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AssTRACT. Anaerobically mineralized nitrogen (AN) is a suitable soil health indicator. The AN is sensitive to
soil use changes and is related to soil and particulate organic carbon and aggregate stability. This work aims
to evaluate the relationship between AN and 1) easily extractable glomalin-related soil proteins; 2) abundance
of arbuscular mycorrhizal fungi measured by the number of arbuscular mycorrhizal fungi spores, and 3)
arbuscular mycorrhizal fungi activity (root colonization). Soil samples were taken at depths of 0-5 and 5-20 cm
from cultivated and uncultivated plots throughout the southeastern province of Buenos Aires. Anaerobically
mineralized nitrogen, soil organic carbon, particulate organic carbon, aggregate stability, easily extracted
glomalin-related soil proteins and the logarithm of the number of arbuscular mycorrhizal fungi spores (log
spores) at 0-5, 5-20 and 0-20 cm depths were determined. In wheat roots, the percentages of total infection
and arbuscules at 0-20 cm were measured. At all depths, AN was positively correlated to easily extractable
glomalin-related soil proteins (r=0.34-0.65), which is an indicator of arbuscular mycorrhizal fungi activity
and abundance. Likewise, AN was positively related to log-spores (r=0.58-0.78), which is an indicator of
arbuscular mycorrhizal fungi abundance. However, AN was not related to root colonization (the percentages
of total infection and arbuscules) that manifests the activity of arbuscular mycorrhizal fungi at a specific
moment. Thus, anaerobically mineralized nitrogen would be an indicator of mid- to long-term changes in
arbuscular mycorrhizal fungi abundance and activity (easily extractable glomalin-related soil proteins and
log-spores) resulting from soil use. Consequently, the AN would allow monitoring an important aspect of soil
microbiological health associated with arbuscular mycorrhizal fungi. However, it is necessary to evaluate the
relationships studied in this work in a wider range of soil situations.

[Keywords: soil health indicator, easily extractable glomalin-related soil proteins, spores of mycorrhizal fungi,
soil organic carbon, particulate organic carbon, aggregate stability, colonized roots with mycorrhizal fungi]

ResuMEN. Nitrégeno mineralizado en anaerobiosis como un potencial indicador de la abundancia y la
actividad de hongos micorricicos en Molisoles. El nitrégeno mineralizado en anaerobiosis (NA) es un indicador
de salud edaéfica; es sensible a los cambios en el uso del suelo y se relaciona con el carbono organico total, el
particulado y la estabilidad de agregados. Nuestro objetivo fue evaluar la relacién entre el NA y 1) las proteinas
facilmente extraibles relacionadas con la glomalina; 2) la abundancia de hongos micorricicos arbusculares
(ntmero de esporas de hongos micorricicos arbusculares), y 3) la actividad de hongos micorricicos arbusculares
(raices colonizadas). Se muestred el suelo a 0-5 y 5-20 cm en parcelas cultivadas y no cultivadas en el sudeste
bonaerense. Se determind el nitrégeno mineralizado en anaerobiosis , carbono organico total y particulado,
estabilidad de agregados, proteinas facilmente extraibles relacionadas con la glomalina y el logaritmo del niimero
de esporas de hongos micorricicos arbusculares (log-spores) en 0-5, 5-20 y 0-20 cm. En raices de trigo, se midio
el porcentaje de infeccion total y de arbtisculos en 0-20 cm. En todas las profundidades, el NA correlaciond
positivamente con proteinas facilmente extraibles relacionadas con la glomalina (r=0.34-0.65), indicadoras de
la actividad y la abundancia de hongos micorricicos arbusculares. E1 NA se relaciond positivamente con el
log-spores (r=0.58-0.78), que indica la abundancia de hongos micorricicos arbusculares. Sin embargo, el NA
no se relaciono con la colonizacién de raices (porcentaje de infeccién total y de arbusculos), que manifiesta
la actividad de hongos micorricicos arbusculares en un momento dado. Asi, el nitrégeno mineralizado en
anaerobiosis indicaria la abundancia y la actividad de hongos micorricicos arbusculares a mediano y largo
plazo (proteinas facilmente extraibles relacionadas con la glomalina y log-spores) debido al uso del suelo. El
NA permitiria monitorear un aspecto importante de la salud microbioldgica del suelo asociada con hongos
micorricicos arbusculares. Sin embargo, es necesario evaluar las relaciones estudiadas en este trabajo en un
rango mas amplio de situaciones de suelo.

[Palabras clave: indicador de salud edafica, proteinas del suelo relacionadas a glomalina facilmente extraibles,
esporas de hongos micorricicos, carbono organico del suelo, carbono organico particulado, estabilidad de
agregados, raices colonizadas con hongos micorricicos]
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INTRODUCTION

Soil health evaluation is important for
diagnosing and quantifying the degree of soil
degradation and to plan suitable management
practices for sustainable agriculture and the
preservation of ecosystem services. This
evaluation is performed through soil health
indicators, which are soil parameters that
express changes produced by management
practices; they are easy and cheap to
determine, simple to interpret, and reflect
changes in soil functioning (Biinemann et
al. 2018). Soil organic carbon and particulate
organic carbon are generally used as soil health
indicators (Cambardella and Elliott 1992).
However, neither of these two soil parameters
fully complies with the requirements of a soil
health indicator. Soil organic carbon is not
sensitive enough to detect short to mid-term
soil health changes (Dominguez et al. 2016).
Contrarily, particulate organic carbon allows
an early detection of soil health changes
(Cambardella and Elliott 1992). However,
particulate organic carbon quantification is
complex and time-consuming, and therefore
not suitable for routine analysis in soil testing
laboratories.

Anaerobically mineralized nitrogen (AN)
in a short incubation (i.e., 7 days) has been
proposed as a suitable soil health indicator
given that it 1) is easy and cheap to determine;
2) is simple to interpret; 3) expresses the
changes produced by soil use in the short
to mid term, and 4) is related to other soil
properties that define soil health (Dominguez
et al. 2016; Garcia et al. 2020b). AN is a good
indicator of soil biochemical health since it is
strongly related to soil organic carbon, labile
fractions of soil organic carbon such as the
particulate organic carbon (Dominguez et al.
2016; Garcia et al. 2020b) and the potentially
mineralizable nitrogen (Reussi-Calvo et
al. 2013) and sulfur (Carciochi et al. 2018).
Likewise, AN is a good indicator of soil
physical health, since it is closely associated
with aggregate stability (Garcia et al. 2020b).
Thus, a single soil parameter, which is simple
and inexpensive to determine, could be used to
monitor soil biochemical and physical health
status.

Among the properties associated with
anaerobically mineralized nitrogen, aggregate
stability is a physical property influenced
by microorganisms that inhabit the soil,
especially fungi. Arbuscular mycorrhizal fungi
are obligate symbionts of the roots of 90% of
terrestrial plants and are the most common

fungi in cultivated soils (Covacevich and
Vargas-Gil 2014). Arbuscular mycorrhizal
fungi are one of the most important groups
of microorganisms involved in aggregate
formation and stabilization (Six et al. 2004),
principally through two mechanisms. First,
the arbuscular mycorrhizal fungi mycelium
intertwines small aggregates forming
aggregates of greater size and stability. Second,
the arbuscular mycorrhizal fungi mycelium
exudes a hydrophobic protein, glomalin,
which acts as an adhesive agent to bond soil
particles (Wright and Upadhyaya 1996; Chenu
and Cosentino 2007). Similarly, glomalin
increases soil organic matter hydrophobicity,
contributing to dry aggregate resistance to
rupture upon sudden moistening and, hence,
helping to create more stable aggregates
(Chenu and Cosentino 2007). Glomalin is
isolated from the soil as a fraction known as
total glomalin-related soil proteins. However, a
fraction of total-glomalin-related soil proteins
known as easily extractable glomalin-related
soil proteins is more frequently measured
due to its simplicity (Wright and Upadhyaya
1996). It has been reported that easily
extractable glomalin-related soil proteins
are sensitive to soil changes produced by
their use and management (Liu et al. 2020).
Close relationships have been demonstrated
between easily extracted glomalin-related
soil proteins and aggregate stability (Bedini
et al. 2009; Fokom et al. 2012), and between
easily extractable glomalin-related soil
proteins and soil organic carbon (Nichols
and Wright 2004; Thougnon-Islas et al.
2016). This last relationship suggests that the
dynamics of soil organic carbon and easily
extractable glomalin-related soil proteins
accumulation and decomposition would be
similar (Nichols and Wright 2004), or that
arbuscular mycorrhizal fungi increase soil
organic carbon content (Rillig et al. 2001; He
et al. 2020). Likewise, it has been suggested
that easily extractable glomalin-related soil
proteins could be an indicator of nitrogen
availability for plants (Hurisso et al. 2018).
For these reasons, easily extractable glomalin-
related soil proteins have been proposed as a
soil health indicator (Fine et al. 2017; Sarapatka
et al. 2019).

Since glomalin is produced by arbuscular
mycorrhizal fungi spores and hyphal
walls, easily extractable glomalin-related
soil proteins are considered an indicator of
arbuscular mycorrhizal fungi abundance and
activity (Bedini et al. 2007). It was reported
that arbuscular mycorrhizal fungi abundance
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(spore number) and arbuscular mycorrhizal
fungi activity (colonized roots) are positively
correlated with easily extractable glomalin-
related soil proteins and aggregate stability
(Bedini et al. 2009; Fokom et al. 2012; Lozano-
Sanchez et al. 2015). Considering that easily
extractable glomalin-related soil proteins and
arbuscular mycorrhizal fungi abundance and
activity are related to aggregate stability and
soil organic carbon content, and that aggregate
stability and soil organic carbon are related
to AN, a relationship between AN and easily
extractable glomalin-related soil proteins
and between AN and arbuscular mycorrhizal
fungi abundance and activity could be
expected. If that was the case, anaerobically
mineralized nitrogen would allow monitoring
not only the biochemical and physical health
but also an aspect of soil microbiological
health of the soil. The aim of this work is
to evaluate the relationship of anaerobically
mineralized nitrogen with easily extractable
glomalin-related soil proteins, arbuscular
mycorrhizal fungi abundance measured
through arbuscular mycorrhizal fungi spores
and arbuscular mycorrhizal fungi measured
through root colonization.

MATERIALS AND METHODS

Soil samples were taken from 46 plots (400
m?) in continuous cropping mostly for most of
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at least 20 years (cultivated plots, n=46) in the
southeastern Buenos Aires province (Figure
1) (Garcia et al. 2020b). Similarly, for each
cultivated plot, a nearby uncultivated plot
(<500 m away) with the same soil type was
selected and sampled. These plots (n=34) were
undisturbed for at least 20 years and present
similar edaphic characteristics as the pristine
soils of the region. The uncultivated plots
were in landscaped areas around the houses
or undisturbed spots among the cropping
lots, mainly under grasses vegetation (e.g.,
Lolium perenne L., Bromus unioloides Kunth,
Festuca arundinacea Schreb., Dactylis glomerata
L. and Phalaris tuberosa L.). Sampled soils
were Mollisols with different surface textural
classes: loam, sandy-loam, sandy-clay-loam
and clay-loam (Soil Survey Staff 2014); they
did not show signs of erosion or flooding.
The climate in the surveyed region is warm-
temperate with no dry season and a warm
summer according to the Koppen-Geiger
classification (Kottek et al. 2006).

Soil sampling was carried out at field capac-
ity with a 4.4 cm diameter tubular sampler
and with a shovel between fall and winter of
2016 (i.e., 34 cultivated and 29 uncultivated
plots) and 2018 (i.e., 12 cultivated and five
uncultivated plots). A composite sample was
taken from each plot at 0-5 (15 subsamples per
sample) and 5-20 (5 subsamples per sample)
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Figure 1. Sampled cultivated soil plots from the southeastern Buenos Aires province (n=46).

Figura 1. Parcelas de suelo cultivado muestreadas en el sudeste de la provincia de Buenos Aires (n=46).
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cm depths with each tool (i.e., shovel and tu-
bular sampler). The samples taken with the
sampler were dried at 50 °C until constant
weight and then ground to pass a 2000 pm
sieve. These samples were used to determine
particulate organic carbon, anaerobically
mineralized nitrogen and arbuscular mycor-
rhizal fungi spore number (only in the 2018
samples). An aliquot of soil was re-ground to
pass a 500 pm sieve to determine soil organic
carbon and easily extractable glomalin-relat-
ed soil proteins. The samples taken with the
shovel were carefully handled to pass through
an 8000 pm sieve, dried at 50 °C until constant
weight and used to determine the stability of
the aggregate. In addition, in spring of 2018,
11 cultivated plots that had been cropped with
wheat (Triticum aestivum L.) were sampled at
0-20 cm depth with a soil core sampler to col-
lect wheat roots when the plants were in the
anthesis stage (Zadoks et al. 1974). Roots were
separated from the soil, washed with water,
and used to determine the mycorrhizal colo-
nization degree.

The determinations and data of AN, soil or-
ganic carbon, particulate organic carbon and
aggregate stability were previously informed
by Garcia et al. (2020b). Briefly, AN was deter-
mined through short anaerobic incubation for
7 days at 40 °C and steam distillation (Keeney
1982). Soil organic carbon was determined by
wet combustion, maintaining the reaction tem-
perature at 120 °C for 90 minutes (Nelson and
Sommers 1982). The particulate and mineral-
associated fractions were separated through
fractionation by particle size according to
Cambardella and Elliott (1992). In the <53 pm
fraction, mineral-associated organic carbon
was determined as previously described for
soil organic carbon and particulate organic
carbon was calculated as the difference be-
tween soil organic carbon and mineral-asso-
ciated organic carbon (Cambardella and Elliott
1992). The aggregate stability was determined
through the remnant 2000-8000 um aggregates
dry mass after sudden immersion in water for
5 minutes and sieving for 2 minutes (i.e., the
mass of large macroaggregates) (Garcia et al.
2020a).

The extraction of easily extractable glomalin-
related soil proteins was carried out by auto-
claving suspensions of soil and sodium citrate
solution for 30 minutes at 121 °C and 0.1 MPa
(Wright and Upadhyaya 1996). The concen-
tration of easily extractable glomalin-related
soil proteins in the extracts was quantified by
spectrophotometry using the Bradford method

(Bradford Reagent, Sigma-Aldrich, USA) (Sig-
ma-Aldrich 2019). The extraction of arbuscular
mycorrhizal fungi spores was carried out by
wet-sieving (75 pm sieve) and centrifugation
in sucrose (Covacevich and Consolo 2014). To
determine the degree of root colonization with
arbuscular mycorrhizal fungi, washed roots
were immersed in a solution of potassium
hydroxide (30 minutes at 90 °C) and stained
with a trypan blue and lactoglycerol solution
(15 minutes at 90 °C). Hyphae, vesicles and ar-
buscules were identified under a microscope.
The degree of root colonization with arbus-
cular mycorrhizal fungi was expressed as the
percentage of total infection (counting the
number of hyphae, vesicles and arbuscules)
and percentage of arbuscules (counting only
arbuscules) (Brundrett 2008).

Quantified variables at depths of 0-5 and 5-20
cm were also expressed at the 0-20 cm layer
as the weighted average by layer thickness.
Descriptive statistics —such as minimum,
maximum and mean values— were calculated.
Variance analysis was performed to compare
soil uses (cultivated and uncultivated soils)
considering the effect of the site. Likewise,
t-tests for paired samples were performed to
compare 0-5 vs. 5-20 cm for each soil use. Pear-
son correlation coefficients were calculated to
evaluate the relationships between variables.
As the relationships between the number of ar-
buscular mycorrhizal fungi spores with other
variables did not show linearity or constant
variance, arbuscular mycorrhizal fungi spores
number was transformed into decimal loga-
rithm (log-spores). Statistical analyses were
performed using R software (R Core Team
2018). A significance level of 0.05 was used.

REsuLTs

The magnitude of anaerobically mineralized
nitrogen, soil organic carbon, particulate
organic carbon and the mass of large
macroaggregates was greater in uncultivated
soils than in cultivated ones (Figure 2).
Likewise, mean values of easily extractable
glomalin-related soil proteins and log-spores
were greater in uncultivated than in cultivated
at each depth (Figure 2). The mean values of
anaerobically mineralized nitrogen, soil
organic carbon, particulate organic carbon
and log spores were higher at 0-5 than at 5-20
cm in both evaluated soil uses. However, mean
values of the mass of large macroaggregates
and easily extractable glomalin-related soil
proteins at 0-5 cm were greater than those at 5-
20 cm, but only in uncultivated soils (Figure 2).
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Figure 2. Box and whisker diagram at 0-5 (a, d, g, j, m, n), 5-20 (b, e, h, k, n, q) and 0-20 (¢, {, i, 1, o, r) cm depths for
soil (SOC) and particulate (POC) organic carbon, mass of large macroaggregate (massMA), anaerobically mineralized
nitrogen (AN), easily extractable glomalin-related soil proteins (EE-GRSP) and the logarithm of arbuscular mycorrhizal
fungi (AMF) spore number (log-spores) for two soil uses: cultivated (n=46 for SOC, POC, massMA, AN, and EE-GRSP
and n=12 for log-spores) and uncultivated soils (n=34 for SOC, POC, massMA, AN, and EE-GRSP and n=5 for log-
spores). Means followed by equal uppercase letters indicate no significant differences (P>0.05) between cultivated
and uncultivated soils for each depth. Means followed by equal lowercase letters indicate no significant differences
(P>0.05) between 0-5 and 5-20 cm for each soil use. Data of AN, SOC, POC, and massMA were taken from Garcia et
al. (2020b).

Figura 2. Diagramas de caja y bigotes en 0-5 (a, d, g, j, m, n), 5-20 (b, e, h, k,n, q) y 0-20 (¢, £, i, |, 0, r) cm de profundidad
para carbono organico del suelo (SOC) y particulado (POC), masa de macroagregados grandes (massMA), nitrégeno
mineralizado en anaerobiosis (AN), proteinas del suelo facilmente extraibles relacionadas con la glomalina (EE-GRSP)
y logaritmo del niimero de esporas de hongos micorricicos arbusculares (log-spores) para dos usos del suelo: suelos
cultivados (n=46 para SOC, POC, massMA, AN y EE-GRSP y n=12 para log-spores) y no cultivados (n=34 para SOC,
POC, massMA, AN y EE-GRSP y n=5 para log-spores). Los promedios seguidos por letras maytsculas iguales indican
diferencias no significativas (P>0.05) entre suelos cultivados y no cultivados para cada profundidad. Los promedios
seguidos por letras mintsculas iguales indican diferencias no significativas (P>0.05) entre 0-5 y 5-20 cm para cada uso
del suelo. Los datos de AN, SOC, POC y massMA fueron tomados de Garcia et al. (2020b).

Table 1. Correlations matrix with Pearson correlation coefficients between pairs of variables at three depths: 0-5, 5-
20, and 0-20 cm. AN: anaerobically mineralized nitrogen. SOC: soil organic carbon. POC: particulate organic carbon.
massMA: large macroaggregates mass. EE-GRSP: easily extractable glomalin-related soil proteins. log-spores: logarithm
of arbuscular mycorrhizal fungi spore number. *Correlations taken from Garcia et al. (2020b). Cells are painted with
different green color intensities according to the magnitude of the Pearson correlation coefficient, red cells indicate that
variables are not correlated, and empty cells (-) indicate absence of data. Numbers in parentheses indicate quantity
observations for each correlation.

Tabla 1. Matriz de correlaciones con coeficientes de correlacién de Pearson entre pares de variables en tres profundidades:
0-5, 5-20 y 0-20 cm. AN: nitrégeno mineralizado en anaerobiosis. SOC: carbono organico del suelo. POC: carbono
organico particulado. massMA: masa de macroagregados grandes. EE-GRSP: proteinas del suelo relacionadas con
glomalina facilmente extraibles. log-spores: logaritmo del niimero de esporas de hongos formadores de micorrizas
arbusculares. *Correlaciones tomadas de Garcia et al. (2020b). Las celdas estan pintadas con diferente intensidad de
color verde de acuerdo con la magnitud del coeficiente de correlaciéon de Pearson; las celdas rojizas indican que las
variables no estan correlacionadas y las celdas vacias (-) indican ausencia de informacién. Los niimeros entre paréntesis
indican la cantidad de observaciones involucradas en cada correlacion.

AN SOC POC massMA  EE-GRSP log-spores % total Y%
infection arbuscules

0-5 cm

AN 0.65 (80) 0.78 (17) - -
SOC 0.75* (80) 0.77 (80) 0.79 (17) - -
POC 0.77* (80) 0.70 (80) - -
massMA <0.01* (80) <0.01% (80) 0.62(80)  0.78(17) - -
EE-GRSP <0.01(80) <0.01(80) <0.01(80) <0.01 (80) - -

log-spores <0.01 (17) <0.01(17) _ <0.01 (17)
% total infection - - - - - - - -
% arbuscules - - - - - - - -

5-20 cm

AN 0.68%(80)  0.57%(80) | 0.74* (80) 0.34 (80) 0.66 (17) - -
SOC <0.01* (80) 0.68 (80) 0.58* (80) 0.46 (80) 0.52 (17) - -
POC <0.01* (80) ~ <0.01 (80) 0.64*(80)  0.33(80)  0.59 (17) - -
massMA <0.01% (80) <0.01* (80) < 0.01* (80) 0:14(80) 055 (17) - -
EE-GRSP <0.01(80) <0.01(80) <0.01(80)  0.22(80) 0.25 (17) - -
log-spores <0.01(17)  0.03 (17) 0.01 (17) 0.02 (17) 0.32 (17) _ - -

% total infection - - - - - - - -
% arbuscules - - - - - - - _

0A§10 - B 00 (80)  078*(30) [BSREOY 047(80)  077(17)  -006(11)  -0.02(11)
S0C <0.01* (80) 0.68*(80)  0.60(80)  0.69(17) -025(11) -0.54(11)
POC <0.01* (80) 075*(80)  048(80) ~ 076(17)  -054(11) -0.62(11)
massMA <0.01* (80) < 0.01* (80) 035(80)  069(17)  0.03(11) 051 (11)
EE-GRSP <0.01 (80) <0.01(80) <0.01(80) <0.01(80) 059(17)  -021(11)  -0.50 (11)
log-spores <0.01(17) <0.01(17) <001(17) <001(17)  0.01(17) 013 (11)  -0.14(11)
% total infection  0.85(11)  045(11)  0.08(11)  093(11)  053(11)  0.70(11) 0.54 (11)

% arbuscules 096(1)  009(11) 040(n) o1any o0i2an  oesan 008 SN
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The arbuscular mycorrhizal fungi structures
(i.e., arbuscules, hyphae and vesicles) were
present in all wheat root samples. Maximum,
minimum and mean values were 78.2, 65.1 and
71.5, respectively, for the percentage of total
infection and 65.7, 44.1 and 53.1, respectively,
for the percentage of arbuscules.

Anaerobically mineralized nitrogen was
positively correlated to the easily extractable
glomalin-related soil proteins content at all
depths (Table 1), and this correlation was
greater at 0-5 cm depth than at 5-20 and 0-20
cm depths (Table 1). The AN was positive and
closely correlated with log-spores at all three
depths (Table 1). Anaerobically mineralized
nitrogen was not related to the activity of
arbuscular mycorrhizal fungi, measured by
the percentage of total infection or arbuscules
(Table 1).

Soil and particulate organic carbon were
positively correlated with easily extractable
glomalin-related soil proteins at all depths
(Table 1). However, the correlation coefficients
were higher at 0-5 cm than at 5-20 and 0-20 cm.
The soil and particulate organic carbon were
positively correlated to log-spores at all depths
(Table 1), but not with the percentages of total
infection and arbuscules (Table 1).

The mass of large macroaggregates
was correlated with the content of easily
extractable glomalin-related soil proteins at
0-5 and 0-20 cm, but not at 5-20 cm depths
(Table 1). However, the relationship between
the mass of large macroaggregates and easily
extractable glomalin-related soil proteins
at 0-20 cm was weak. The mass of large
macroaggregates was positively and closely
correlated with the logarithmic spores at all
three depths (Table 1). The linear association
was greater at 0-5 cm. Large macroaggregates
was not correlated to the percentages of total
infection and arbuscules (Table 1).

The easily extractable glomalin-related soil
proteins content was positively correlated to
log-spores at 0-5 and 0-20 cm depths. However,
both variables were not linearly associated at
5-20 cm depth (Table 1). The log-spores was
not correlated with the percentage of total
infection or arbuscules (data not shown).
The easily extractable glomalin-related
soil proteins content was not related to the
percentage of total infection or the percentage
of arbuscules (Table 1).
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DiscussioNn

As expected, the effect of soil use over easily
extractable glomalin-related soil proteins and
log-spores was similar to that observed for
AN, soil organic carbon, particulate organic
carbon and the mass of large macroaggregates
(Figure 2). Therefore, as previously reported
by other authors, easily extractable glomalin-
related soil proteins and log-spores were
sensitive to changes in soil use. Both easily
extractable glomalin-related soil proteins
(Wright et al. 1996; Singh et al. 2016; Liu et al.
2020) and arbuscular mycorrhizal fungi spore
number (Bedini et al. 2007; Fokom et al. 2012;
Thougnon-Islas et al. 2014, 2016; Pagano et
al. 2020) were reported to be higher under
undisturbed conditions than in cultivated
soils. Furthermore, both variables were
described as sensitive to different management
practices in different soils (Lozano-Sanchez
et al. 2015; Liu et al. 2020). The uncultivated
soils showed high organic carbon content
(Figure 2) due to the great carbon inputs by
aboveground and root biomass and reduced
soil disturbance. The continuous growth and
recycling of the grass-dense root systems are
associated with greater microbial biomass
and organic labile carbon fractions. The
change in soil use from an uncultivated to
a cultivated conditions generally produces a
decrease in organic carbon due to the negative
balance between carbon inputs and outputs,
which is expressed mainly expressed in
labile fractions as particulate organic carbon
and anaerobically mineralized nitrogen
(Garcia et al. 2020b). Likewise, when soil
use changes from uncultivated to cultivated,
soil loses aggregate stability mainly due to
the physical disturbance, the decrease of
root activity and persistence and the loss of
organic carbon, among others (Garcia et al.
2020b). A greater easily extractable glomalin-
related soil proteins content and log-spores in
uncultivated than cultivated soils could be due
to, firstly, the higher density and persistence of
roots in uncultivated soils that lead to greater
mycorrhizal colonization. Secondly, cultivated
soils are associated with lower glomalin and
arbuscular mycorrhizal fungi spore number
because of 1) a greater decomposition of easily
extractable glomalin-related soil proteins
caused by aggregate rupture and subsequent
exposition to microorganisms; 2) the disruption
of the hyphal network, and 3) a less habitable
environment for arbuscular mycorrhizal fungi
due to compaction and/or the use of fertilizers
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and pesticides (Singh et al. 2016). The fact that
both easily extractable glomalin-related soil
proteins and log-spores presented the same
pattern as AN responding to change in soil
use suggests that anaerobically mineralized
nitrogen could be related to those variables
and be used as an indicator of abundance and
activity of arbuscular mycorrhizal fungi.

Easily extractable glomalin-related soil
proteins were stratified throughout the
soil profile, showing higher values at 0-5
than at 5-20 cm depth (Figure 2), although
stratification was significant only in
uncultivated soils (Figure 2). Likewise, the
log-spores was stratified in both uncultivated
and cultivated soils (Figure 2). Thus, the mean
values of easily extractable glomalin-related
soil proteins and log-spores showed the
same behavior as anaerobically mineralized
nitrogen, soil organic carbon and particulate
organic carbon regarding stratification
(Figure 2) (Garcia et al. 2020b). Given that the
uncultivated plots had not been disturbed
for at least 20 years and cultivated plots had
been under no-tillage for at least 10 years, the
stratification can be attributed to a greater
input of carbon on the surface, greater root
growth and microbial biomass, and not to soil
disturbance (Franzluebbers and Stuedemann
2009). The values of the percentage of total
infection or arbuscules obtained in our study
for roots grown in the field are greater than
those reported by Covacevich et al. (2012)
and Thougnon-Islas et al. (2014, 2016) for
roots grown under controlled conditions
in similar continuously cropped soils. Our
results indicate that the evaluated situations
presented a high arbuscular mycorrhizal fungi
activity.

Relationships between anaerobically mineralized
nitrogen and easily extractable glomalin-related
soil proteins

Glomalin is a hydrophobic protein exuded
by arbuscular mycorrhizal fungi, which acts
as an indicator of the abundance and activity
of arbuscular mycorrhizal fungi (Bedini et
al. 2007; Chenu and Cosentino 2007). This
protein contributes to soil organic matter
(Nichols and Wright 2004) and nitrogen
content (Rillig et al. 2001; Hurisso et al. 2018),
and to aggregate formation and stabilization
(Chenu and Cosentino 2007). In our study,
AMN was positively correlated to easily
extractable glomalin-related soil proteins
at all depths (Table 1), indicating that AN
could be an indicator of easily extractable

glomalin-related soil proteins content and its
contribution to soil health. Part of the nitrogen
from easily extractable glomalin-related soil
proteins could be mineralized during the
anaerobic incubation performed to determine
anaerobically mineralized nitrogen (Hurisso et
al. 2018), explaining, in part, the relationship
between anaerobically mineralized nitrogen
and easily extractable glomalin-related soil
proteins. Moreover, the relationship between
both soil properties is expected considering
that both anaerobically mineralized nitrogen
and easily extractable glomalin-related soil
proteins were, in turn, related to soil organic
carbon, particulate organic carbon and the
mass of large macroaggregate (Table 1).
Relationships between easily extractable
glomalin-related soil proteins and soil organic
carbon (Singh et al. 2016; Thougnon-Islas et
al. 2016; Fine et al. 2017; Nautiyal et al. 2019)
and between easily extractable glomalin-
related soil proteins and aggregate stability
(Bedini et al. 2009; Fokom et al. 2012; Fine et
al. 2017; Liu et al. 2020) have been reported for
different soils. However, in this work, easily
extractable glomalin-related soil proteins
content was correlated to the mass of large
macroaggregates at 0-5 and 0-20 cm depths,
but not at 5-20 cm depth (Table 1). Likewise,
the relationship between easily extractable
glomalin-related soil proteins and the mass
of large macroaggregates at 0-20 cm was
weak, influenced by the absence of linear
association at 5-20 cm (Table 1). It has been
informed that the easily extractable glomalin-
related soil proteins fraction does not contain
only glomalin (Rossier et al. 2006; Hurisso et
al. 2018). The method used in our study to
quantify easily extractable glomalin-related
soil proteins also measures other proteins that
are not produced by arbuscular mycorrhizal
fungi, are not necessarily hydrophobic and/
or adhesive (Rossier et al. 2006; Hurisso
et al. 2018), and if so, could not contribute
to aggregate formation and stabilization.
These results indicate that easily extractable
glomalin-related soil proteins content alone
does not always explain aggregate stability.

Relationships between anaerobically mineralized
nitrogen and arbuscular mycorrhizal fungi
spores

A linear association between anaerobically
mineralized nitrogen and the log-spores was
observed at all three depths (Table 1). These
relationships suggest that AN could be used as
an indicator of arbuscular mycorrhizal fungi
abundance. The arbuscular mycorrhizal fungi
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spores (>75 um) are part of the particulate
organic matter (>53 um) (Nichols and Wright
2004). Likewise, arbuscular mycorrhizal
fungi spores produce glomalin (Bedini et
al. 2007) and, given that they are the most
persistent arbuscular mycorrhizal fungi
structures, they would have an average
lifetime similar to glomalin (Wright and
Upadhyaya 1998; Jamiotkowska et al. 2017).
The greater the spore number, the greater the
arbuscular mycorrhizal fungi abundance, the
greater the content of glomalin, hyphae and
carbon that would contribute to a greater
aggregate stability (Miller and Jastrow
2000). Consequently, log-spores were closely
related to soil organic carbon, particulate
organic carbon, easily extractable glomalin-
related soil proteins and the mass of large
macroaggregates (Table 1), which are soil
properties that were also associated with
anaerobically mineralized nitrogen (Table 1)
(Dominguez et al. 2016; Garcia et al. 2020b,
2021; Rivero et al. 2020).

Relationships between anaerobically mineralized
nitrogen and root colonization of arbuscular
mycorrhizal fungi

Contrary to our expectations, anaerobically
mineralized nitrogen was not related to
the arbuscular mycorrhizal fungi activity
measured through the percentage of total
infection or arbuscules. Root colonization
with arbuscular mycorrhizal fungi reflects
the activity of arbuscular mycorrhizal fungi
in response to the environmental conditions
that regulate the colonization with arbuscular
mycorrhizal fungi propagules at a specific time
(Jamiotkowska et al. 2017). However, easily
extractable glomalin-related soil proteins
and log-spores, which are variables that
were associated with AN (Table 1), manifest
changes in the abundance and activity of
arbuscular mycorrhizal fungi caused by
soil use and/or management in the mid- to
long term. Along this line, the percentage of
total infection or arbuscules were not related
to easily extractable glomalin-related soil
proteins and log-spores (Table 1). The easily
extractable glomalin-related soil proteins
(Wright and Upadhyaya 1996, 1998) are very
stable hydrophobic proteins. Exposure to
optimal conditions for decomposition showed
that glomalin remains constant in time and
has a long lifetime (from 6 to 92 years) under
different conditions, which is an indication
of a low recycling rate (Rillig et al. 2001).
Therefore, easily extractable glomalin-related
soil proteins are not as sensitive as arbuscular
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mycorrhizal fungi’s activity to short-term soil
environmental changes. Similarly, the lack
of relationship between log-spores and the
percentage of total infection or arbuscules
could be attributed to reduced germination
of spores of arbuscular mycorrhizal fungi due
to dormancy or unfavorable environmental
conditions (Jamiotkowska et al. 2017)
and/or the colonization produced by other
propagules of arbuscular mycorrhizal fungi
different from spores (Thougnon-Islas et
al. 2014). Arbuscular mycorrhizal fungi
propagules are not only spores but also hyphal
fragments and infected roots that represent
soil arbuscular mycorrhizal fungi potential
inoculum (Bethlenfalvay and Linderman
1992; Covacevich et al. 2006). It is important
to mention that the narrow range of edaphic,
climatic and management situations evaluated
in our study could not have allowed a clear
characterization of the relationships between
the percentage of total infection or arbuscules
and other variables.

CoONCLUSION

The anaerobically mineralized nitrogen
is an easy-, safe- and cheap-to-measure
soil parameter that allows monitoring soil
biochemical and physical soil health in the
short to mid-term because of its relationships
with soil organic carbon, particulate organic
carbon and aggregate stability, among other
soil properties. Besides, AN is routinely used
by farmers and consultants from the studied
area to diagnose soil fertility. In this study, we
demonstrated that anaerobically mineralized
nitrogen was also positively related to easily
extractable glomalin-related soil proteins
content which is a proposed indicator of
arbuscular mycorrhizal fungi activity and
abundance. Likewise, AN was positively
related to log-spores which is an indicator
of arbuscular mycorrhizal fungi abundance.
However, anaerobically mineralized nitrogen
was not related to root colonization, which
describes the arbuscular mycorrhizal fungi
activity at a given moment.

Thus, anaerobically mineralized nitrogen
could be used as an indicator of mid- to long-
term changes in the arbuscular mycorrhizal
fungi abundance and activity caused by soil
use and/or management. Our results show
that anaerobically mineralized nitrogen can
be used as a soil health indicator that also helps
to monitor an aspect of soil microbiological
health associated with arbuscular mycorrhizal
fungi that is not usually monitored. However,
it is necessary to evaluate the relationships
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studied in this work for a broader range of
soil situations (i.e., more edapho-climatic
and management conditions) and the
number of observations. This would allow
performing statistical analyses with an
integrative approach to the soil ecosystem
using structural equation models to deepen
the knowledge of the causes of the correlations
between anaerobically mineralized nitrogen
and arbuscular mycorrhizal fungi activity and
abundance.

ACKNOWLEDGMENTS. Part of the results
presented in this work corresponds to the

Doctoral Dissertation of the senior author at the
Programa de Posgrado en Ciencias Agrarias,
Facultad de Ciencias Agrarias, Universidad
Nacional de Mar del Plata, Argentina. This
work was supported by the Universidad
Nacional de Mar del Plata (AGR653/21 and
AGR689/221), the Fondo para la Investigacion
Cientifica y Tecnoldgica (PICT-2021-I-
INVI-00619) and the Instituto Nacional de
Tecnologia Agropecuaria (PNCyO 1127032),
Argentina. The authors want to express their
deep appreciation to the farmers who allowed
to collect the samples from their fields and to
use the information.

REFERENCES

Bedini, S., L. Avio, E. Argese, and M. Giovannetti. 2007. Effects of long-term land use on arbuscular mycorrhizal fungi
and glomalin-related soil protein. Agric Ecosyst Environ 120:463-466. https://doi.org/10.1016/j.agee.2006.09.010.

Bedini, S., E. Pellegrino, L. Avio, S. Pellegrini, P. Bazzoffi, et al. 2009. Changes in soil aggregation and glomalin-related
soil protein content as affected by the arbuscular mycorrhizal fungal species Glomus mosseae and Glomus intraradices.
Soil Biol Biochem 4:1491-1496. https://doi.org/10.1016/j.s0ilbio.2009.04.005.

Bethlenfalvay, G. J., and R. G. Linderman. 1992. Mycorrhizae in Sustainable Agriculture. ASA Special Publication 54.
ASA-CSSA-SSSA, Madison, W1, USA. https://doi.org/10.2134/asaspecpub54.

Brundrett, M. C. 2008. Mycorrhizal Associations: The Web Resource. Section 10. Methods for Identifying Mycorrhizas.
URL: mycorrhizas.info/method.html.

Biinemann, E. K., G. Bongiorno, Z. Bai, R. E. Creamer, G. D. Deyn, et al. 2018. Soil quality - A critical review. Soil Biol
Biochem 120:105-125. https://doi.org/10.1016/j.s0ilbio.2018.01.030.

Cambardella, C. A., and E. T. Elliott. 1992. Particulate soil organic-matter changes across a grassland cultivation sequence.
Soil Sci Soc Am J 56:777-783. https://doi.org/10.2136/ss5aj1992.03615995005600030017x.

Carciochi, W. D., N. Wyngaard, G. A. Divito, M. L. Cabrera, N. I. Reussi-Calvo, et al. 2018. A comparison of indexes
to estimate corn S uptake and S mineralization in the field. Biol Fertility Soils 54:349-362. https://doi.org/10.1007/
s00374-018-1266-9.

Chenu, C., and D. Cosentino. 2007. Microbial regulation of soil structural dynamics. Pp. 37-70 in K. Ritz and I. Young
(eds.). The Architecture and Biology of Soils: Life in Inner Space. CABI, Wallingford, Oxfordshire, UK. https://doi.org/
10.1079/9781845935320.0037.

Covacevich, F., and F. V. Consolo. 2014. Manual de protocolos. Herramientas para el estudio y manipulacién de
hongos micorricicos arbusculares y Trichoderma. Universidad Nacional de Mar del Plata, Mar del Plata, Buenos
Aires, Argentina.

Covacevich, F., and S. Vargas-Gil. 2014. Aporte de los microorganismos edaficos a la nutricién vegetal. Pp. 101-129 in
H. E. Echeverria and F. O. Garcia (eds.). Fertilidad de suelos y fertilizacion de cultivos, Second ed. Ediciones INTA,
Buenos Aires, Argentina.

Covacevich, F., M. A. Marino, and H. E. Echeverria. 2006. The phosphorus source determines the arbuscular mycorrhizal
potential and the native mycorrhizal colonization of tall fescue and wheatgrass. Europ J Soil Biol 42:127-138. https:
//doi.org/10.1016/j.ejsobi.2005.12.002.

Covacevich, F., M. Eyherabide, H. Sainz-Rozas, and H. E. Echeverria. 2012. Caracteristicas quimicas determinan la
capacidad micotréfica arbuscular de suelos agricolas y pristinos de Buenos Aires (Argentina). Ciencia del Suelo 30:
119-128.

Dominguez, G.F.,, G. V. Garcia, G. A. Studdert, M. A. Agostini, S. N. Tourn, et al. 2016. Is anaerobic mineralizable nitrogen
suitable as soil quality/health indicator? Spanish J Soil Sci 6:82-97. https://doi.org/10.3232/S]S5.2016.V6.N2.00.

Fine, A. K., H. M. Van Es, and R. R. Schindelbeck. 2017. Statistics, scoring functions, and regional analysis of a
comprehensive soil health database. Soil Sci Soc Am ] 81:589-601. https://doi.org/10.2136/sssaj2016.09.0286.

Fokom, R.,S. Adamou, M. C. Teugwa, A. D. Begoude-Boyogueno, W. L. Nana, et al. 2012. Glomalin related soil protein,
carbon, nitrogen and soil aggregate stability as affected by land use variation in the humid forest zone of south
Cameroon. Soil Tillage Res 120:69-75. https://doi.org/10.1016/j.still.2011.11.004.

Franzluebbers, A. J., and J. A. Stuedemann. 2009. Soil profile organic carbon and total nitrogen during 12 years of
pasture management in the Southern Piedmont USA. Agric Ecosyst Environ 129:28-36. https://doi.org./10.1016/
j.agee.2008.06.013.

Garcia, G. V., S. N. Tourn, M. F. Roldéan, M. Mandiola, and G. A. Studdert. 2020a. Simplifying the determination
of aggregate stability indicators of Mollisols. Comm. Soil Sci Plant Anal 51:481-490. https://doi.org/ 10.1080/
00103624.2020.1717513.

Garcia, G. V., N. Wyngaard, N. L. Reussi-Calvo, S. San-Martino, F. Covacevich, and G. A. Studdert. 2020b. Soil survey
reveals a positive relationship between aggregate stability and anaerobic mineralizable nitrogen. Ecol Ind 117:106640.



238 GV GARCIA ET AL Ecologia Austral 34:228-239

https://doi.org/10.1016/j.ecolind.2020.106640.

Garcia, G. V., M. E. Campos, N. Wyngaard, N. I. Reussi-Calvo, S. San-Martino, et al. 2021. Anaerobically
mineralized nitrogen within macroaggregates as a soil health indicator. Catena 198:105034. https://doi.org/10.1016/
j.catena.2020.105034.

He,].D., G.G.Chi, Y. N. Zou, B. Shu, Q. S. W, et al. 2020. Contribution of glomalin-related soil proteins to soil organic
carbon in trifoliate orange. Appl Soil Ecol 154:103592. https://doi.org/10.1016/j.aps0il.2020.103592.

Hurisso, T. T., D. ]. Moebius-Clune, S. W. Culman, B. N. Moebius-Clune, J. E. Thies, et al. 2018. Soil protein as a rapid
soil health indicator of potentially available organic nitrogen. Agric Environ Lett 3:180006. https://doi.org/10.2134/
ael2018.02.0006.

Jamiotkowska, A., A. Ksiezniak, A. Gatazka, B. Hetman, M. Kopacki, et al. 2017. Impact of abiotic factors on development
of the community of arbuscular mycorrhizal fungi in the soil: a review. Int Agrophys 32:133-140. https://doi.org/
10.1515/intag-2016-0090.

Keeney, D. R. 1982. Nitrogen-availability indexes. Pp. 711-733 in A. L. Page (ed.). Methods of Soil Analysis. Part 2.
Chemical and microbiological properties. Second ed. Agron Monogr 9. Am Soc Agron and Soil Sci Soc Am. Madison,
WI, USA. https://doi.org/10.2134/agronmonogr9.2.2ed.c35.

Kottek, M., J. Grieser, C. Beck, B. Rudolf, and F. Rubel. 2006. World map of the Képpen-Geiger climate classification
updated. Meteorologistche Zeitschrift 15:259-263. https://doi.org/10.1127/0941-2948/2006/0130.

Liu, H., X. Wang, C. Liang, Z. Ai, Y. Wu, et al. 2020. Glomalin-related soil protein affects soil aggregation and recovery
of soil nutrient following natural revegetation on the Loess Plateau. Geoderma 357:113921. https://doi.org/10.1016/
j.geoderma.2019.113921.

Lozano-Sanchez, J. D., I. Armbrecht, and J. Montoya-Lerma. 2015. Hongos formadores de micorrizas arbusculares y
su efecto sobre la estructura de los suelos en fincas con manejos agroecolégicos e intensivos. Acta Agron 64:289-296.
https://doi.org/10.15446/acag.v64n4.46045.

Miller, R. M., and J. D. Jastrow. 2000. Mycorrhizal fungi influence soil structure. Pp. 3-18 in Y. Kapulnik and D. D.
DoudsJr. (eds.). Arbuscular mycorrhizas: physiology and function. Kluwer Academic, Dordrecht, Netherland. https:
//doi.org/10.1007/978-94-017-0776-3_1.

Nautiyal, P., R. Rajput, D. Pandey, K. Arunachalam, and A. Arunachalam. 2019. Role of glomalin in soil carbon storage
and its variation across land uses in temperate Himalayan regime. Biocatal Agric Biotech 21:101311. https://doi.org/
10.1016/j.bcab.2019.101311.

Nelson, D. W., and L. E. Sommers. 1982. Total carbon, organic carbon, and organic matter. Pp. 539-579 in A. L. Page
(ed.). Methods of Soil Analysis. Part 2. Chemical and microbiological properties. Second ed. Agron Monogr 9. Am
Soc Agron and Soil Sci Soc Am. Madison, WI, USA. https://doi.org/10.2134/agronmonogr9.2.2ed.c29.

Nichols, K. A., and S. F. Wright. 2004. Contributions of fungi to soil organic matter in agroecosystems. Pp. 179-198 in
K. Magdoff and R. R. Weil (eds.). Soil organic matter in sustainable agriculture. CRC Press, Boca Raton, FL, USA.
https://doi.org/10.1201/9780203496374.ch6.

Pagano, M. C., N. F. Duarte, and E. J. Azevedo-Corréa. 2020. Effect of crop and grassland management on mycorrhizal
fungi and soil aggregation. Appl Soil Ecol 147:103385. https://doi.org/10.1016/j.aps0il.2019.103385.

R Core Team. 2018. R: a language and environment for statistical computing (v. 3.5.2). R Foundation for Statistical
Computing, Vienna, Austria. URL: r-project.org.

Reussi-Calvo, N. I., H. Sainz-Rozas, H. E. Echeverria, and A. Berardo. 2013. Contribution of anaerobically
incubated nitrogen to the diagnosis of nitrogen status in spring wheat. Agron J 105:1-8. https://doi.org/10.2134/
agron;j2012.0287.

Rillig, M. C.,, S. F. Wright, K. A. Nichols, W. F. Schmidt, and M. S. Torn. 2001. Large contribution of arbuscular mycorrhizal
fungi to soil carbon pools in tropical forest soils. Plant Soil 233:167-177. https://doi.org/10.1023/A:1010364221169.

Rivero, C., S. N. Tourn, G. V. Garcia, C. C. Videla, G. F. Dominguez, and G. A. Studdert. 2020. Nitrogen mineralized in
anaerobiosis as indicator of soil aggregate stability. Agron J 112:1-16. https://doi.org/10.1002/agj2.20056.

Rosier, C. L., A. T. Hoye, and M. C. Rillig. 2006. Glomalin-related soil protein: Assessment of current detection and
quantification tools. Soil Biol Biochem 38:2205-2211. https://doi.org/10.1016/j.s0ilbio.2006.01.021.

éarapatka, B., D. P. Alvarado-Solano, and D. Cizmér. 2019. Can glomalin content be used as an indicator for erosion
damage to soil and related changes in organic matter characteristics and nutrients? Catena 181:104078. https://doi.org/
10.1016/j.catena.2019.104078.

Sigma-Aldrich. 2019. Bradford reagent. Technical Bulletin. URL: tinyurl.com/3nc5aas4.

Singh, A. K., A. Rai, and N. Singh. 2016. Effect of long-term land use systems on fractions of glomalin and soil organic
carbon in the Indo-Gangetic plain. Geoderma 277:41-50. https://doi.org/10.1016/j.geoderma.2016.05.004.

Six, J., H. Bossuyt, S. Degryze, and K. Denef. 2004. A history of research on the link between (micro) aggregates, soil
biota, and soil organic matter dynamics. Soil Tillage Res 79:7-31. https://doi.org/10.1016/j.still.2004.03.008.

Soil Survey Staff. 2014. Keys to soil taxonomy. USDA, Natural Resources Conservation Service. Washington, DC,
USA.

Thougnon-Islas, A.]., M. Eyherabide, H. E. Echeverria, H. R. Sainz-Rozas, and F. Covacevich. 2014. Capacidad micotrofica
y eficiencia de consorcios con hongos micorricicos nativos de suelos de la provincia de Buenos Aires con manejo
contrastante. Rev Argent Microbiol 46:133-143. https://doi.org/10.1016/S0325-7541(14)70062-8.

Thougnon-Islas, A. J., K. Hernandez-Guijarro, M. Eyherabide, H. Sainz-Rozas, H. E. Echeverria, et al. 2016. Can
soil properties and agricultural land use affect arbuscular mycorrhizal fungal communities indigenous from the



ANAEROBIC NITROGEN AND SOIL MICROBIOLOGICAL HEALTH 239

Argentinean Pampas soils? Appl Soil Ecol 101:47-56. https://doi.org/10.1016/j.aps0il.2016.01.005.

Wright, S. F., and A. Upadhyaya. 1996. Extraction of an abundant and unusual protein from soil and comparison with
hyphal protein of arbuscular mycorrhizal fungi. Soil Sci 161:575-586. https://doi.org/10.1097/00010694-199609000-
00003.

Wright, S. F., and A. Upadhyaya. 1998. A survey of soils for aggregate stability and glomalin, a glycoprotein produced
by hyphae of arbuscular mycorrhizal fungi. Plant Soil 198:97-107. https://doi.org/10.1023/A:1004347701584.

Wright, S. F., M. Franke-Snyder, J. B. Morton, and A. Upadhyaya. 1996. Time-course study and partial characterization
of a protein on hyphae of arbuscular mycorrhizal fungi during active colonization of roots. Plant Soil 181:193-203.
https://doi.org/10.1007/BF00012053.

Zadoks, J. C., T. T. Chang, and C. F. Konzak. 1974. A decimal code for the growth stages of cereals. Weed Res 14:415-
421, https://doi.org/10.1111/1.1365-3180.1974.tb01084.x.



