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Overview, impact and summary

Glomalin is an operationally defined soil protein, produced by arbuscular mycorrhizal
fungi (AMF), with importance in soil carbon sequestration through its relationship with
soil aggregation. The goal of the project was to further explore the natural history of
glomalin and to address several questions regarding basic behavior of this compound in
soil (production, incorporation, decomposition). We have obtained a significant amount
of novel information on the arbuscular mycorrhizal fungal soil protein, concerning factors
controlling its production to mechanisms of incorporation and decomposition. These
findings have resulted in 10 publications in peer-reviewed journals, with several more
submitted or in preparation, and 16 contributed presentations at meetings. | have sought
collaborative opportunities whenever they fit within the research proposed to enhance our
productivity. Additionally, although not part of the original proposed work, we have
made a significant effort to elucidate the molecular biology of glomalin (in responseto
Program Officer suggestions).

In addition to peer-reviewed publications there have also been a number of invited
presentations, including a keynote address delivered by the Pl at the International
Conference on Mycorrhizae (ICOM4) in Montreal, summer 2003. Two Master’ s students
have been trained (and graduated), and a postdoctoral associate has been mentored, as
well as numerous undergraduate researchers at UM.

The following sections (A to D) summarize the mgjor findings of the project in
the areas of glomalin production control (host factors, elevated CO»), incorporation, and
decomposition. Section D is newly added and describes recent progress in molecular
biology. Briefly, we found that glomalin production is influenced by the host, as shown
by host species effects and responses to elevated CO,. We have recently made a
significant breakthrough in understanding how glomalin may become deposited into soil;
apparently the dominant pathway is via hyphal turnover rather than by secretion (as
previously assumed). In terms of decomposition, we have learned that glomalin is
surprisingly stable (data from soil incubation experiments and from carbon dating) and
has aresidence time far greater than the AMF hyphae (on the order of decades, putting at
least some glomalin fractions in the slow soil C pool). Finally, our exploratory work on
molecular biology of glomalin has yielded some promising preliminary data (including
an immunoreactive band that was used to obtain N-terminal amino acid sequence). While
the gene has not yet been identified, this strongly suggests that glomalin is a unique
compound; - asignificant step from an operational definition (based on soil extraction
conditions) to biochemical characterization.



A. Glomalin production is influenced by host, fungus and soil factors.

A.1 Fungal control and A.2 Soil control (scaled down from original proposal; instead
focus on molecular biology — not in original proposal; see section D.)

?? Rillig MC, Steinberg PD. 2002. Glomalin production by an arbuscular
mycorrhizal fungus: a mechanism of habitat modification. Soil Biology &
Biochemistry 34: 1371-1374.

In this study we uncover a noved feedback mechanism between hyphal growth, physica
structure of the growing space (simulated by different size glass beads), and glomalin
production. This is also the first clear evidence that glomalin production is fungus
controlled (not constitutive), and responsive to environmental factors. In large glass beads,
simulating aggregated soil, hyphal growth was high, but glomalin production very low. The
converse was the case for smal glass beads; this suggested that under non-favorable
growing conditions (due to lack of macropore spaces), glomalin production can be
increased. Taken together with the strong correlation of glomalin with soil aggregate
stability, this builds a strong case for afeedback mechanism involved in soil aggregation.

A.3 Host control

?? Rillig, M.C., Wright, S.F., Eviner, V.T. 2002. The role of arbuscular mycorrhizal
fungi and glomalin in soil aggregation: comparing effects of five plant species.
Plant and Soil 238: 325-333.

In order to examine the influence of different plant hosts from the same grassland
ecosystem on the pools of soil glomalin, we collaborated with V. Eviner (UC Berkeley) on
a2-year field experiment in California. We analyzed soils from monocultures of several
different plant species (8 replicates) and found significant differences in the glomalin pools
among these plant hosts (immunoreactive EEG: P<0.05 [ANOVA]), ranging from 0.81
(standard error: 0.05) mg g (Avena barbata) to 0.56 (standard error: 0.03) mg g*
(Amsinckia douglasiana; fiddleneck). Thisindicated clearly that plant species can
influence glomalin concentration in soil from the same ecosystem, highlighting the
possibility for aso far unknown link between plant species composition and soil carbon
storage. We used path analysisto elucidate the relative role of hyphae versus glomalin,
concluding that glomalin contributed afar stronger effect to water stability of aggregates
than the hyphae producing it.

Plant host effects: elevated atmospheric CO»

?? Rillig, M.C., Hernandez, G.Y., Newton, P.C.D. 2000. Arbuscular mycorrhizae
respond to elevated atmospheric CO2 after long-term exposure: evidence from a
CO, spring in New Zealand supports the resource-balance model. Ecology
Letters 3. 475-478.



In an exciting and unique opportunity to confirm the short-term observations with
observations on along-term natural experiment, we collaborated with the research group of
Dr. P. Newton (New Zealand), who has identified a CO, vent exposing a surrounding
grassland to gradients of CO, concentrations. Since this vent has been active for at least
several decades, our finding of increased percent root colonization, hyphal lengths, and
glomalin concentrations along the CO;, gradient is a confirmation that previously report
short-term increases occur over alonger time scales. This highlights the validity and
importance of measuring glomalin as a contributor to soil carbon storage under
elevated CO..

Fig. 1: New Zealand CO,
spring study: along a natura
CO, gradient, percent fungal
root colonization (not shown),
hyphal length, and glomalin
concentration increase linearly !
(Rillig et a. 2000). I —
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?? Rillig, M.C., Wright, SF., Kimball, B.A., Leavitt SW. 2001. Elevated carbon
dioxide and irrigation effects on water stable aggregates in a Sorghum field: a
possible role for arbuscular mycorrhizal fungi. Global Change Biology 7: 333-
337.

In a sorghum [Sorghum bicolor (L.) Moench] field experiment in which CO, [supplied
using free-air CO, enrichment (FACE) technology] was crossed factorially with an
irrigation treatment, soil aggregate (1-2 mm) water stability increased in response to
elevated CO,. Aggregate water stability was increased by 40% and 20% in response to
CO;, a ample and limited water supply treatments, respectively. Soil hyphal lengths of
arbuscular mycorrhizal fungi (AMF) increased strongly in response to CO,, and the
concentrations of one fraction (easily extractable glomalin, EEG) of glomalin were also
increased. Two fractions of glomalin, and AMF hyphal lengths were al positively
correlated with soil aggregate water stability. Our results support further the hypothesis that
AMF can become important in global change scenarios viatheir effects on soil structure.
Thisresult should be of great importancein agricultural systems, particularly those
threatened by erosional soil loss; a positive feedback on soil carbon storage can be
postulated.



Combined host, fungus and sail effects: ecosystem warming (added to original
proposal)

?? Rillig MC, Wright SF, Shaw MR, Field CB. 2002. Artificial climate-warming
positively affects arbuscular mycorrhizae but decreases soil aggregate water
stability in an annual grassland. Oikos 97: 52-58.

Despite the importance of arbuscular mycorrhizae to the functioning of terrestrial
ecosystems (e.g., nutrient uptake, soil aggregation), and the increasing evidence of global
warming, responses of arbuscular mycorrhizal fungi (AMF) to climate-warming are
poorly understood. In afield experiment using infrared heaters, we found effects of
warming on AMF after one growing season in an annual grassland, in the absence of any
effects on measured root parameters (weight, length, average diameter). AMF soil hyphal
length was increased by over 40% in the warmed plots, accompanied by a strong trend
for AMF root colonization increase. The main result of the study was that the
concentration of glomalin was decr eased in the war med plots, possibly suggesting an
increased rate of decomposition of this protein. Soil aggregate water stability,
measured for five diameter size classes, was also decreased significantly. These results
indicate that ecosystem warming may have stimulated carbon allocation to AMF, but that
other factors (e.g. decomposition) were important in determining the role of these
symbionts in soil aggregation. These changes in soil aggregation, if widespread among
terrestrial ecosystems, could have important consequences for soil carbon storage and
erosion in awarmed climate.

B. Incorporation

The question of how glomalin isincorporated into the soil medium is avery difficult one
to address, given our lack of knowledge about cell biology, molecular biology or
biochemistry of this compound. However, we have recently made significant progress
towards understanding a critical step of this progress, namely the release into soil, using
in vitro cultures of an AMF. This resulted from a collaboration with Dr. Holben, a
molecular biologist at UM.

?? Driver, J., Holben W.E., Rillig, M.C. Délivery pathway of glomalin into soil:
glomalin as a hyphal wall component of the arbuscular mycorrhizal fungus
Glomusintraradices. Soil Biology & Biochemistry (submitted)

That AMF deposit apparently large amounts of a proteinaceous substance (glomalin) into
soil presents a conundrum; AMF, as obligate biotrophs, cannot directly recapture this
organic carbon and nitrogen, unlike saprobic soil microbes. This conundrum could
potentially be resolved if more were understood concerning the pathway of delivery of
glomalin into soil. Two possible pathways for deposition of glomalin into soil by AMF
mycelium have very different implications for functionality: secretion into the growth
medium or environment, or incorporation into the hyphal wall and subsequent release



from this structural component. In this study we tried to distinguish between these two
pathways by comparing glomalin accumulation in the culture medium of in vitro grown
AMF with the amount of glomalin contained in the actual mycelium. We showed that
glomalin is significantly more abundant as a mycelium component, compared to a soluble
protein in the culture supernatant (Fig. 2), suggesting that it is not primarily secreted,
but released from hyphae subsequently. In fact, glomalin seemsto be extremely
tightly (likely covalently bound in the hyphal wall, as extraction conditions necessary for
glomalin from mycelium demonstrate (Table 1).

Table 1. Extraction of soluble proteins (quantified by Bradford or BCA assays) and
immunoreactive protein (glomalin; ELISA assay using MAb32B11) from G. intraradices
mycelium using various methods.

Extraction Method Protein Immunoreactivity

SDS (2% or 4%) w or w/o DTT + -
Sodium citrate 4° C or 37°C

Urea, 8M with 4% Triton X 100

2% Acetonitrile pH 8.0

2% Acetonitrile/0.1% Trifluoroacetic acid

0.1M NaOH

1M NaOH

2M NaOH

100% Trifluoroacetic acid

Tris (10 mM)/EDTA (1 mM) pH 8.0, autoclaved
Guanidine HCI, 4M pH 5.7

++ + 4+ o+ 4+
1 1

+
+

Sodium citrate, autoclaved + +
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C. Decompoaosition and tur nover

C.1. Decomposition studies

?? RilligMC, Ramsey PW, Morris S, Paul EA. 2003. Glomalin, an arbuscular-
mycorrhizal fungal soil protein, responds to land-use change. Plant and Soil 253:
293-299.

In collaboration with Dr. S. Morris and others, we measured glomalin levels and
decomposition after a>400 d incubation in three soils from a native mixed hardwood
forest, an agricultural soil, and an afforested area (1940s) on the same soil type in Ohio. We
found the highest glomalin levels in the native forest, followed by the afforested sites, with
agricultura soils having much lower glomalin levels. Incubation for >1 year resulted in a
significant decrease in glomalin poolsin the three different soil types. Thisindicates a
native microbial community is decomposing glomalin, and that the decomposition is
exceptionally slow, placing someglomalin in the slow to recalcitrant C pool (see Table
2). Some glomalin is quickly respired, however. Additionally, we have provided evidence
that glomalin-associated carbon storageis very strongly related with forest practices and
secondary succession.

Table 2: Organic c' Cco, respired after incubation, % C remaining, EEG and TG, and percentage
of glomalin pools remaining after incubation for A, B and C horizon of the three land-use types
(standard errors of the mean in brackets). Means followed by a different letter differ significantly
(Tukey-Kramer HSD; P < 0.05) among land-use types within a horizon. EEG = easily extractable
glomalin; TG = total glomalin. From Rillig et a. (2002).

CO,C
OrganicC  respired Cremaining EEG EEG remaining TG TG remaining
(mg/em? soil) (mg/em? soil) (%) (mg/em® soil) (%) (mg/cm? soil) (%)

Aff A 2056 (1.85) 2.06(0.10)° 89.80 (0.45)% 0.44(0.02)® 36.33(4.34)*> 3.41(0.39)® 3158 (5.77)°
Agiic A 17.87 (0.42)* 1.31(0.15)% 92.68(0.89)° 0.44(0.03)® 22.82(0.89)" 3.06(0.13)* 46.58 (4.18)
Na A 3852(102)" 2.80(0.09° 92.69(0.42)" 0.46(0.03)* 35.47 (3.500 4.91(0.10)> 51.84(1.89)*

Aff B 9.23(0.65° 0.60(0.08)° 93.74(1.01)? 0.33(0.01)® 39.84(4.33)> 2.01(0.25? 18.56(3.43)
Agiic B 8.72(0.53)* 0.30(0.052 96.60(0.40)° 0.31(0.02) 37.38(1.39)> 1.90(0.27)*> 31.83(7.62)
Naa B 14.47(0.78)° 0.98(0.67)° 93.13(0.57) 0.42(0.02)° 42.64(152)* 2.90(0.27)" 33.07 (4.51)

Aff C 9.46(0.47)° 0.36(0.21)% 96.09(0.38)% 0.20(0.01)® 48.64(6.10)*> 1.08(0.06)* 24.25(6.32)
Agiic C  9.42(0.36)* 0.21(0.16) 96.67 (0.63)? 0.19(0.03 12.44(0.55" 1.18(0.10)® 22.88(18.79)%
Na C 11.39(0.58)° 0.44(0.92)% 95.19(0.40)* 0.21(0.01)*> 23.89(5.32)° 1.23(0.07)> 21.95(7.67)*




?? Steinberg PD, Rillig MC. 2003. Differential decomposition of arbuscular
mycorrhizal fungal hyphae and glomalin. Soil Biology & Biochemistry 35: 191-
194.

In this study we show directly that glomalin turns over considerably slower in soils than
the hyphae that produce it. We used an experimental design that exploited the lack of
saprobic capabilities of AMF hyphae by incubating field soil samplesin the dark, and
hence in the absence of plant or AMF hyphal growth. In 150 days, hyphal length
decreased 60%, while glomalin, quantified by the Bradford protein assay, declined only
25%. Immuno-reactive total glomalin decreased 46%. Importantly, in this study we also
were able to show that one glomalin pool, IREEG (immunor eactive easily extractable
glomalin; the fraction generally most strongly correlated with aggregate stability)
actually increased during decomposition (Fig. 3). Thisindicates that IREEG is not
composed only, as hypothesized, of the most recently produced glomalin, but also
represents recently mobilized glomalin. This study also serves as a proof-of-concept for
decomposition of hyphae and glomalin that could be used to study influence of avariety
of soil factors.

20 Fig. 3 Changesin
A IREEG immunoreactive glomalin pools
~ Te g torr00mx through a decomposition time
15- —— y=1.200-0.004 x series. The IREEG pool actually

increases over the time period,
while the total amount of
immunoreactive glomalin
(IRTG; which includes IREEG)
decreases, as expected. From
Steinberg and Rillig (2003).
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?? Lutgen ER, Clairmont DL, Graham J, Rillig MC. 2003. Seasonality of arbuscular
mycorrhizal hyphae and glomalin in awestern Montana grassland. Plant and Sail
(in press)

If glomalin isrelatively stable in soils, we would expect comparatively small seasonal
changes in glomalin pools. To test this hypothesis we measured glomalin pools
repeatedly throughout a growing season in Montana grassland. We found that glomalin
has amuch lower coefficient of variation throughout the season compared to other
AMF parameters, such as hyphal lengths and root colonization. This study was the first
examination of seasonal patterns of glomalin, and this is important information for study
design.



C.2. Glomalin across atropical chronoseguence; carbon dating

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

Glomalin was detected in tropical soilsin concentrations of over 60 mg cm™. Along a
chronosequence of soils spanning ages from 300 yr to 4.1 Mio yr, a pattern of glomalin
concentrations is consistent with the hypothesis that this protein accumulates in soil (Fig.
4). Carbon dating of glomalin indicated turnover at time scales of several yearsto
decades, much longer than the turnover of AMF hyphae (which is assumed to be on the
order of daysto weeks). This suggests that contributions of mycorrhizae to soil carbon
storage based on hyphal biomass in soil and roots may be an underestimate. The amount
of Cand N in glomalin represented a sizeable amount (ca. 4 to 5%) of total soil C
and N in the oldest soils. Our results thus indicate that microbial (fungal) carbon that is
not derived from above- or below-ground litter can make a significant contribution to soil
carbon and nitrogen pools, and can far exceed the contributions of soil microbia biomass
(ranging from 0.08 to 0.2% of total C for the oldest soils).

Fig. 4 Pattern of the 4 different
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C.3. Degradation of glomalin by soil microorganisms (cut from proposal; only funded
for 2 years)
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D. Exploring molecular biology of glomalin (added to the original proposal)

?? Driver, J., Rillig, M.C. Glomalin, and arbuscular mycorrhizal fungal soil protein,
as aunique compound. Applied and Environmental Microbiology (in prep.)

Glomalin is an operationally defined compound, and there s little biochemical
information available. Efforts at elucidating aspects of the biochemistry or molecular
biology of glomalin have been hampered by attempting to work with soil-derived
material (this turns out to be adead end). We moved to working with in vitro culture
material and have made significant progress: for the first time, we were ableto blot a
band that was immunoreactive (Fig. 5). From this band we obtained N-terminal
protein sequence. We have designed several degenerate primer pairs to that sequence,
and we have probed a cDNA library from G. intraradices we constructed. Thiswork is
ongoing with additional funding, but so far we have not been able to identify a gene.

Fig. 5 Lanes from left to right: MW ladder, extract of proteins from AMF hyphae grown in vitro
culture, immunoblot with MAb32B11. Thereis clearly a strong immunoreactive band, in addition
to material still retained in the loading area of the gel (reminiscent of hydrophobin gels).
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