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Abstract

Glomalin, a special glycoprotein secreted by hyphae and spore walls of arbuscular mycorrhizal fungi (AMF), possesses some
diverse characteristics, of them its hydrophobic nature and stability to heat are most profound. Glomalin sloughs off cementing
material following the hyphal degradation that coat soil organic matter and soil particles, thereby, forming a protective surface
layer against loss of water and nutrients from soil aggregates. These properties of glomalin would influence plant and/or soil
water relations. Assessed through Braford assay, glomalin contains proteins of non-AMF and AMF origin, in addition to large
amount of soil-related heat-stable proteins, collectively defined as glomalin-related soil protein (GRSP) in soils. In perennial
fruits, GRSP concentration has been observed up to 1 mg/g DW soil, which is strongly affected by physiography, soil
management practices, and season. GRSP represents a type of glue agent that stabilizes soil aggregates, as one of the fractions
of soil organic matter in perennial fruit orchards. There is an increasing demand to discern whether the functionings of
exogenous GRSP application is similar to those of endogenously synthesized GRSP. These accrued results provide strong
support in favour of glomalin as a potential soil conditioner that holds promise in perennial fruits. This review also makes an

attempt to address the future lines of research on glomalin-related issues. © 2016 Friends Science Publishers

Keywords: Aggregate stability; Fruit crops; Glomalin-related soil protein; Mycorrhiza; Soil fertility

Introduction

Arbuscular mycorrhizas (AMs) are a mutualistic symbiosis
between arbuscular mycorrhizal fungi (AMF, a member of
Glomeromycota) and roots of ~80% land plants (Fig. 1),
where AMF receive plant photosynthates and in return,
provide the host plant the required water and mineral
nutrients through the extraradical mycelium (ERM, Fig. 2)
(Gutjahr and Parniske, 2013). During the formation of AMs,
an exchange of signaling molecules between AMF and the
host plant takes place for so many physiological and
biochemical functions. It is estimated that AM is one of the
most widespread symbionts so effective in terrestrial
ecosystems.

Many functionings of AMs are still unknown. For
example, glomalin, a newly discovered glycoprotein, is
produced by AMF. The glomlin has been found in a series
of soil environments, such as acid, calcareous, grassland,
and cropland soils. Moreover, glomalin stocks could
represent diversity of both AMF and the host plants, and
appears to be linked to soil C pools (Treseder and Turner,
2007). Therefore, glomalin could predict global C change in
ecosystem feedbacks.

At present, glomalin-based research is considered as

one of the most important multidisciplinary subject
interfacing fungal physiology and soil biochemistry. In
this review, we simply highlight the origin of glomalin
and important advances made in utility of glomalin as a
soil conditioner in perennial fruit orchards.

Discovery and Origin of Glomalin

In 1996, Sara E. Wright, a soil scientist at the Agricultural
Research Service, United States Department of Agriculture
(USDA), firstly identified an unique fungal glycoprotein
secreted only by spores and ERM of AMF in the taxon
Glomales, including fungi of the genera Acaulospora,
Entrophospora, Gigaspora, Glomus, and Scutellospora
(Wright et al., 1996). The gooey protein was named as
glomalin, because these secreted fungi belong to Glomales.
The monoclonal antibody, MAb32B11, produced against
fresh spores of Glomus intraradices FL208, was used to
detect the presence of glomalin. Immunofluorescence, using
MADb32B11 detected the glomalin on extraradical hyphae
with an uneven sheath and on the surface of small and large
water-stable aggregates (Wright, 2000). In in-vitro cultures
of G. intraradices, glomalin was tightly bound in hyphal
and spore walls, and ~80% of glomalin was released by
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hyphae and spores of the AMF (Driver et al., 2005). As a
result, glomalin appears in soil, primarily through release of
hyphae. Application of proteomics showed that glomalin is
a thioredoxin-containing chaperone.

The glomalin either coats on the surface of ERM or
remains as a component of spore and hyphal walls. Once
these mycorrhizal hyphae degrade, the glomalin would enter
into the soils, called as glomalin-related soil protein
(GRSP), as a consortium of proteins of AMF and non-AMF
origin, including soil-related heat-stable proteins (Rillig,
2004; Gillespie et al., 2011). After extracting with heated
citrate buffer, GRSP showed a dark reddish-orange color,
due to abundance of 0.8~8.8% iron in the molecule (Wright
and Upadhyaya, 1998).

As earlier described by Wright and Upadhyaya (1996),
total glomalin is extracted with 0.25 g soil in 2 mL of 50
mM citrate buffer (pH 8.0) for 90 min at 121°C and 0.11
Mpa. While, easily-extractable glomalin is extracted with
20 mM citrate (pH 7.0) for 30 min at 121°C and 0.11 Mpa.
Later, Koide and Peoples (2013) and Wu et al. (2014a)
divided GRSP into two fractions, easily-extractable
glomalin-related soil protein (EE-GRSP) and difficultly-
extractable glomalin-related soil protein (DE-GRSP).
Meanwhile, EE-GRSP is considered as a newly synthesized
glomalin and relatively more labile, while DE-GRSP is
comparatively an older glomalin originated from EE-GRSP
turnover and more difficult to extract and recalcitrant in
soils. Total glomalin-related soil protein (T-GRSP) is the
sum of EE-GRSP and DE-GRSP.

GRSP Changes

EE-GRSP concentration has been observed in the range of
0.3-0.6 mg/g DW soil in the rhizosphere of Citrus unshiu
grafted on Poncirus trifoliata (Wu et al., 2012). And, total
GRSP concentration has been reported to range from 0.5 to
0.8 mg/g DW soil in citrus orchard. Dynamics of GRSP
showed maximum concentration of T-GRSP level during
July, maximum EE-GRSP was observed during September
or March with minimum EE-GRSP and T-GRSP levels
during May and November (Wu et al., 2014c). Our further
studies (Wu et al., 2013) revealed that both EE-GRSP and
T-GRSP significantly decreased with reduction in water-
stable aggregate (WSA) size (0.25, 0.50, 1.00, 2.00 and 4.00
mm) and soil depth (0-15 and 15-30 cm).

Myecorrhization has been observed to induce 19-26%
higher EE-GRSP and 13-20% higher T-GRSP in the
mycorrhizosphere than in non-mycorrhizosphere following
the inoculation with AMF (Wu et al., 2014b), implying that
AMF inoculation could help in production of endogenous
GRSP fractions for further utilization. Significantly higher
EE-GRSP, DE-GRSP and T-GRSP induced by
mycorrhization was absolutely dependent on AMF genotype
since hyphal diameter, hyphal wall thickness, and its
branching pattern collectively influenced the production of
GRSP (Wang et al., 2014). In addition, soil management
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Fig. 1: Root colonization of trifoliate orange [P. trifoliata
(L.) Raf.] by Funneliformis mosseae (Wu QS, unpublished
data). Blue zones mean mycorrhizal infection in the roots

Fig. 2: Extraradical mycorrhizal mycelium from the roots
of trifoliate orange [P. trifoliata (L.) Raf.] colonized by F.
mosseae (Wu QS, unpublished data). These mycelium into
soils are considered as soil hyphae

strongly affected GRSP levels in fruit orchards. In 13~15-
year-old Newhall navel orange trees (grafted on trifoliate
orange) located at Three Gorges Region (China), the highest
T-GRSP content was detected in no-tillage and sod culture
soil and the lowest in clean-tillage soil management (Wang
et al, 2011). On the other hand, infection with
Funneliformis mosseae showed an increase in production of
EE-GRSP, DE-GRSP and T-GRSP in trifoliate orange
seedlings, irrespective of substrate P level (Wu et al.,
2015a).

Field observation in citrus orchards also revealed that
T-GRSP content decreased with the increasing altitude (200
to 800 m) in most part of the year except summer (Wang et
al., 2015a). A significantly positive correlation between T-
GRSP and soil hyphal length or spore density indicated that
better AM levels in roots or soils is favored in maintaining
higher GRSP contents in citrus orchards.
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GRSP and SOC Pool

GRSP fractions are reported to contribute positively in
enriching the soil organic carbon (SOC) pool (Rillig, 2004;
He et al., 2010), since glomalin contains ~37% C and
accounts for 4-5% of soil total C (Rillig et al., 2001;
Lovelock et al., 2004). In C stock, GRSP contained high
aromatic (42—49%) and carboxyl (24-30%) C contents and
low aliphatic (4-11%) and carbohydrate-type (4-16%) C
contents (Schindler et al., 2007). Haddad and Sarker (2003)
considered GRSP as a newly discovered component of soil
organic matter. However in citrus orchards, EE-GRSP and
T-GRSP showed no significant relation with SOC in soil
WSA in the size of 0.25-4 mm, but root glomalin correlated
positively with SOC (Wu et al., 2014c). Since GRSP
turnover has a long settling time, to the tune of 6-42 years
(Rillig et al., 2001), which could facilitate in blocking the
functioniong of GRSP with regard to changes in SOC pool.
However, other studies revealed, EE-GRSP and T-GRSP
were positively correlated with SOC in three citrus
genotypes, namely, Citrus tangerina, Fortunella margarita,
and P. trifoliata (Wu et al., 2014b) and in the potted
trifoliate orange colonized by F. mosseae, G. intraradices,
G. versiforme and Paraglomus occultum (Wang et al.,
2014). These observations advocated that under less
disturbed conditions, GRSP has more positive contribution
towards enriching the SOC pool in perennial fruits.

GRSP and Soil Aggregation

Many studies have shown that GRSP strongly influenced
the soil aggregate stability in a variety of soils, but the
GRSP effect was absolutely dependent on GRSP
concentrations in WSAs in different sizes (Rillig, 2004).
Linear correlation of GRSP with soil WSA stability was
further observed within a specified concentration of GRSP.
And beyond this critical concentration of GRSP, such
linearity turned into curvilinear relationship between GRSP
and WSA stability (Rillig, 2004). Rillig (2004) reported that
under high concentration of GRSP, these GRSP fractions
could seal and deposit in pores of these macro-aggregates,
resulting in slowing down of water penetration into the
WSAs, finally decreasing WSA stability.

In citrus orchard, we found no significant correlation
of GRSP or root glomalin with WSA stability (based on the
determination of mean weight diameter), revealing that
GRSP is not the main binding agent of soil WSA formation
and its subsequent stabilization (Wu et al., 2014c).
However, under potted condition, EE-GRSP and T-GRSP in
mycorrhizosphere of citrus and peach plants (Fig. 3) were
significantly and positively correlated with WSA stability
(Wu et al., 2014b; Zhang et al., 2014), indicating that under
less disturbed conditions, GRSP plays a key role in
stabilizing WSAs. The glue functioning of GRSP is also
benefical to alleviate the toxicity of heavy metals either on
AMF as inoculants and host crops as different fruit crops,
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Fig. 3: Linear correlation between soil aggregate stability
(in terms of determination of mean weight diameter) and
EE-GRSP or T-GRSP concentration in rhizosphere of
Prunus persica seedlings inoculated with Funneliformis
mosseae and grown in non-replanted and replanted soil
(n=16) (Wu QS, unpublished data

displaying the strong buffering capacity of glomalin against
heavy metal stress (Wang et al., 2010).

In a non-sterilized soil of peach orchard, inoculation
with F. mosseae increased EE-GRSP content by 17.8 and
11.1% and T-GRSP by 10.1 and 17.6%, irrespective of non-
replanted soil and replanted soil (Zhang et al., 2014). Higher
GRSP contents in mycorrhizosphere could cement harmful
substances and plant growth inhibitors released by peach
roots, coupled with higher soil aggregate stability, due to
mycorrhizal-induced @ GRSP  changes in  peach
mycorrhizosphere.

GRSP and Soil-plant Water Relations

Researches revealed that GRSP-induced aggregate stability
is more conspicuous under drought (Wu et al., 2008) than
under salinity (Kohler et al., 2009). Nichols (2008)
proposed that GRSP aided in conserving the loss of water
and nutrients from the soil exposed to abiotic stress, due to
formation of hydrophobic layer on the surface of aggregate
by GRSP. Studies further indicated that EE-GRSP and T-
GRSP were, to some extent, increased by drought stress
within rhizosphere of trifoliate orange seedlings (Wu et al.,
2008; Zou et al., 2014), because drought-stress-induced
death/senescence of mycorrhizal hyphae released more
GRSP into soils (Driver et al., 2005). Correlation studies
showed that T-GRSP but not EE-GRSP had a significantly
negative correlation with soil and leaf water potential in the
mycorrhizosphere of potted trifoliate orange (Zou et al.,
2014), suggesting that T-GRSP was more active under
drought stress than EE-GRSP. As revealed by earlier studies
(Augé, 2001; Wu et al., 2008; Zou et al., 2014), mycorrhizal
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inoculation improved soil WSA distribution and WSA
stability in terms of GRSP and mycorrhizal hyhae,
beneficial for the host plants to drive soil water. In addition,
soils with higher GRSP contents are less susceptible to soil
erosion (Haddad and Sarker, 2003).

Functioning of Exogenous GRSP

GRSP functionings on soil aggregation, SOC pools, and
water relation are delineated through regression analysis and
path coefficient analysis (Wright and Upadhyaya, 1998;
Fokom et al., 2012; Wu et al., 2012, 2014a). However, these
studies considered only GRSP-induced changes in soil
properties through the evaluation of endogenous GRSP
levels. In fact, many factors, such as soil microorganisms,
roots, SOC, and experimental conditions influenced the
evaluation of GRSP functionings. Based on varied
functionings of GRSP, some researchers considered the
application of exogenous GRSP into the rhizosphere of fruit
crops, in order to confirm the hypothesis, whether
exogenous GRSP as an analogue of humic substance has
any roles on plant growth and soil aggregation. Recently,
Wu and his group for the first time extracted EE-GRSP
solutions from citrus rhizosphere and applied in different
strengths of EE-GRSP solutions into the potted trifoliate
orange seedlings and the field-planted Satsuma mandarin
(Wu et al., 2015b; Wang et al., 2015b). The results showed
that exogenous EE-GRSP solutions induced an increase of
WSA stability, SOC concentration, and soil phosphatase
activities, absolutely dependent on exogenous EE-GRSP
strengths. Moreover, in controlled experimental conditions,
the magnitude of WSA stability and plant biomass
production was curvilinearly and positively correlated with
strength of exogenous EE-GRSP application (Wang et al.,
2015b). These studies further confirmed the hypothesis of
Rillig (2004) about the role of endogenous GRSP.
Therefore, exogenous EE-GRSP can be considered as a soil
conditioner/regulator ~ with  regard to  favourable
transformations in soil fertility and soil structure in fruit
crops, as well as a plant growth regulator.

Future Perspectives

The number of researches have been conducted on AMF-
induced secretion of glomalin and soil GRSP since its
discovery in 1996. Some expected advances in the
glomalin-related research have been made. A global
consensus is that glomalin is a kind of potential soil
conditioner that holds huge potential in perennial fruit crops.
While, there are still many unknown properties of about this
unique soil protein. Following further studies are suggested:

(1) Clarify the role of GRSP in soil aggregation at
different WSA sizes in soils of diverse mineralogy.

(2) Define the mechanisms that operate toward the
contribution of GRSP in WSA stability.

(3) Explore GRSP functionings in different perennial
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fruit orchards, in
properties.

(4) Understand the mechanisms involved in efflux of
glomalin from roots or fungal hyphal walls to the
rhizosphere.

(5) Define different components of glomalin through
proteomics and metabolomics.

(6) Evaluate the physiological functionings of different
exogenous GRSP fractions on plant growth and soil
properties in perennial fruit crops.

possessing  variation rhizosphere

Acknowledgements

This study was supported by the National Natural Science
Foundation of China (31372017), Yangtze University
Foundation for Young Scholars (cyq201324), and Open
Funding of Institute of Root Biology, Yangtze University
(R201401).

References

Augé, R.M., 2001. Water relations, drought and vesicular-arbuscular
mycorrhizal symbiosis. Mycorrhiza, 11: 3-42

Driver, J.D., WE. Holben and M.C. Rillig, 2005. Characterization of
glomalin as a hyphal wall component of arbuscular mycorrhizal
fungi. Soil Biol. Biochem., 37: 101-106

Fokom, R., S. Adamou, M.C. Teugwa, A.D. Begoude Boyogueno, W.L.
Nana, M.E.L. Ngonkeu, N.S. Tchameni, D. Nwaga, G. Tsala
Ndzomo and P.H. Amvam Zollo, 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 Till. Res.,
120: 69-75

Gutjahr, C. and M. Parniske, 2013. Cell and developmental biology of
arbuscular mycorrhiza symbiosis. Annu. Rev. Cell Dev. Biol., 29:
293-317

Haddad, M.J. and D. Sarker, 2003. Glomalin, a newly discovered
component of soil organic matter: Part I—Environmental
significance. Environ. Geosci., 10: 91-98

He, X.L., Y.P. Li and L.L. Zhao, 2010. Dynamics of arbuscular mycorrhizal
fungi and glomalin in the rhizosphere of Artemisia ordosica Krasch.
in Mu Us sandland, China. Soil Biol. Biochem., 42: 1313-1319

Kohler, J., F. Caravaca and A. Roldan, 2009. Effect of drought on the
stability of rhizosphere soil aggregates of Lactuca sativa grown in a
degraded soil inoculated with PGPR and AM fungi. Appl. Soil Ecol.,
42:160-165

Koide, R.T. and M.S. Peoples, 2013. Behavior of Bradford-reactive
substances is consistent with predictions for glomalin. Appl. Soil
Ecol., 63: 8-14

Lovelock, C.E., S.F. Wright, D.A. Clarck and R.W. Ruess 2004. Soil stocks
of glomalin produced by arbuscular mycorrhizal fungi across a
tropical rain forest landscape. J. Ecol., 92: 278-287

Nichols, K.A., 2008. Indirect contributions of AM fungi and soil
aggregation to plant growth and protection. In: Mycorrhizae:
Sustainable Agriculture and Forestry, pp: 177-194. Z.A. Siddiqui,
M.S. Akhtar and K. Futai (eds.). Springer Science, Berlin, Germany

Rillig, M.C., 2004. Arbuscular mycorrhizae, glomalin and soil quality. Can.
J. Soil Sci., 84: 355-363

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

Schindler, F.V,, E.J. Mercer and J.A. Rice, 2007. Chemical characteristics of
glomalin-related soil protein (GRSP) extracted from soils of varying
organic matter content. Soil Biol. Biochem., 39: 320-329

Treseder, K.K. and K.M. Turner, 2007. Glomalin in ecosystems. Soil Sci.
Soc. Amer. J., 71: 1257-1266



Glomalin: a New Soil Conditioner / Int. J. Agric. Biol., Vol. 18, No. 2, 2016

Wang, M.Y., R.X. Xia and P. Wang, 2010. Effects of arbuscular mycorrhizal
fungi on available iron and metals sequestered by glomalin in
different rhizospheric soil of Poncirus trifoliata. J. Fujian Agric. For.
Univ., 39: 4246

Wang, P, J.H. Liu, R.X. Xia, Q.S. Wu, M.Y. Wang and T. Dong, 2011.
Arbuscular mycorrhizal development, glomalin-related soil protein
(GRSP) content, and rhizospheric phosphatase activity in citrus
orchards under different types of soil management. J. Plant Nutr.
Soil Sci., 174: 65-72

Wang, P, Y. Wang, B. Shu, J.F. Liu and R.X. Xia, 2015a. Relationships
between arbuscular mycorrhizal symbiosis and soil fertility factors in
citrus orchards along an altitudinal gradient. Pedosphere, 25: 160—
168

Wang, S., AK. Srivastava, Q.S. Wu and R. Fokom, 2014. The effect of
mycorrhizal inoculation on the rhizosphere properties of trifoliate
orange (Poncirus trifoliata L. Raf.). Sci. Hortic., 170: 137-142

Wang, S., Q.S. Wu and X.H. He, 2015b. Exogenous easily extractable
glomalin-related soil protein promotes soil aggregation, relevant soil
enzyme activities and plant growth in trifoliate orange. Plant Soil
Environ., 61: 66-71

Wright, S.F., 2000. A fluorescent antibody assay for hyphae and glomalin
from arbuscular mycorrhizal fungi. Plant Soil, 226: 171-177

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

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

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

Wu, Q.S., M.Q. Cao, Y.N. Zou and X.H. He, 2014a. Direct and indirect
effects of glomalin, mycorrhizal hyphae, and roots on aggregate
stability in rhizosphere of trifoliate orange. Sci. Rep., 4: 5823

297

Wu, Q.S., X.H. He, M.Q. Cao, Y.N. Zou, S. Wang and Y. Li, 2013.
Relationships between glomalin-related soil protein in water-stable
aggregate fractions and aggregate stability in citrus rhizosphere. Int.
J. Agric. Biol., 15: 603-606

Wu, Q.S., X.H. He, Y.N. Zou, K.P. He, Y.H. Sun and M.Q. Cao, 2012.
Spatial distribution of glomalin-related soil protein and its
relationships ~ with  root  mycorrhization, soil — aggregates,
carbohydrates, activity of protease and [-glucosidase in the
rhizosphere of Citrus unshiu. Soil Biol. Biochem., 45: 181-183

Wu, Q.S., Y.M. Huang, Y. Li, Nasrullah and X.H. He, 2014b. Contribution
of arbuscular mycorrhizas to glomalin-related soil protein, soil
organic carbon and aggregate stability in citrus rhizosphere. Int. J.
Agric. Biol., 16: 207-212

Wu, Q.S., S. Wang, M.Q. Cao, Y.N. Zou and Y.X. Yao, 2014c. Tempo-
spatial distribution and related functionings of root glomalin and
glomalin-related soil protein in a citrus rhizosphere. J. Anim. Plant
Sci., 24: 245-251

Wu, Q.S., Y. Li, Y.N. Zou and X.H. He, 2015a. Arbuscular mycorrhiza
mediates glomalin-related soil protein production and soil enzyme
activities in the rhizosphere of trifoliate orange grown under different
P levels. Mycorrhiza, 25: 121-130

Wu, Q.S., AK. Srivastava, S. Wang and J.X. Zeng, 2015b. Exogenous
application of EE-GRSP and changes in citrus rhizosphere
properties. Ind. J. Agric. Sci., 85: 802-806

Wu, Q.S., R.X. Xia and Y.N. Zou, 2008. Improved soil structure and citrus
growth after inoculation with three arbuscular mycorrhizal fungi
under drought stress. Eur. J. Soil Biol., 44: 122-128

Zhang, Z.Z., Q.S. Wu and G.H. Li, 2014. Effects of arbuscular mycorrhizal
fungi on growth and rhizospheric soil structure of Prunus persica. S.
Chin. Fruits, 43: 14-17

Zou, Y.N.,, AK. Srivastava, Q.S. Wu and Y.M. Huang, 2014. Glomalin-
related soil protein and water relations in mycorrhizal citrus (Citrus
tangerina)duringsoil water deficit. Arch. Agron. Soil Sci.,60:1103-1114

(Received 17 January 2015; Accepted 15 August 2015)



