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Abstract: The negative effects of the current agricultural practices include erosion, acidification, loss of soil organic
matter (dehumification), loss of soil structure, soil contamination by risky elements, reduction of biological diversity
and land use for non-agricultural purposes. All these effects are a huge risk to the further development of soil quality
from an agronomic point of view and its resilience to projected climate change. Organic matter has a crucial role in it.
Relatively significant correlations with the quality or the health of soil parameters and the soil organic matter or some
fraction of the soil organic matter have been found. In particular, Ctot, Cox, humic and fulvic acids, the C/N ratio,
and glomalin. Our work was focused on glomalin, a glycoprotein produced by the hyphae and spores of arbuscular
mycorrhizal fungi (AMF), which we classify as Glomeromycota. Arbuscular mycorrhiza, and its molecular pathways,
is not a well understood phenomenon. It appears that many proteins are involved in the arbuscular mycorrhiza from
which glomalin is probably one of the most significant. This protein is also responsible for the unique chemical and
physical properties of soils and has an ecological and economical relevance in this sense and it is a real product of
the mycorrhiza. Glomalin is very resistant to destruction (recalcitrant) and difficult to dissolve in water. Its extraction
requires specific conditions: high temperature (121°C) and a citrate buffer with a neutral or alkaline pH. Due to these
properties, glomalin (or its fractions) are very stable compounds that protect the soil aggregate surface. In this review,
the actual literature has been researched and the importance of glomalin is discussed.
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Arbuscular mycorrhizal fungi (AMF) what is it?

Arbuscular mycorrhiza (AM) is currently consid-
ered to be of key importance for the functioning of
the majority of the current terrestrial ecosystems (e.g.,
moor lands or boreal forests), (Read 1991). It can now
be found in 80% (Smith & Read 2008), respectively
70-90% (Blaszkowski 2012) of tracheary plants (Tra-
cheophyta species). A typical feature of arbuscular
mycorrhiza is its absolutely unique structures inside
the roots as well as outside it (the so-called arbuscula
and vesicle). This highly specialised symbiosis was

known earlier as vesicular-arbuscular mycorrhiza
(i.e., VAM). This type of a so-called endomycorrhi-
zas means that the fungus penetrates inside the root
cells of tracheary plants where it forms a tree-like
structure (arbusculus) outside the root and then it
forms storage organs in the shape of a bag (so-called
vesicles) inside the root cells. Within the symbiosis,
the AMF “invests” less available elements from the
soil to the plant (prevailingly phosphorus) and, vice
versa, the plant provides organic substances from
its own photosynthesis (carbon). The hyphae of the
arbusculi colonise or intergrow through the root of
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the host plant and, according to modern studies,
they can increase the surface of the root hairs by
up to 80% (Millner & Wright 2002). Thanks to this,
the plant reaches more distant sources of nutrition
and water and it can, thus, use elements hard to ob-
tain in soil (the previously mentioned phosphorus).
Harris and Paul (1987) estimate that 40—-50% of the
carbon captured by photosynthesis is transferred to
the AMF; a conservative estimate states “only” the
values of 10-20% (Jakobsen et al. 2002). The higher
the nutritional demand of the plant, the higher the
carbon amount must be delivered to the plants by the
AMEF. For example, Treseder and Allen (2000) state
that up to 85% of the carbon may be transferred to the
AME, where a large part of this carbon is then used
to form glomalin (Treseder & Turner 2007). Wright
et al. (1999) compared the glomalin production on
permanent growths, pastures and plough lands. A
lower glomalin concentration was measured in soils
which have been cultivated and agriculturally used,
which is probably highly related with the soil aeration
by agricultural technologies and the organic matter
mineralisation. Another parameter which is relatively
interestingly affects the glomalin concentration in
the agricultural systems, with respect to the AMF
representation, is the cropping patterns (Wright &
Anderson 2000). The individual field crops signifi-
cantly differ according to their closeness depending
on the AMF. According to Plenchette (1983), the fol-
lowing field crops currently grown that are strongly
dependent on the AMF are: corn (Zea mays) and flax
(Linum usitatissimum); legumes (Leguminosae), beans
(Fabaceae) and potato (Solanum tuberosum) have
benefits from mycorrhiza. Wheat (Triticum spp.),
oats (Avena sativa) and barley (Hordeum spp.) have a
benefit from the mycorrhiza, but are not dependent on
it. Polygonaceae, Amaranthaceae and Brassicaceae as
some of the few that do not form a symbiosis with the
AMEF (Harley & Smith 1983). Rape (Brassica napus),
mustard (Brassica juncea), sugar beet (Beta vulgaris),
buckwheat (Fagopyrum esculentum) or spinach (Spina-
cea oleracea). would be from our better-known crops
that don’t have this symbiosis. The host specificity of
the AMF is very low (Smith & Read 2008). The plants
are very often colonised by mixtures of AMF within
the same root (Helgason et al. 1999). But, there are
favourable and less favourable known combinations
of plant-fungus symbionts.

In general, this is not a new symbiosis; some fossil
records of Glomeromycota arbusculas show it played
an important role in terrestrial ecosystems even
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250 to 400 million years ago (Harper et al. 2013).

These records, thus, indicate that Glomeromyco-

tas were already present at the earliest stadiums of

terrestrial ecosystem colonisation, which confirms
the hypothesis that they could support this process

(Blackwell 2000).

AMEF can, therefore, provide a differential advantage
within an ecosystem (van der Heijden et al. 1998). In
addition to making nutrition available, the soil-plant
system also draws upon some other benefits. The
symbiosis is interesting for plants which are situated in
an environment containing heavy metals. The hyphae
of fungi are able to accumulate these toxic elements
(Cu, Pb, Zn etc.) in their bodies and, thereby, protect
the root of the host plant (Chern et al. 2007; Vodnik
et al. 2008). Heavy metals are bound by carboxyl
groups of pectic compounds (hemicelluloses) that
fill the space between the fungus and the plant cell
(Galazka & Gawryjolek 2015). According to Cornejo
etal. (2008) and Chern et al. (2007) 1 g of glomalin is
able to bind 4.8 mg of Cu and 188 mg of Pb. In addition
to heavy metals, the accumulation was also observed
in organic pollutants, e.g., phenanthrene (Gao et al.
2017). Thanks to the AMF, some other soil properties
may even be improved:

— The content of water-stable aggregates (WSA) is
growing: the correlation with the glomalin con-
tent — according to the fraction of the extracted glo-
malin, the soil and the manner of the management,
there is a correlation at the range of 7 = 0.03-0.92
(Wright & Anderson 2000; Harner et al. 2004),
but the relationship between the glomalin and the
content of WSA is curved (Wright & Upadhyaya
1998). It means, above a specific saturation level
of glomalin, additional deposition of glomalin will
not cause an increase in the WSA. For low levels
of glomalin (and WSA), the relationship seems to
be linear. This relationship (glomalin and WSA)
refers only to the soils where the organic mate-
rial is the main binder. In soils where carbonates
are the major binder (e.g., Calcisol), none of the
glomalin fractions positively correlates with the
WSA (Rillig et al. 2003),

— the growth of the micro-organisms is stimulated
(by the root exudate) which are antagonistic to
the present pathogens (Phytophtora, Pythium,
Rhizoctonia or nematode) (Borowicz 2001; Gatazka
& Gawryjolek 2015),

— during the acidification of the forest ecosystems,
the increased plant resistance to acidity and phy-
totoxic levels of aluminium (Seguel et al. 2013),
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— it is a reservoir of soil carbon and nitrogen (Nichols
& Wright 2004),

— increases the plant resistance to abiotic and bi-
otic stress (Augé 2004; Whipps 2004) including
drought,

— influence on the osmotic potential: we can use
recycled/salted water for irrigation, (Gomez-Bellot
et al. 2015).

On the other hand, people can affect the AMF
activity:

— By balanced crop rotation which supports the high
species diversity of the AMF (compared to mono-
cultures). The higher content of the AMF was also
observed in organic (ecological) farming systems
compared to monocultures (Gatazka et al. 2017).

— Or by the site preparation: a strong positive cor-
relation has been found, for example, between the
glomalin (in many fractions) and direct sowing
or reduced/conservation tillage. Even though the
conventional tillage method stimulates microbial
activity, this stimulation is the result of the disin-
tegration of the soil aggregates and respiration in
the decomposition of the organic matter (Galazka
et al. 2017, 2018).

Smith et al. (2011) showed that the effects of AMF
are less pronounced in soil with high or excessive phos-
phorus content (most acidic soils, and soils containing
free calcium carbonate — i.e., chernozems, or some
coluvic soils and regosols). The current phosphorus
fertilisation recommendations are very inaccurate.
Most phosphorus-tests only test for the acceptable
P in the soil mineral fraction and ignore the phos-
phorus that is potentially available from the organic
soil component and the soil mycorrhizal potential.

Relationship of the AMF and glomalin

There are several unclarities regarding the gloma-
lin- AMF relationship. It is a generally recognised
fact that glomalin is a metabolite of arbuscular myc-
orrhiza, however, there is no direct evidence of this
statement. It is not possible to completely exclude
the possibility that there are other cross-reacting
substances or bindings affecting its behaviour in the
relatively complex medium which the soil definitely is
(Rillig 2004). The hypothesis of the AMF and glomalin
relationship is more or less based on experiments
with samples of the root colonised by the AM and
samples without the colonisation by fungi. Glomalin
was only detected on roots infected by the fungi.
When the growth of the AMF is eliminated (e.g., by

soil incubation without the host plants), the glomalin
concentration decreases together with the concentration
of the AMF hyphae (Steinberg & Rillig 2003). There
are further unclarities concerning the impulse which
would initiate the production of glomalin by the AM
hyphae (Rillig et al. 2001). The glomalin physiological
function is not well known although Gadkar and Rillig

(2006) found evidence that glomalin may relate to a

heat shock protein (HSP).

Another unknown factor is also the route through
which glomalin is deposited in the soil. There are
two theories:

(1) The glomalin forms a permanent part of the AM
hypha and it only gets to soil after the fungus
dies. In this case, the glomalin is an important
substance for the functioning of the AM and its
effect on the soil is negligible compared to it
(Driver et al. 2005). The author states that 80%
of the glomalin was contained in the hyphae.

(2) The release of glomalin as metabolite or secre-
tion by an AM hypha. In this case, we can expect
a certain mobility of this protein in the soil, on
the other hand, it can be more easily degraded
by the soil micro flora (St-Arnaud et al. 1996).

Despite the fact that glomalin is highly probable to be
a product of AMF, Lutgen et al. (2003) proved that its
concentration is not proportionate to the length of the
fungus hyphae. Steinberg and Rillig (2003) performed
alaboratory incubation for the period of 150 days, and
the glomalin content increased by 25%, and in the case
of the AM, the length of the hyphae increased by 60%,
i.e., it was significantly higher. The authors stated in
the same paper that seasonal fluctuations of the glo-
malin concentrations are negligible. Several papers
also focused on the AMF colonisations and glomalin
concentrations in relation to the photosynthesis of the
host plant. The majority of scientists agrees that the
plants respond to the increasing concentrations of CO,
by a higher biomass production, but the effect of the
edaphons is still unclear. Kasurinen et al. (1999) state
that the higher concentrations of CO, in the environ-
ment also cause the growth of the AMF activity and the
glomalin concentration. However, e.g., the results of
Jones et al. (1998) indicate that the higher atmospheric
concentrations of CO, will have a relatively high effect
on the entire soil nutritional chain.

Glomalin or another name?

A compound named as glomalin was described for
the first time by Sara Wright during the study of AMF
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in 1996. It was a glycoprotein produced abundantly
on the hyphae and spores of an AMF. One of the
reasons for its relatively late discovery were the quite
specific characteristics of glomalin: it is hydrophobic,
thermally stable (the extraction is carried out in an
autoclave at 121 °C) and recalcitrant (resistant to
decomposition). Some papers (e.g., Gadkar & Rillig
2006) indicate that it could be an HSP60 homologue
(heat shock protein 60).

Rillig et al. (2001) estimated (based on the analysis
of C,,) an average glomalin turnover in the environ-
ment to be between 6 and 42 years. One of possible
explanations for such a high difference may be that the
AMEF contains two functionally completely different
locations: the roots and the soil. This may also be one
of the reasons why it is difficult to assess the AMF flows
or its persistence in the environment, as recognised by
Miller and Kling (2000) or other authors (Steinberg &
Rillig 2003). A similar turnover time as the one shown
by Rillig et al. (2001) can be found in the combination of
organic carbon with a clay fraction (an organo-mineral
complex), which may indicate that the glomalin in the
soil is protected from degradation by the bond to the
clay minerals, although the concentration with clay is
relatively low. Glomalin can contain: 28—45% of carbon,
0.9-7.3% of nitrogen, 0.03—0.1% of phosphorus and it
may also contain ions of metals in some soils (Huang
et al. 2011). It represents almost one third of the soil
carbon and 1-9% of the bound iron (Wright & Nichols
2002). Glomalin is also marked as the highest stock
of soil nitrogen in the organic mass of extractable soil
(Nichols & Wright 2004).

The glomalin concentration highly depends on
the vegetation cover and the manner of soil man-
agement (Mirds-Avalos et al. 2011). An increased
occurrence of glomalin is usually observed after the
application of an organic material, especially stable
manure, cattle slurry or compost (Curaqueo et al.
2011). Garcia-Orenes et al. (2012) also observed an
increase in the glomalin concentration in the case
when combining a mineral fertiliser and straw. Re-
duced concentrations are usually measured in soils
where the soil structure is physically disrupted, by
ploughing or by a dry climate (WrighT & Anderson
2000). Important substances, with regard to the
effect on the availability, concentration or possibil-
ity to determine the glomalin, are the secondary
metabolites of the plants, especially tannins. These
phenolic substances can enter numerous biochemi-
cal processes in the soil (Héttenschwiler & Vitousek
2000; Fierer et al. 2001).
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The common contents of glomalin in the various
environments:

— Agricultural land 0.3-0.7 mg/g (Wright & Anderson
2000; Wuest et al. 2005)

— Boreal forest 1.1 mg/g (Treseder et al. 2004)

— Desert 0.003-0.13 mg/g (Rillig et al. 2003; Treseder
& Turner 2007)

— Temperate forest 0.60-5.8 mg/g (Steinberg & Rillig
2003; Nichols & Wright 2005; Treseder & Turner
2007)

— Temperate grassland 0.23-2.5 mg/g (Lutgen et al.
2003; Batten et al. 2005; Nichols & Wright 2005)

— Tropical rainforest 2.6-13.5 mg/g (Lovelock et al.
2004; Treseder & Turner 2007)

— Antarctic region 0.007-0.15 mg/g (Pohanka &
Vicek 2018)

The highest concentrations were measured in the
samples of Hawaiian soils (> 100 mg/g) and in gen-
eral, it applies that arid regions have permanently
lower glomalin concentrations (< 1 mg/g), (Rillig et
al. 2001). As far as the glomalin profile distribution,
it is especially deposited in the top layers of the soil
and its concentration decreases with the depth; a limit
depth of approximately 140 cm is stated as this is highly
probably related to the depth of the organo-mineral
horizons and the depth of the root binding. A certain
exception was probably the colluvial minerals where
the glomalin could be found even in deeper depths. In
addition to the soil, glomalin has also been detected
in rivers (Harner et al. 2004) probably as a result of
soil erosion.

Glomalin taxonomy

According to Rillig (2004) we can only apply the
term glomalin to the protein synthesised by the puta-
tive AMF gene and it should be named as a glomalin
related soil protein (GRSP), because the specific
protein glomalin has not been isolated yet. A GRSP
determined by monoclonal, for a glomalin-specific
antibody (MADb32B11) is immunoreactive soil pro-
tein (IRSP). The formal terminology for glomalin is
outlined in Table 1 (according to Rillig 2004). In the
following text, we are going to simplify terminology
(albeit, not quite correctly) and equate the terms
for the individual proteins and the term glomalin.

The biochemistry of glomalin

Glomalin is a glycated protein exerting high stabil-
ity under non-natural physical conditions. Though it
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can appear that the glomalin is only a fungal protein
and that it has no resemblance in the other organism,
the contrary is true. Glomalin has its counterpart
in the other organisms which is the heat shock pro-
tein 60 (HSP60), a protein present in the mitochon-
dria including the mitochondria from human cells.
It is believed that glomalin is a homolog of HSP60,
not only in sequence, but also in the secondary and
tertiary motives and even the antibodies against
glomalin exert a high cross-reactivity to the HSP60
(Gadkar & Rillig 2006).

The exact structure of glomalin has not been fully
studied yet, hence the molecular mechanisms related
to glomalin remain unclear (Singh et al. 2013). The
term glomalin-related soil protein is frequently
used in order to emphasise the uncertainty about
the number of protein types. The glomalin content
in the environment strongly correlates with the
aggregate water stability (Driver et al. 2005) and
immobilisation of the metals like aluminium is
also proven (Seguel et al. 2016). However, highly
toxic heavy metals like lead and cadmium can also
interact with glomalin (Malekzadeh et al. 2016).

The findings advert to the systematic environmental
function. The persistence of the protein is another
feature providing unique characteristics to glomalin
(Gillespie et al. 2011).

As aforementioned, the structure of glomalin is not
well understood because the molecular structure was
not crystallographically studied yet. The mentioned
homology in the primary sequence of HSP60 and
glomalin has the presumption of a structural re-
semblance. The HSP60 is a protein weighing around
60 kDa giving arise to the oligomeric rings (Kagawa
et al. 1995). HSP60 is an evolutionary conserved
protein which can be found in both prokaryote and
eukaryote organisms (Gammazza et al. 2012). If
not only the primary, but also the final structure of
glomalin, is close to the HSP60, similar properties
like the adhering of other molecules and the ability
of self-polymerisation can be expected. The fact that
HSP60 can be expressed under stress conditions is
also an interesting similarity because glomalin can
compensate for the exogenous stressogenic condi-
tions. A typical stressogenic condition for HSP60
is heat (Cheng et al. 2016), but other types of cell

Table 1. Formal terminology and proposed names for glomalin according to Rillig (2004)

Current usage

Identity

Proposed name/usage

Justification

Total glomalin (TG)

Easily extractable
glomalin (EEG)

Immunoreactive
glomalin (IRTG)

Immunoreactive easily
extractable glomalin
(IREEG)

Glomalin

Glomalin as a putative
gene product

Bradford-reactive soil
protein (after autoclave
and citrate extraction)

Bradford-reactive soil protein
(easily extracted; autoclave
and citrate extraction)

immunoreactive (MAb32B11)
soil protein (after autoclave
and citrate extraction)

immunoreactive (MAb32B11)
soil protein (easily extracted;
autoclave and citrate extraction)

currently used loosely to
describe all of the above pools
— and putative gene product

currently unknown identity;
hypothesised to be
substantially similar to soil
glomalin pools (in particular
immunoreactive pools)

Bradford-reactive
soil protein (BRSP)

Easily extracted BRSP
(EE-BSRP)

immunoreactive soil protein
MAb32B11 (IRSP)

easily extracted

immunoreactive (MAb32B11)

soil protein (EE-IRSP)

glomalin-related soil
protein (GRSP)

glomalin(s)

the Bradford assay is
non-specific for
the particular protein

the Bradford assay is
non-specific for
the particular protein

there is the possibility
of the cross-protein
reactivity in the soil

there is the possibility
of the cross-protein
reactivity in the soil

“glomalin” in the currently
used sense refers to the
very different entities;
hence it is confusing

historically, the goal was
to identify an arbuscular
mycorrhizal fungi protein
glomalin; hence this name
should be reserved for this
gene product (or group

of gene products) only
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Table 2. Comparison of heat shock protein 60 (HSP60) and glomalin

Glomalin/glomalin related soil protein

HSP60

probably the stabilisation of the
environment, protection against multiple
factors including heavy metals

Why the protein is expressed?

Site of action

Produced by mycorrhizal fungi

Detailed structure unknown

in as well as out of the organism

A typical chaperone, protection
against multiple factors including
heat, pH, heavy metals

mitochondrial
prokaryotic and eukaryotic cells

60 kDa subunit, able to be associated
and forming oligomeric rings

threatening conditions like pH, osmotic stress, the
presence of heavy metals lead to an expression of
HSP60 (Shi et al. 2016). A comparison of HSP60 and
glomalin is provided in Table 2.

REFERENCES

Augé R.M. (2004): Arbuscular mycorrhizae and soil/plant wa-
ter relations. Canadian Journal of Soil Science, 84: 373-381.

Batten K.M., Six J., Scow K.M., Rillig M.C. (2005): Plant
invasion of native grassland on serpentine soils has no
major effects upon selected physical and biological prop-
erties. Soil Biology and Biochemistry, 37: 2277-2282.

Blackwell M. (2000): Terrestrial life — Fungal from the start?
Science, 289: 1884—1885.

Blaszkowski J. (2012): Glomeromycota. Krakéw, W. Szafer
Institute of Botany, Polish Academy of Sciences.

Borowicz V.A. (2001): Do arbuscular mycorrhizal fungi
alter plant—pathogen relations? Ecology, 82: 3057-3068.

Cheng Y.F, SunJ.R., Chen H.B., Adam A., Tang S., Kemper
N., HartungJ., Bao E.D. (2016): Expression and location of
HSP60 and HSP10 in the heart tissue of heat-stressed rats.
Experimental and Therapeutic Medicine, 12: 2759-2765.

Chern E.C., Tsai D.W., Ogunseitan O.A. (2007): Deposi-
tion of glomalin-related soil protein and sequestered
toxic metals into watersheds. Environmental Science &
Technology, 41: 3566—3572.

Cornejo P.,, Meier S., Borie G., Rillig M.C., Borie F. (2008):
Glomalin-related soil protein in a Mediterranean ecosys-
tem affected by a copper smelter and its contribution to
Cu and Zn sequestration. Science of the Total Environ-
ment, 406: 154—-160.

Curaqueo G., Barea J.M., Acevedo E., Rubio R., Cornejo P.,
Borie F. (2011): Effects of different tillage system on
arbuscular mycorrhizal fungal propagules and physical
properties in a Mediterranean agroecosystem in central
Chile. Soil and Tillage Research, 113: 11-18.

Driver J.D., Holben W.E., Rillig M.C. (2005): Characterization
of glomalin as a hyphal wall component of arbuscular myc-
orrhizal fungi. Soil Biology and Biochemistry, 37: 101-106.

72

Fierer N., Schimel J.P.,, Cates R.G., Zou J. (2001): Influence
of balsam poplar tannin fractions on carbon and nitrogen
dynamics in Alaskan taiga floodplain soils. Soil Biology
and Biochemistry, 33: 1827-1839.

Gadkar V., Rillig M.C. (2006): The arbuscular mycorrhi-
zal fungal protein glomalin is a putative homolog of
heat shock protein 60. FEMS Microbiology Letters, 263:
93-101.

Galazka A., Gawryjotek K. (2015): Glomalin - soil gli-
coprotein produced by arbuscular mycorhizal fungus.
Advancements of Microbiology, 54: 331-343. (in Polish)

Galazka A., Gawryjotek K., Grzadziel J., Ksiezak J. (2017):
Effect of different agricultural management practices on
soil biological parameters including glomalin fraction.
Plant, Soil and Environment, 63: 300-306.

Galazka A., Gawryjotek K., Gajda A., Furtak K., Ksiezniak A.,
Joriczyk K. (2018): Assessment of the glomalins content in
the soil under winter wheat in different crop production
systems. Plant, Soil and Environment, 64: 32-37.

Gammazza A.M., Bucchieri F.,, Grimaldi L.M.E., Benigno A.,
de Macario E.C., Macario A.J.L., Zummo G., Cappello F.
(2012): The molecular anatomy of human hsp60 and its
similarity with that of bacterial orthologs and acetyl-
choline receptor reveal a potential pathogenetic role of
anti-chaperonin immunity in myasthenia gravis. Cellular
and Molecular Neurobiology, 32: 943-947.

Gao Y., Zhou Z., Ling W., Hu X., Chen S. (2017): Glomalin-
related soil protein enhances the availability of polycyclic
aromatic hydrocarbons in soil. Soil Biology and Biochem-
istry, 107: 129-132.

Garcia-Orenes F., Rolddn A., Mataix-Solera J., Cerda A.,
Campoy M., Arcenegui V., Caravaca F. (2012): Soil struc-
tural stability and erosion rates influenced by agricultural
management practices in a semi-arid Mediterranean
agro-ecosystem. Soil Use and Management, 28: 571-579.

Gillespie A.W., Farrell R.E., Walley F.L., Ross A.R.S., Lein-
weber P., Eckhardt K.U., Regier T.Z., Blyth R.L.R. (2011):
Glomalin-related soil protein contains non-mycorrhizal-
related heat-stable proteins, lipids and humic materials.
Soil Biology and Biochemistry, 43: 766-777.



Soil and Water Research, 15, 2020 (2): 67-74

Review

https://doi.org/10.17221/29/2019-SWR

Gomez-Bellot M.]., Nortes P.A., Ortuno M.F., Romero-
Trigueros C., Fernandez-Garcia N., Sanchez-Blanco M.].
(2015): Influence of arbuscular mycorrhizal fungi and treat-
ed wastewater on water relations and leaf structure altera-
tions of Viburnum tinus L. plants during both saline and
recovery periods. Journal of Plant Physiology, 188: 96—105.

HarleyJ.L., Smith S.E. (1983): Mycorrhizal Symbiosis. Lon-
don, Academic Press.

Harner M.]., Ramsey P.W., Rillig M.C. (2004): Protein ac-
cumulation and distribution in floodplain soils and river
foam. Ecology Letters, 7: 829-836.

Harper C.J., Taylor T.N., Krings M., Taylor E.L. (2013):
Mycorrhizal symbiosis in the Paleozoic seed fern Glos-
sopteris from Antarctica. Review of Palaeobotany and
Palynology, 192: 22-31.

Harris K.K., Paul E.A. (1987): Carbon requirements of
vesicular arbuscular mycorrhizae. In: Safir G.R. (ed.):
Ecophysiology of VA Mycorrhizal Plants. Boca Raton,
CRC Press: 93-105.

Hattenschwiler S., Vitousek P.M. (2000): The role of poly-
phenols in terrestrial ecosystem nutrient cycling. Trends
in Ecology and Evolution, 15: 238-243.

Helgason T., Fitter A.H., Young J.P.W. (1999): Molecu-
lar diversity of arbuscular mycorrhizal fungi colonising
Hyacinthoides non-scripta (bluebell) in a seminatural
woodland. Molecular Ecology, 8: 659-666.

Huang Y., Wang D.-W., CaiJ.-L., Zheng W.-S. (2011): Review
of glomalin-related soil protein and its environmental
function in the rhizosphere. Chinese Journal of Plant
Ecology, 35: 232-236.

Jakobsen I., Smith S.E., Smith F.A. (2002): Function and
diversity of arbuscular mycorrhizae in carbon and mineral
nutrition. In: van der Heijden M.G.A., Sanders 1. (eds.):
Mycorrhizal Ecology. Ecological Studies (Analysis and
Synthesis), Vol. 157, Berlin, Heidelberg, Springer: 75-92.

Jones T.H., Thompson L.J., Lawton J.H., Bezemer T.M.,
Bardgett R.D., Blackburn T.M., Bruce K.D., Cannon
P.F., Hall G.S., Hartley S.E., Howson G., Jones C.G.,
Kampichler C., Kandeler E., Ritchie D.A. (1998): Impacts
of rising atmospheric carbon dioxideon model terrestrial
ecosystems. Science, 280: 441-443.

Kagawa H.K., Osipiuk J., Maltsev N., Overbeek R., Quaite-
Randall E., Joachimiak A., Trent J. D. (1995): The 60 kDa heat
shock proteins in the hyperthermophilic archaeon Sulfolo-
bus shibatae. Journal of Molecular Biology, 253: 712-725.

Kasurinen A., Helmisaari H.S., Holopainen T. (1999): The
influence of elevated CO, and O, on fine roots and mycor-
rhizas of naturally growing young Scots pine trees during
three exposure years. Global Change Biology, 5: 771-780.

Lovelock C.E., Wright S.F,, Clark D.A., Ruess R.W. (2004):
Soil stocks of glomalin produced by arbuscular mycor-

rhizal fungi across a tropical rain forest landscape. Journal
of Ecology, 92: 278-287.

Lutgen E.R., Muir-Clairmont D., Graham J., Rillig M.C.
(2003): Seasonality of arbuscular mycorrhizal hyphae
and glomalin in a western Montana grassland. Plant and
Soil, 257: 71-83.

Malekzadeh E., Aliasgharzad N., Majidi]., Abdolalizadeh]J.,
Aghebati-Maleki L. (2016): Contribution of glomalin to
Pb sequestration by arbuscular mycorrhizal fungus in a
sand culture system with clover plant. European Journal
of Soil Biology, 74: 45-51.

Miller R.M., Kling M. (2000): The importance of integration
and scale in the arbuscular mycorrhizal symbiosis. Plant
Soil, 226: 295-309.

Millner P.D., Wright S.F. (2002): Tools for support of eco-
logical research on arbuscular mycorrhizal fungi. Sym-
biosis, 33: 101-123.

Mirés-Avalos J.M., Antunes P.M., Koch A., Khosla K., Kli-
ronomos J.N., Dunfield K.E. (2011): The influence of till-
age on the structure of rhizosphere and root-associated
arbuscular mycorrhizal fungal communities. Pedobio-
logia, 54: 235-241.

Nichols K.A., Wright S.F. (2004): Contributions of fungi
to soil organic matter in agroecosystems. In: Magdoff F.,
Weil R.R. (eds.): Soil Organic Matter in Sustainable Ag-
riculture. Florida, CRC: 179-198.

Nichols K.A., Wright S.E. (2005): Comparison of glomalin
and humic acid in eight native US soils. Soil Science,
170: 985-997.

Plenchette C. (1983): Growth responses of several plant
species to mycorrhizae in a soil of moderate P fertility.
Plant and Soil, 70: 199-209.

Pohanka M., Vl¢ek V. (2018): Assay of glomalin using a
quartz crystal microbalance biosensor. Electroanalysis,
30: 453-458.

Read D.J. (1991): Mycorrhizas in ecosystems. Experientia,
47:376-391.

Rillig M.C. (2004): Arbuscular mycorrhizae, glomalin, and
soil aggregation. Canadian Journal of Soil Science, 84:
355-363.

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

Rillig M.C., Ramsey P.W., Morris S., Paul E.A. (2003): Glo-
malin, an arbuscular-mycorrhizal fungal soil protein, re-
sponds to land-use change. Plant and Soil, 253: 293-299.

Seguel A., Cumming J.R., Klugh-Stewart K., Cornejo P,
Borie F. (2013): The role of arbuscular mycorrhizas in
decreasing aluminium phytotoxicity in acidic soils: a
review. Mycorrhiza, 23: 167-183.

73



Review

Soil and Water Research, 15, 2020 (2): 67-74

Seguel A., Cumming J., Cornejo P., Borie F. (2016): Alu-
minum tolerance of wheat cultivars and relation to arbus-
cular mycorrhizal colonization in a non-limed and limed
Andisol. Applied Soil Ecology, 108: 228-237.

ShiJ.X., Fu M.J., Zhao C., Zhou FL., Yang Q.B., Qiu L.H. (2016):
Characterization and function analysis of Hsp60 and Hsp10
under different acute stresses in black tiger shrimp, Penaeus
monodon. Cell Stress Chaperones, 21: 295-312.

Singh P.K., Singh M., Tripathi B.N. (2013): Glomalin: an
arbuscular mycorrhizal fungal soil protein. Protoplasma,
250: 663-669.

Smith S.E., Read D.J. (2008): Mycorrhizal Symbiosis. San
Diego, Academic Press.

Smith S.E., Jakobsen L., Grgnlund M., Smith F.A. (2011): Roles
of arbuscular mycorrhizas in plant phosphorus nutrition:
interactions between pathways of phosphorus uptake in
arbuscular mycorrhizal roots have important implications
for understanding and manipulating plant phosphorus
acquisition. Plant Physiology, 156: 1050—1057.

St-Arnaud M., Hamel C., Vimard B., Caron M., Fortin J.A.
(1996): Enhanced hyphal growth and spore production of
the arbuscular mycorrhizal fungus Glomus intraradices
in an in vitro system in the absence of host roots. Myco-
logical research, 100: 328—332.

Steinberg P.D., Rillig M.C. (2003): Differential decomposi-
tion of arbuscular mycorrhizal fungal hyphae and gloma-
lin. Soil Biology and Biochemistry, 35: 191-194.

Treseder K.K., Allen ML.F. (2000): Mycorrhizal fungi have a
potential role in soil carbon storage under elevated CO,
and nitrogen deposition. New Phytologist, 147: 189-200.

Treseder K.K., Turner K.M. (2007): Glomalin in ecosystems.
Soil Science Society of America Journal, 71: 1257-1266.

Treseder K.K., Mack M.C., Cross A. (2004): Relationships
among fires, fungi, and soil dynamics in Alaskan boreal
forests. Ecological Applications, 14: 1826—1838.

74

https://doi.org/10.17221/29/2019-SWR

van der Heijden M.G.A., Klironomos J.N., Ursic M., Mou-
toglis P, Streitwolf-Engel R., Boller T., Wiemken A., Sand-
ers LR. (1998): Mycorrhizal fungal diversity determines
plant biodiversity, ecosystem variability and productivity.
Nature, 396: 69-72.

Vodnik D., Gr¢man H., Macek I., Van Elteren J.T., Kovace-
vi¢ M. (2008): The contribution of glomalin-related soil
protein to Pb and Zn sequestration in polluted soil. Sci-
ence of the Total Environment, 392: 130-136.

Whipps J.M. (2004): Prospects and limitations for mycor-
rhizas in biocontrol of root pathogens. Canadian Journal
of Botany, 82: 1198-1227.

Wright S.F., Upadhyaya A. (1998): A survey of soils for ag-
gregate stability and glomalin, a glycoprotein produced
by hyphae of arbuscular mycorrhizal fungi. Plant and
Soil, 198: 97-107.

Wright S.F., Anderson R.L. (2000): Aggregate stability and
glomalin in alternative crop rotations for the central
Great Plains. Biology and Fertility of Soils, 31: 249-253.

Wright S.F., Nichols K. (2002): Glomalin: Hiding place for
a third of the world’s stored soil carbon. Agricultural
Research, 50: 4-7.

Wright S.F., Starr J.L., Paltineanu I.C. (1999): Changes in
aggregate stability and concentration of glomalin during
tillage management transition. Soil Science Society of
America Journal, 63: 1825-1829.

Wouest S.B., Caesar-TonThat T.C., Wright S.F., Williams J.D.
(2005): Organic matter addition, N, and residue burning
effects on infiltration, biological, and physical properties
of an intensively tilled silt—loam soil. Soil and Tillage
Research, 84: 154—167.

Received: March 22, 2019
Accepted: July 1, 2019
Published online: August 7, 2019



