soil-
BC-ORI) M. luisana-RI, and in open areas (OA, without
plants and BC), in the dry and rainy seasons, at the
semiarid valley of Tehuacén-Cuicatlan, Puebla-Oaxaca,
Mexico.




MATERIALS AND METHODS

Study site

This study was performed in Zapotitlén Salinas, a semi-
arid region (18° 20'N, 97° 28" W), which is located at
the western side of the Biosphere Reserve of Tehu-
acan-Cuicatlan Valley, Puebla-Oaxaca, Mexico. Climate
is semiarid, with an average annual temperature of 21
°C, and an annual rainfall ranging from 400 to 600 mm
(Garcia, 2004). Rainfall is strongly seasonal, dry season
extends from November to April, and approximately
74 % of the rainfall occurs between May and October
(Valiente-Banuet, 1991). Soils are sandy-clay-loams,
mainly derived from sedimentary and metamorphic
rocks, and classified as Calcisols (WRB, 2014). The main
vegetation type is a xerophytic scrub dominated by the
columnar cactus Neobuxbaumia tetetzo (F.A.C. Weber)
Backeb., Agave spp. and different species belonging
to the families Leguminosae and Asteraceae (Rzedows-
ki, 1978).

Within the Tehuacan-Cuicatlan Valley, 16 Mimosa spe-
cies have been recorded, all of them thorny shrubs or
small trees, from which seven species are endemic to
Mexico and four species and one variety are endemic
to the Valley (Martinez-Bernal and Grether, 2006). In
addition, Mimosa species are either dominant or co-
dominant in plant communities (Camargo-Ricalde et
al., 2002); of these species, M. luisana is endemic to
this Valley and it is the most abundant thorny shrub in
Zapotitlan Salinas. This species is a nursery plant for
N. tetetzo establishment (Valiente-Banuet and Ezcurra,
1991), form Rl under its canopy (Camargo-Ricalde et
al., 2010b), and it is frequently used by local people
as firewood and in agroforestry practices (Dhillion and
Camargo-Ricalde, 2005). Also, biocrusts are present on
the soil inside M. luisana-Rl or outside these Rl (Rive-
ra-Aguilar et al., 2006; Sandoval-Pérez et al., 2016).

Biocrusts and soil sampling

The experimental design and soil sampling were based
on Sandoval-Pérez et al. (2016). Five sites were chosen
in relation to the presence of M. luisana-R| and the oc-
currence of biocrusts (BC) in both inside (BC-RI) and
outside (BC-ORI) M. luisana-RI. The sites were located
at least one kilometer apart, and they belong to the
same soil group: calcisols, and the vegetation type is
xerophytic shrub (“matorral xeréfilo”). In each site, one
replicate plot of 20 m x 50 m (1,000 m?) was estab-
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lished, and six M. luisana plants of similar size (from 3 to
4 m in height and cover foliage) were randomly select-
ed along each plot, where plants were at least 5 m of
distance among each other. The similarities among the
sites allowed minimizing the effect of the differences
among the plots and maximizing that of the biocrusts
on the AMF, based on a natural experimental design
as defined by Diamond (1983). Thus, within M. luisa-
na-Rl, biocrusts (BC-RI) and soil below the BC (soil-BC-
RI) were collected from four different points around the
trunk of each plant (microenvironments: BC-RI and soil-
BC-RI); whereas, BC and soil-BC outside M. luisana-RI
(microenvironments: BC-ORI and soil-BC-ORI), as well
as soil from open areas (microenvironment: OA) were
also collected in six points selected randomly along
the plot and separated up to 10 m of M. luisana-RI.
The soil sampled in OA was considered as the con-
trol, and it was defined that an OA is any plot without
both vegetation and biocrusts. The samples collected
were manually mixed to form a composite biocrusts or
soil sample from each microenvironment, per plot. In
all cases, the biocrust and soil samples were collected
from top 0-3 and 3-6 cm, respectively; where most of
the biocrusts (Jimenez-Aguilar et al., 2009), and soil mi-
crobial activity are concentrated (Sandoval-Pérez et al.,
2016). Litter was removed by hand prior to biocrusts
and soil sampling. The same sampling procedure was
done during the rainy (September 2011) and dry (May
2012) seasons. Biocrusts and soil samples were stored
in black polypropylene bags and refrigerated at 10 °C
in the laboratory.

Spore abundance and species richness of AMF

AM fungal spores were extracted from 100 g of bi-
ocrusts or soil by wet sieving method (Gerdemann
and Nicolson, 1963) and centrifugation in 60 % su-
crose. Fungal spores were examined and counted
(total abundance) with a stereoscopic microscope
(Zoom 2000, Leica, Berlin); they were subsequent-
ly separated by morphotype based on their colour,
shape and size, in order to make permanent prepara-
tions with polyvinyl alcohol-lactic acid-glycerol (PVLG)
and PVLG plus Melzer's reagent (1:1, v/v). The spores
were observed in a Nomarski DIC Polarising Micro-
scope (Olympus BX51, Tokyo) to analyse the structure
of their walls as consistency, arrangement, reactivity
to Melzer's reagent, ornamentations, germination
shields and originating hyphae. Digital photographs




of the spores were obtained with a digital camera
(Toupcam UCMOS02000) and ToupTek View® scan-
ning software vers. x64.3.7.1460. The photographic
records and permanent slides were deposited at the
Laboratory of Legume Biosystematics, Department of
Biology, Universidad Auténoma Metropolitana, Uni-
dad Iztapalapa, Mexico City.

The taxonomic determination was made based on a
comparison of the spore morphological features with
the original descriptions of the AMF species, and those
available at the International Culture Collection of (Ve-
sicular) Arbuscular Mycorrhizal Fungi (Invam, 2018), the
Glomeromycota Collection (http://www.zor.zut.edu.pl/
Glomeromycota/) and the Glomeromycota phylogeny
database (http://amf-phylogeny.com/amphylo_taxon-
omy.html). AMF richness was determined as the num-
ber of species observed per microenvironment and
season, while species composition was based on the
AMF taxonomic identity (Moreno, 2001).

Propagation of arbuscular mycorrhizal inocula by pot-trap
cultures

Pot-culture traps (1 kg) were prepared to propagate
the AMF coming from biocrusts and soil samples col-
lected in each microenvironment. These were pre-
pared with 750 g of autoclaved (3 d per 1.5 h; 120
°C, 1.4 kg cm?) substrate (gravel: sand: agrolite, 1:1:1
v/v), and 250 g of biocrust or soil samples, respective-
ly. Brachiaria brizantha (Hochst. Ex A. Rich.) Stapf (Po-
aceae) was used as trap plant, because is one of the
most cultivated grasses for fodder in tropical America
(including the states of Puebla and Oaxaca, Mexico),
harboring a great AMF species richness (Alvarez-Lo-
peztello et al., 2019). Pot-trap cultures were kept un-
der greenhouse conditions for seven months, with
temperatures ranging from 28 °C to 34 °C. Likewise,
each pot-trap was watered every two weeks with 250
mL of a Long-Ashton Nutrient Solution, modified to
supply 11 pg P mL"; but these were always watered
every third day with 200 mL of distilled water. To stim-
ulate AM fungal spore production, the plants were
trimmed every 30 days and watering was suspended
15 days before the plants were harvested. After seven
months, all trap plants were harvested, and a subsam-
ple of roots was separated and processed to evaluate
root mycorrhizal colonization by clearing and staining
roots according to Phillips and Hayman (1970). The
stained roots were set on slides (20 root fragments
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per slide), and observed under an optical microscope
(Zeiss, Primo-Star, Germany), at 40X, to evaluate the
presence of AM fungal structures (aseptate hyphae,
arbuscules and vesicles). Likewise, AM fungal spores
were extracted by the method of Gerdemann and
Nicolson (1963) mentioned above, and abundance
of AMF spores was also assessed after harvesting the
trap plants, which allowed to explore the potential re-
sponse of the AMF spores in each collected sample
to be propagated. We expressed the propagation of
AM fungal spores in percentage changes (%4), with
relation to initial (before pot culture trap) and final (af-
ter the harvest) abundance of AMF spores, which was
calculated as: [(final abundance of AMF spores - initial
abundance of AMF spores)/initial abundance of AMF
spores)] x 100.

Statistical analysis

Data were analyzed by repeated measures analysis
of variance (RMANOVA), with one between-subject
factor (microenvironments) and one within-factor
(seasons), where sampling seasons were treated as
repeated measures. This analysis was used because
in the same experimental units (plots) the same vari-
ables were measured over two periods of time (dry
and rainy seasons), so the plots were not independent
(von Ende 2001). Likewise, since the samples used for
the experiment of AMF spore propagation remained
intact and replicated under the same design of the
natural field experiment, the propagation data was
also analyzed with RMANOVA. When the RMANOVA
indicated some significant factor, mean comparisons
were done with Tukey's HSD tests. Data were log- or
arcosin- (% mycorrhizal colonization) transformed to
meet ANOVA assumptions (Sokal and Rohlf, 1995),
but reported in their original scale of measurement.
All analyses were performed with Statistica 6 soft-
ware (StatSoft, 2000), and in all cases P < 0.05 was
considered to be significant. Further, a non-metric
multi-dimensional scaling (NMDS) was performed for
comparison of AMF composition among microenvi-
ronments and between seasons. This procedure was
made using the package Past version 3.25 (Hammer
etal., 2001), the NMDS makes few assumptions about
the distribution of data; in turn, it is an appropriate
exploratory and ordering multivariate method when
the data do not follow a linear model (Paliy and Shan-
kar, 2016), as it happened with our data.




RESULTS

Arbuscular mycorrhizal fungi spores were recorded in
all microenvironments, especially in BC-Rl and BC-ORI,
as well in soil below biocrusts. When evaluating the AM
fungal spore abundance before propagation, it was
found an interaction between the tested factors (Table
1). This indicated that the AM fungal spore abundance
was lower in OA than in the other microenvironments
(Figure 1A), and it was higher in the dry season than
in the rainy season only for BC-RI, BC-ORI, soil-BC-RI,
soil-BC-ORI (Figure 1A). In contrast, after propagation,
BC-RI had the highest abundance of AM fungal spores,
followed by BC-ORI, soil-BC-RI, and soil-BC-ORI, while
the lowest was registered in the OA soil. It was con-
sistent for both seasons in the case of soil, but for bi-
ocrusts more spore abundance was recorded in the
samples collected in the rainy season than in the dry
season (Table 1, Figure 1B).

After the propagation period, the percentage of
change in the AM fungal spore abundance was af-
fected by the microenvironment x season interaction,
suggesting that the potential propagation of the AM
fungal spores coming from a specific microenviron-
ment is related to the season (Table 1). Thus, the AM
fungal spores in BC-RI and BC-ORI were propagated
only in the rainy season; though in the soil-BC-RI, AM
fungal spores were propagated in both seasons; while
in the soil-BC-ORI and OA soil, AM fungal spores did
not propagate (Figure 1C). In the dry and rainy sea-
sons, where the propagation of AMF was positive,
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the abundance of fungal spores was one to four times
higher than the spore abundance initially recorded in
the field samples. Moreover, the highest level of spore
propagation was recorded for BC inside and outside of
Mimosa-Rl, as well as in the soil under biocrusts inside
Mimosa-RI (Figure 1C).

In B. brizantha, the average percentage of root col-
onization by AMF for all microenvironments, was 77
% (Figures 2 and 3A-C). Colonization of the roots by
aseptate hyphae did not vary among inocula (Table 1,
Figure 2A), but the colonization by vesicles and arbus-
cules was influenced by the microenvironment x sea-
son interaction (Table 1). The percentage of vesicles
was higher in the dry season than in the rainy season
only when B. brizantha grew on the soil-BC-RI, soil-BC-
ORI and OA soil (Figure 2B). The percentage of arbus-
cules was the highest in BC-RI and BC-ORI; however,
it was higher in the dry season than in the rainy season
in BC-ORI, soil-BC-RI, so0il-BC-ORI and OA soil (Figure
2C).

Fifteen AMF morphospecies, belonging to six genera:
Acaulospora, Claroideoglomus, Funneliformis, Glo-
mus, Rhizophagus, and Sclerocystis were identified
(Table 2, Figure 3D-Q). Glomus was the genus better
represented with five morphospecies, and Claroideo-
glomus lamellosum was present in all the microenvi-
ronments and seasons. In contrast, Acaulospora was
not registered in the BC-RI. Biocrusts or soil samples
collected in the rainy season registered higher AMF
richness than those collected in the dry season, except
for soil-BC-ORI and OA soil (Table 2). AMF richness

Table 1. F-ratios and significant levels of the repeated measures ANOVA to evaluate the propagation of arbuscular mycorrhizal inocula
coming from different microenvironments (BC-RI, BC-ORI, soil-BC-IR, soil-BC-ORI, OA)* and seasons (dry and rainy) at semiarid valley of Te-

huacan-Cuicatlan, Puebla-Oaxaca, Mexico

Parameters

Source of variation

Between subject Within subjects

Microenvironment (M) Season (S) M x S

Before abundance of AM fungal spores 14.85™ 5.79 14.65"
After abundance of AM fungal spores 10.1” 4.20 9.87
Change in abundance of AM fungal spores (A) 6.15™ 0.93ns 21.63"
AM colonization (hyphae) 0.31m 0.13m 1.69

Vesicles 0.51" 0.02" 10.52"

Arbuscules 0.41m 48.8™ 14.6"

Note: ns= not significant. * p < 0.05; ** p <0.01; *** p < 0.001

+Abbreviations used in all tables and figures. BC-RI: Biocrusts inside M. luisana resource islands. BC-ORI: Biocrusts outside resource islands. soil-BC-IR: Soil

below biocrusts inside M. luisana resource islands. soil-BC-ORI: Soil below biocrusts outside resource islands. OA soil: soil from open areas.
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Figure 1. Seasonal means (+ standard error) of abundance of arbuscular mycorrhizal fungal spores in biocrusts (BC) inside and outside M.
luisana resource islands (BC-RI and BC-ORI, respectively); soil below BC inside M. luisana resource islands (soil-BC-IR); soil below BC outside
resource islands (soil-BC-ORI) and soil from open areas (OA soil) collected in the dry and rainy seasons, at semiarid valley of Tehuacan-Cuicat-
lan, Puebla-Oaxaca, Mexico. A: Before the propagation (initial spores). B: After the propagation with Brachiaria brizantha (final spores). C:
Percentage of change (A%) in fungal spores to detect the magnitude of AMF propagation. Bars with different uppercase and lowercase
letters indicate significant differences (p<0.05) among microenvironments within a season and between seasons within a microenvironment,
respectively.
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Figure 2. Percentage of mycorrhizal colonization (+ standard error) by aseptate hyphae, vesicles and arbuscules in the roots of Brachiaria
brizantha after the propagation in pot-cultures of the inocula collected in biocrusts (BC) inside and outside M. luisana resource islands (BC-RI
and BC-ORI, respectively); soil below BC inside M. luisana resource islands (soil-BC-IR); soil below BC outside resource islands (soil-BC-ORI)
and soil from open areas (OA soil) in the dry and rainy seasons, at semiarid valley of Tehuacén-Cuicatlan, Puebla-Oaxaca, Mexico. Bars with
different uppercase and lowercase letters indicate significant differences (p<0.05) among microenvironments within a season, and between
seasons within a microenvironment, respectively.
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Figure 3. Arbuscular mycorrhizal fungi (AMF) and intercellular structures. A: aseptate hyphae. B: arbuscules. C: vesicles colonizing the roots of
Brachiaria brizantha, which was used as a trap plant to propagate the AMF from biocrusts (BC) inside and outside M. luisana resource islands
(BC-RI and BC-OR], respectively); soil below BC inside M. luisana resource islands (soil-BC-IR); soil below BC outside resource islands (soil-
BC-ORI) and soil from open areas (OA soil) collected in the dry and rainy seasons, at semiarid valley of Tehuacan-Cuicatlan, Puebla-Oaxaca,
Mexico. D: Acaulospora sp. E: Acaulospora sp.1. F: Funneliformis geosporum. G: F. mosseae. H: Rhizophagus aggregatum. |: Claroideoglo-
mus aff. etunicatum. J: C. aff. lamellosum. K: C. aff. luteum. L: Sclerocystis rubiformis. M: S. sinuosa. N: Glomus sp. N: Glomus sp.1. O: Glomus
sp.2. P: Glomus sp.3. Q: Glomus sp.4.
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Table 2. Arbuscular mycorrhizal fungi (AMF) recorded in biocrusts (BC) inside and outside M. luisana resource islands (BC-RI and BC-ORI
respectively); soil below BC inside M. luisana resource islands (soil-BC-IR); soil below BC outside resource islands (soil-BC-ORI) and soil from
open areas (OA soil), in the dry and rainy seasons, at semiarid valley of Tehuacan-Cuicatlén, Puebla-Oaxaca, Mexico.
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Microenvironments

Genera AMF morphospecies BC-RI BC-ORI soil-BC-RI soil-BC-ORI OA soll
Seasons
Rainy Dry Rainy Dry Rainy Dry Rainy Dry Rainy Dry
Acaulospora Acaulospora sp. * * * * *

Acaulospora sp.1

Funneliformis mosseae
Funneliformis (T.H. Nicolson & Gerd.) C. Walker & A. * * * * *
SchiiBler comb. nov.

Funneliformis geosporum
(T.H. Nicolson & Gerd.) C. Walker & A. * * * * * * *
SchiiBler comb. nov.

Rhizophagus aggregatum

Rhizophagus
(N.C. Schenck & G.S. Sm.)

Claroideoglomus aff. etunicatum

Claroideoglomus
(W.N. Becker & Gerd.)

Claroideoglomus aff. lamellosum
(Dalpé, Koske & Tews)

Claroideoglomus aff. luteum (L.J.
Kenn., J.C. Stutz & J.B. Morton)

Glomus Glomus sp.

Glomus sp.1 * *

Glomus sp.2 *

Glomus sp.3

Glomus sp.4

Sclerocystis rubiformis

Scll ti
clerocystis (Gerd. & Trappe)

Sclerocystis sinuosa
(Gerd. & B.K. Bakshi)

Total per season 8 7 5 4 8 7 5 8 2 4

Total per microenvironment 10 6 12 9 5

Total per biocrust vs. soil 12 13 5
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Figure 4. Non-metric multidimensional scaling (NMDS) of arbuscular mycorrhizal fungi composition in biocrusts (BC) inside and outside M.
luisana resource islands (BC-RI and BC-ORI, respectively); soil below BC inside M. luisana resource islands (soil-BC-IR); soil below BC out-
side resource islands (soil-BC-ORI) and soil from open areas (OA soil) collected in the dry and rainy seasons, at semiarid valley of the Tehu-

acan-Cuicatlan, Puebla-Oaxaca, Mexico.

was higher in the BC-RI and soil-BC-RI than in BC-ORI,
s0il-BC-ORI and OA soil, the latter also showed the
lowest species richness. In total, 12, 13, and 5 AMF
morphospecies were recorded in BC, soil-BC and OA
soil, respectively (Table 2). However, after the propaga-
tion period, no AMF, others than those recorded in the
field samples, were registered. Thus, AMF composition
changed with rainfall seasonality, where BC-RI and soil-
BC-ORI had wide dissimilarity in their AMF communi-
ties between them and respect to the other microenvi-
ronments in the rainy season (Figure 4).

DISCUSSION

The overall results showed that the BC-RI and BC-
ORI, as well as soil-BC-RI and soil-BC-ORI, favour the
abundance and richness of AMF in comparison to
OA. Erosive and biotic factors could be promoting
the dispersion of AM fungal spores from surrounding
plants towards the Rl formed by legumes, as M. lui-
sana (Camargo-Ricalde and Dhillion, 2003). Moreover,
herbaceous plants and cacti inhabiting M. luisana-RI
(Valiente-Banuet and Ezcurra, 1991; Camargo-Ricalde
et al., 2003; Montesinos-Navarro et al., 2012; Sorti-
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bran et al., 2019) may promote spores abundance and
species richness of AMF, since they are mycotrophic
hosts (Camargo-Ricalde et al., 2003). Thus, Mimosa-RI
have been considered as AM fungal spore reservoirs
(Camargo-Ricalde and Dhillion, 2003; Camargo-Rical-
de and Esperén-Rodriguez, 2005). Once inside the M.
luisana-RI, AM fungal spores may also be trapped due
to: i) Its association with the plants growing under the
canopy of M. luisana (Camargo-Ricalde et al., 2003); ii)
The microtopography of the biocrusts has more cap-
ture spore power than disturbed soil (Belnap and Lan-
ge, 2003; Jimenez-Aguilar et al., 2009); and iii) Mosses
could be associated with AMF sporulating within the
biocrusts (Zhang and Guo, 2007). Studies on Mimosa
spp. and/or biocrusts at the Tehuacan-Cuicatlan Va-
lley have not reported the dynamic of AM fungal spo-
res (Rivera-Aguilar et al., 2006; Sandoval-Pérez et al.,
2016); likewise Camargo-Ricalde and Dhillion (2003)
and Camargo-Ricalde and Esperén-Rodriguez (2005)
only reported the effect of the rainfall seasonality on
AMF abundance in M. luisana-Rl without considering
the biocrusts; so our study suggests that biocrusts and
M luisana-Rl, jointly, favour AMF communities at this
semiarid ecosystem.




The abundance and species richness of AMF in BC-ORI
and soil-BC-ORI may also be attributed to the presen-
ce of polysaccharides produced by the biocrusts, which
are able to capture soil particles and dust that, proba-
bly, are transporting fungal spores from near or even
distant vegetation patches (Belnap and Lange, 2003;
Guo et al., 2007). In addition, AM fungal propagules
are able to disperse by wind and animal vectors, and
could be deposited onto biocrusts (Chaudhary et al.,
2019). In turn, the BC-ORI could act as a “shield” that
reduces soil erosion and loss of AM fungal spores. Li-
kewise, the mosses of BC-RI and BC-ORI (Sandoval-Pé-
rez et al., 2016) could be establishing symbiosis with
AMF as explained before. For instance, Zhang and Guo
(2007) reported 15 AMF belonging to Glomus, Acau-
lospora, Gigaspora, and Paraglomus genera, as well as
AM structures occurring in moss crusts. Also, mycorrhi-
zal mycelia and roots may be linking biocrusts outside
to biocrusts inside M. luisana-RI or vegetation patches
according to the “fungal loop model” (Collins et al.,
2008), because AMF explore biocrusts to mine nutrients
(Hawkes, 2003), that results in the presence of AMF in
the biocrusts; however, it is still necessary to quantify
the soil mycorrhizal mycelium to test this hypothesis.
Nevertheless, these findings support the fact that bio-
crusts, inside and outside M. luisana-Rl, may be con-
sidered as AMF reservoirs at the Tehuacan-Cuicatlan
Valley, as it has been suggested for other deserts (Her-
nandez and Hernandez et al., 2017). Even though, our
findings contradict those reported by Bates et al. (2010)
and Porras-Alfaro et al. (2011), who did not detect AMF
in biocrusts at the Colorado Plateau, Chihuahuan, Ne-
gev, Wyoming and Sevilleta New Mexico deserts.

As it has previously been shown in Mimosa spp. of the
Tehuacén-Cuicatlan Valley, AMF had a seasonal sporu-
lation pattern (Camargo-Ricalde and Esperén-Rodri-
guez, 2005), which may be attributed to differences in
AMF composition recorded between the dry and rainy
seasons, since sporulation of AMF species varies accor-
ding to soil moisture, as a response to host phenolo-
gy and their colonization strategies (Hart and Reader,
2002). Besides, a high diversity of plant species within
Mimosoideae-R| (Perroni-Ventura et al., 2006), favour
the availability of hosts for AMF, decreasing the abun-
dance of AM fungal spores in the rainy season compa-
red to the dry season (de Souza et al., 2016), where, in
the latter, AM fungal spores are stored and protected
by the biocrusts, even outside M. luisana-RI.
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Not all the biocrusts or the soil samples allowed pro-
pagation of AM fungal spores using B. brizantha as a
trap plant, this suggests that propagation is related
to the AMF species and the host plant species invol-
ved (Selvakumar et al., 2016). Thus, spores propaga-
tion in BC-RI, BC-ORI, and soil-BC-RI (rainy season),
and in soil-BC-RI (dry season), may be attributed to
differences in AMF species richness and composition,
compared to the dry season and to the other microen-
vironments, since in this study, host plant was not a
variant. The lack of propagation of AM fungal spores
in samples from soil-BC-ORI and OA may also be due
to low sporulation rate of determined AMF species, as
it has been reported in desertic ecosystems (Stutz and
Morton, 1996). Even though AM fungal spores were
not propagated in all the samples analysed, the levels
of mycorrhizal colonization in B. brizantha roots were
higher than those reported for biocrusts (5.9 % and
8-39 %, Chaudhary et al., 2019; Havrilla et al., 2020,
respectively), and similar across all the inocula tested.
This also suggests that the AM fungal spores were not
always the main inoculum source in all the samples,
because the soil may contain other mycorrhizal propa-
gules, as mycelium and colonized roots (Jasper et al.,
1991; Addy et al., 1997). However, it highlights that B.
brizantha, grown in OA inoculum, with the lowest AM
fungal spore abundance and species richness, showed
similar root colonization than in the other inocula. This
suggests that AMF from OA might have similar rates of
spore germination, mycorrhization potential, root pe-
netration and fungal growth than those inocula coming
from microenvironments with more nutrients. Thus, all
microenvironments could be promoting inocula with
other mycorrhizal propagules more important than the
fungal spores alone.

Those inocula of biocrusts collected in the rainy season
promoted the formation of vesicles and arbuscules in
the roots of B. brizantha, particularly when it was grown
in BC-RI, which may be indicating that AMF species
were more efficient for nutrient exchange; while a high
level of vesicles and arbuscules colonizing B. brizantha
roots, in the soil-BC-ORI and soil below biocrusts or
OA, in the dry season, agree with observations done
by Allen (1983), who registered an increase in the co-
lonization by vesicles in desert plants during the dry
season.

The record of 15 AMF morphotypes was similar to that
reported for the arid region from the Namibian desert




(Uhlmann et al., 2006) but very low in comparison to the
semiarid region of Namibia, as well as the Chihuahuan
and Sonoran Deserts and the Tehuacan-Cuicatlan Va-
lley, where 23 to 44 AMF species have been registered
(Uhlmann et al., 2004; Pezzani et al., 2006; Bashan et
al., 2007; Chimal-Séanchez, 2015). Nevertheless, it is
possible that other AMF may be present in our study
site, because up to 163 DNA sequences have already
been identified for the Glomus group A, showing a
complex mutualistic network with M. luisana (Monte-
sinos-Navarro et al., 2012) and new records of AMF
have been detected in Mimosa spp. (Chimal-Sanchez
etal., 2016), but further studies are required. However,
this study is the first to detect morphologically AMF
into biocrusts at a Mexican semiarid ecosystem, so it
is not possible to compare directly with other studies,
although it does confirm the presence of AMF in bio-
crusts, as it occurs in other semiarid ecosystems (Her-
nadndez-Hernandez et al., 2017).

CONCLUSIONS

To our best knowledge, this is the first study, within a
Mexican semiarid ecosystem (Tehuacén-Cuicatléan Val-
ley), that provides a set of data supporting the fact that
biocrusts, inside and outside M. luisana-RI, form reser-
voirs of AMF spores and species, and that these bio-
crusts act as “shields” that protect the AMF in the soil
below them, in comparison to OA soil. Seasonal chang-
es in the composition of AMF communities, associated
to biocrusts and soil, suggesting that water availability
(rainy season) may also be a possible driver of AMF as-
semblages in these microenvironments, within this sem-
iarid ecosystem. Likewise, the AM fungal spores from
BC-RI and BC-ORI have a high potential of propagation;
however, the BC-ORI, by buffering the loss of AMF in
soil, also promote mycorrhizal inocula into soil.
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