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Abstract

The root microbiome is composed of an incredibly diverse microbial community that
provides services to the plant. A major question in rhizosphere research is how species
in root microbiome communities interact with each other and their host. In the nutri-
ent mutualism between host plants and arbuscular mycorrhizal fungi (AMF), competi-
tion often leads to certain species dominating host colonization, with the outcome
being dependent on environmental conditions. In the past, it has been difficult to
quantify the abundance of closely related species and track competitive interactions in
different regions of the rhizosphere, specifically within and outside the host. Here, we
used an artificial root system (in vitro root organ cultures) to investigate intraradical
(within the root) and extraradical (outside the root) competitive interactions between
two closely related AMF species, Rhizophagus irregularis and Glomus aggregatum,
under different phosphorus availabilities. We found that competitive interactions
between AMF species reduced overall fungal abundance. R. irregularis was consis-
tently the most abundant symbiont for both intraradical and extraradical colonization.
Competition was the most intense for resources within the host, where both species
negatively affected each other’s abundance. We found the investment ratio (i.e. extra-
radical abundance/intraradical abundance) shifted for both species depending on
whether competitors were present or not. Phosphorus availability did not change the
outcome of these interactions. Our results suggest that studies on competitive interac-
tions should focus on intraradical colonization dynamics and consider how changes in
investment ratio are mediated by fungal species interactions.
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Introduction

The microbial diversity associated with plant roots is
tremendous: the soil microbial community likely repre-
sents the greatest reservoir of biological diversity
known in the world so far (Curtis ef al. 2002; Torsvik
et al. 2002; Gams 2006; Roesch et al. 2007). The collective
genome of this rhizosphere microbial community —
which is typically much larger than that of the host
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plant (Berendsen et al. 2012) — is composed of a distinct
community of interacting microbes that compete and
cooperate with each other and the host plant (Berg &
Smalla 2009; Mendes et al. 2011; Denison et al. 2013).
This complex network of species can benefit hosts by
boosting immunity and stimulating growth via provi-
sioning of nutrients, increased stress resistance and
pathogen exclusion (Redman et al. 2002; van der Heij-
den et al. 2008; Lugtenberg & Kamilova 2009).

As in human microbiome research, a major question
in rhizosphere research is how species in the root
microbiome interact with each other and with their host
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(Dennis et al. 2010; Bakker et al. 2012; Denison et al.
2013; Gehring et al. Special Issue). The majority of species
in the rhizosphere compete for root exudates. However,
some species have evolved more direct mechanisms to
access host resources, including those organisms
involved in mutualistic interactions where resources are
exchanged to the benefit of both the plant and the
microbe (Denison & Kiers 2011). One of the most prom-
inent rhizosphere mutualisms is that between 60% and
80% of all plant species and arbuscular mycorrhizal
fungi (AMF). This symbiosis mainly involves the
exchange of carbohydrates from plants for phosphorus,
nitrogen and trace nutrients from the fungal partner
(Parniske 2008). Other beneficial functions of partnering
with mycorrhizal fungi, such as pathogen protection
and increased drought resistance, have also been
described (Ellis et al. 1985; Ozgonen & Erkilic 2007;
Abdel-Fattah et al. 2011).

Plants engaging in symbiosis with AMF can gain a
growth advantage under poor nutrient conditions
(Hoeksema et al. 2010). However, not all AMF species
are of equal quality to the plant. Whereas some fungal
species can increase plant growth such as those with
low costs of carbon per unit phosphorous (P) trans-
ferred, others can cause growth depressions (Klirono-
mos 2003; Munkvold et al. 2004; Hart et al. 2013).
Differences in benefits conferred to hosts are generally
associated ~with different life history strategies
employed by AMF species (e.g. Maherali & Klironomos
2012). For example, AMF species differ in the amount
of carbon they extract from their host (Zhu & Miller
2003; Li et al. 2008; Olsson et al. 2010), their ability to
acquire phosphorus (P) (Smith et al. 2000; Drew et al.
2003) and their nutrient storage strategies (Kiers et al.
2011). These differences in life history strategies likely
dictate the nature of competition inside and outside the
host. Specifically, AMF strains will compete intraradi-
cally for host-derived carbon (Herrera Medina et al.
2003), but also extraradically for available mineral nutri-
ents (Johnson et al. 2003; Parniske 2008).

While there is high variation in AMF species traits,
we still know little about how this variation drives fun-
gal community composition (Kummel & Salant 2006;
Jansa et al. 2008). Some studies have shown that compe-
tition can lead to the complete exclusion of particular
species (Abbott & Robson 1983; Hepper et al. 1988).
However, more often, competitors remain present in
the population, often at reduced densities, and are not
fully excluded (Pearson et al. 1993; Jansa et al. 2008;
Bennett & Bever 2009; Bever et al. 2009; Janouskova
et al. 2009; Kiers et al. 2011). The outcome of these com-
petitions has been linked to differences in life history
strategies (Bennett & Bever 2009). In addition, environ-
mental conditions can also affect competitive
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interactions, making the outcome of competition context
dependent (Pearson et al. 1994; Bever et al. 2009; Verb-
ruggen et al. 2012). For example, addition of mineral
nutrients seems to strongly reduce the number of AMF
strains that can successfully colonize a host (Johnson
et al. 2003; Toljander et al. 2008). The role of nutrients in
driving competitive dynamics is particularly important
because nutrient deposition is increasing under global
change (Galloway et al. 2008), and this has the potential
to shift competitive dynamics (Carney ef al. 2007; Van
Diepen et al. 2011) and mediate which fungal species
dominate terrestrial ecosystems (Johnson et al. 2013).

Previous studies of AMF competition have been
limited by two factors. First, researchers are unable to
distinguish closely related AMF species based on mor-
phological characters and thus have not been able to
accurately follow their relative abundances in a mixed
population across time (Hepper et al. 1988; Pearson
et al. 1993; Cano & Bago 2005). However, with the
development of suitable genetic markers, we are now in
a prime position to track abundances of closely related
species, a situation in which competition is likely to be
the strongest (Roger et al. 2013; Jansa et al. 2008;
Janouskova et al. 2009; Kiers et al. 2011; Gorzelak et al.
2012). Second, researchers have not been able to accu-
rately compare the intensity of competition inside and
outside the root because of the difficulty in collecting
extraradical fungal mycelium in soil rhizospheres.
Therefore, it is unknown where competition among
AMEF species is the most intense: Are AMF species pre-
dominately competing for space and carbon within host
roots or for resources in the rhizosphere? We address
this limitation using in vitro root organ cultures (ROC)
to study the intensity of intraradical and extraradical
competition and how changes in external phosphorous
conditions affect competitive dynamics. Although ROCs
create an artificial environment, they allow us to strictly
monitor and control nutrient and culture conditions
and to precisely separate the intraradically colonized
host and the extraradically colonized rhizosphere from
the agar medium for downstream analysis.

We studied the competitive dynamics between two
closely related AMF species, Rhizophagus irregularis (pre-
viously known as Glomus intraradices) and Glomus
aggregatum. The competitive dynamics of these (or any
other) AMF species on artificial root systems have yet
to be quantified; thus, our study is also an opportunity
to test whether ROCs are a useful medium for competi-
tion studies. The growth of these two species has been
well characterized on several plant species under green-
house conditions (Kiers et al. 2011; Hart et al. 2013), and
their specific nutrient exchange strategies have been
studied in single-species cultures using in vitro isotope-
labelling approaches (Kiers et al. 2011; Fellbaum et al.
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2012). From this previous work, we know that R. irregu-
laris transfers more P per unit carbon to the host, while
G. aggregatum tends to hoard P in a form that is inaccessi-
ble for the host (Kiers et al. 2011). Competitive studies in
a whole-plant system found that R. irregularis consis-
tently outcompetes G. aggregatum (Kiers et al. 2011).
However, it is unknown how external resource condi-
tions mediate competition, nor where this competition is
manifested. We therefore focused on these two species in
mixed and monoculture (single species) treatments,
quantifying competition under two different phosphorus
concentrations. Our aim was to (i) determine the effect of
competition on the abundance of each fungal species, (ii)
determine whether competitive pressures were equal for
intraradical colonization or extraradical colonization and
(iii) identify whether the outcome of competition was
modified by nutrient availability.

Methods

Culture conditions and inoculum preparation

We grew in vitro cultures of the two focal AMF species,
Rhizophagus irreqularis isolate 09 (F.K.A. Glomus intrara-
dices) and Glomus aggregatum isolate 0165 on a Ri
T-DNA Daucus carota L.-transformed ROC using MSR
medium, supplemented with glycine (3 mg/L) and
myo-inositol (50 mg/L) (Declerck et al. 2005). We main-
tained cultures at 25 °C in the dark. Prior to inocula-
tion, we grew uncolonized sterile root fragments for
1 week on Petri plates (J 9 mm). This pregrowth per-
iod allowed us to select for root systems of equal size
across treatments. We then produced inoculum, which
was composed of ddH,O and a spore suspension from
mature (4 month old) single-species cultures. We deter-
mined spore densities from our inoculum using a stan-
dard volume on a custom-made spore counter.

Competition setup

Our competition experiment consisted of three AMF
treatments: single-species treatments for each species
and one mixed treatment, crossed by two phosphorous
(P) concentrations. We used 10 replicated root systems
per treatment inoculated with 100 spores for either
monoculture treatment or a 1:1 mix (50 spores each) of
both species for the mixed treatment. We confirmed
that this inoculum contained equal copy numbers of the
fungal species using the quantitative PCR (qPCR) tech-
niques described below. Treatments were grown under
either normal (i.e. standard culture environment with
30 uM P (Declerck et al. 2005)) or high P conditions in
which we increased the P concentration from 30 uM to
700 uM. We compensated osmotic differences between

the two environments by an equimolar reduction of
KCl in the high P treatment. We grew the experimental
cultures for 13 weeks.

At harvest, we first carefully removed the roots from
the plate using fine tweezers and determined the
weight of each root system after oven drying (at 60 °C
for 3 days). We homogenized the root systems and took
a subsample for DNA isolation. We then isolated the
extraradical mycelium from the remaining agar fraction
of the plate by dissolving the agar in 10 mm sodium
citrate at 65 °C and then collected the hyphae and
spores on a 0.45-um filter membrane via vacuum filtra-
tion. The extraradical mycelial sample was subsequently
freeze-dried for 24 h before DNA isolation.

Phenotypic assay

In a second set of experiments, we collected roots from
monoculture treatments (R. irregularis and G. aggregatum,
n =5 for each species) grown under standard P (30 pum)
conditions to determine whether there was a correlation
between mycorrhizal colonization percentage using try-
pan blue staining and the magnified intersection method
(McGonigle et al. 1990; 100 intersections per replicate)
and intraradical abundance determined by qPCR (details
described below). Using these same plates, we deter-
mined extraradical mycelium dry weight and correlated
this with extraradical mycelium abundance, as calculated
via qPCR methods, after freeze drying the samples for
24 h. While measuring total fungal colonization percent-
age, we also calculated the intersections that contained
specific fungal structures (i.e. vesicle and/or arbuscules)
so that the relative abundances of these structures could
be compared between fungal species.

DNA isolation

For DNA isolation from both the mycelial and root
samples, we used the standard protocol of the Plant
Dneasy mini kit by Qiagen, with the exception that
directly after the lysis step, we spiked each sample with
a fixed copy number of internal standard, a plasmid
containing a fragment of cassava mosaic virus. This step
allowed us to determine the actual fraction of the DNA
that is extracted in each sample. We then use this to
calculate the theoretical copy numbers present in a
100% efficient extraction. Because the efficiency of the
DNA isolation step varies among sample, this allows
for a more accurate comparison.

Molecular analysis

We analysed all samples using TagMan probe-based
qPCR (iTaq universal probes supermix), a LightCycler
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(CFX96) and analysis software (CFX manager) from
Bio-Rad. We ran this analysis using primers and reac-
tion conditions that were designed to target the lesser
subunit of the mitochondrial DNA previously described
by Kiers et al. (2011). Before qPCR analysis, we diluted
all samples 15-fold. We then quantified the presence of
R. irregularis, G. aggregatum and internal standard for
each sample. We produced standard curves based on a
dilution series of a plasmid containing the LSU/virus
fragments as the target in the qPCR. We used these
standard curves to transform Cq values into raw copy
numbers. We then determined DNA isolation efficiency
by dividing the copy number of the internal standard
in the sample by the initial copy number of the internal
standard at the moment of spiking. We used the DNA
isolation efficiency to normalize the raw R. irregularis
and G. aggregatum copy numbers. From these
copy numbers, we determined the copy number per
gram dry weight of root for each root sample and
mycelial sample. Finally, we determined the investment
ratio (i.e. the relative investment of intraradical coloni-
zation to extraradical colonization) of the fungus by
taking the ratio of mycelial copy number to root copy
number.

Statistical analysis

We performed all statistical analyses in R (R Core Team
2012). Before analyses, we In-transformed all qPCR data
to comply with the normality assumption of future
tests. We compared copy numbers of the two species at
the start of the experiment for both the mixed treatment
and monoculture treatment using a t-test. We used a
linear model to test for the effects of competition treat-
ment and P concentration on host biomass. We used
Pearson correlations to test for a relationship between
copy number and extraradical mycelium biomass, host
sample biomass and colonization percentage by trypan
blue staining. To compare the two fungal species for
differences in fungal colonization rate and specific colo-
nization structures (arbuscules and vesicles), we used a
t-test. We used separate linear mixed effects models
(Imer function from Ime4 package (Bates et al. 2001)) to
investigate differences in intraradical species-specific
abundances, extraradical species-specific abundances,
and the investment ratio with species, competition treat-
ment and P concentration as fixed factors and plate
nested within species as a random factor. The latter
term was used to take into account the nonindepen-
dence of the responses of the two species from the same
experimental replicate (Behm et al. 2013). The mixed
treatments contained half the spore density of each spe-
cies compared with the monoculture treatments. There-
fore, the numbers of the monoculture treatments were
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halved before In-transformation. This standardization is
required in experiments with a substitutive design,
which are often used in competition studies, to be able
to compare the abundance of a species in mixtures to
monocultures (e.g. Jolliffe 2000). To compare the invest-
ment ratios in the mixed model, we tested for an invest-
ment ‘bias’, which compared the investment ratio to 0
(i.e. equal investment; 0 because data were In-trans-
formed) using independent contrasts. We followed the
mixed model analysis of the species-specific intraradical
and extraradical abundances with planned contrasts of
treatment means to explore the nature of competition
among the species (Behm et al. 2013). The first set of
contrasts compares the abundance of R. irregularis to
G. aggregatum in the mixed treatment and then in the
monoculture. The second set of contrasts quantified
competition strength. Here, we compared the difference
in abundance in the presence of the other species versus
alone in both the mixed and monoculture treatments.
We used a Bonferroni correction to adjust the P-values
in the four sets of independent contrasts to account for
multiple testing. Plates showing contamination were
excluded from all analyses.

Results

Effects of phosphorus and competition treatments on
host biomass and fungal abundances

We found no significant effect of AMF treatment on the
biomass of the host (F, ;7 = 0.458, P = 0.64) when inocu-
lated with either Rhizophagus irregularis (Mean + SD:
0.047 g £ 0.018), Glomus  aggregatum  (Mean + SD:
0.057 g + 0.020) or mixture (Mean + SD: 0.053 g + 0.016).
Likewise, P concentration in the media had no significant
effect on host biomass (F; 17 = 0.209, P = 0.65).

We found that mean colonization percentages, as cal-
culated via visual microscopy, were equal between the
two species (Table 1; t = 0.883, d.f. = 8, P = 0.40). How-
ever, the number of arbuscules (typically indicative of
nutrient transfer) and vesicles (storage structures) dif-
fered significantly between R. irregularis and G. aggrega-
tum: R. irregularis produced more arbuscules (Table 1;

Table 1 Mean fungal colonization and specific structure
percentages for Rhizophagus irregularis and Glomus aggregatum
monocultures under standard P conditions

Colonization% Arbuscule% Vesicle%
R. irregularis 50 (£1.2) 31 (£2.5) 2 (£0.6)
G. aggregatum 54 (£4.5) 18 (£3.1) 7 (£1.3)

N = 5 for each species. Numbers in parentheses are the
standard error of the mean.
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t = -3.124, d.f. =8, P = 0.01), while roots colonized by
G. aggregatum  contained more vesicles (Table 1;
t=3.635, df. =8, P <0.01). We analysed the relation-
ship between colonization percentage in roots as calcu-
lated using microscopy and copy numbers as calculated
by qPCR and found no correlation (Pearson’s r = 0.006,
P = 0.99). We then determined the extraradical biomass,
which was equal between species (t = —2.175; d.f. =7;
P =0.07). We found a strong positive correlation
between extraradical mycelium biomass and copy num-
ber of extraradical mycelium as calculated by qPCR
(Pearson’s r = 0.807, P < 0.01).

We then analysed the effects of competition on fungal
abundance. We found a significant main effect of the
competition treatment for intraradical colonization: total
fungal abundances were lower in the mixed treatment
compared with the monoculture treatment (Fig. 1A;
Fi3, =451, P =0.04). However, we found no differ-
ences in total fungal abundances in extraradical coloni-
zation between mixed and monoculture treatments
(Fig. 1B; F; 3 = 3.50, P = 0.07).

We found a significant main effect of species identity
on fungal abundances for both the intraradical coloniza-
tion (Fig. 1A; Fi3, = 55.61, P < 0.01) and the extraradi-
cal colonization (Fig. 1B; Fy5, = 4.44, P =0.04), with
R. irregularis reaching higher abundances. Planned con-
trasts used to compare fungal abundances in mixed and
monoculture treatments separately showed that in
monocultures, both AMF species reached equal abun-
dances for both intraradical colonization (Fig. 1A;
P =096) and (Fig. 1B,
P = 0.99). However, in the mixed treatments, the abun-
dance of R. irregularis was higher than G. aggregatum
for both intraradical colonization (Fig. 1A, P < 0.01)
and extraradical colonization (Fig. 1B; P = 0.02). We
found no main effect of P concentration on fungal abun-
dances for (F132 = 1.61,
P =0.21) nor for extraradical colonization (F; 3, = 0.33,
P =0.57). We found no significant interactions among
these factors.

extraradical colonization

intraradical colonization

Intraradical colonization

z

30 O = R. irregularis

O = G. aggregatum
2.0

*k

1.0

Fungal abundance
(x 10° copy #/gram root)

Mix Monoculture

We then calculated the competition strengths (i.e. the
difference in abundance in the presence of the other
species minus abundance in monoculture) of both spe-
cies to determine where (intraradically or extraradically)
competition was the most intense for each species. We
found that G. aggregatum experienced significant inter-
specific competition from R. irregularis for both intra-
radical colonization (Fig.2, P < 0.01) and extraradical
colonization (Fig. 2, P < 0.01). However, the reverse
was not true: R. irregularis only experienced significant
interspecific competition from G. aggregatum for intra-
radical colonization (Fig. 2, P = 0.03), but not for extra-
radical colonization (Fig. 2, P = 0.99).

Effects on investment ratio

We utilized a linear mixed model to examine the effects
of competition on the investment ratios (i.e. the ratio of
extraradical colonization to intraradical colonization) of
each fungal species in mixed and monoculture treat-
ments. We found that the two fungal species exhibited
significantly different investment ratios compared with
each other (Fig. 3; F;3 =351.00, P <0.01) and that
these investment ratios were significantly affected by
whether the fungal species were grown in mixed or
monocultures (Fig. 3; F;3 = 5.93, P = 0.02). For exam-
ple, R.irregularis shifted from a ratio in which it
invested more in root abundance in monoculture
(Fig. 3; P < 0.01) to a ratio with equal investment in
both extraradical colonization and intraradical coloniza-
tion in the competitive mixed culture (Fig. 3; P = 0.18).
G. aggregatum displayed the opposite pattern: invest-
ment in intraradical and extraradical colonization was
equal in monocultures (Fig. 3; P = 0.99), but did show a
significant bias in mixed cultures, favouring intraradical
colonization (Fig. 3; P < 0.01). This was highlighted by
the significant fungal
species x culture treatment (i.e. mixed versus monocul-
ture) term at both P concentrations (Fig. 3; F; 35 = 46.08,
P <0.01). However, we found no significant effect of

interaction term for the
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Fig. 1 Mean abundance (i.e. copy number) of Rhizophagus irregularis and Glomus aggregatum per gram root in mixed and monoculture
in (A) roots and (B) the extraradical mycelial network. The P treatments are pooled for this figure. Significance of independent
comparisons are indicated by * = P < 0.05, ** = P < 0.01 and ns = not significant. N = 11 for mixed cultures and N = 10 for mono-

cultures. Error bars represent standard error of the mean.
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Fig. 2 Competition strength in the mixed cultures for both
intraradical and extraradical fractions, as calculated by the
difference in fungal abundance in the presence of the other
species versus alone. Difference from 0 is indicated by
* =P <0.05 ** =P <0.01 and ns = not significant. N = 11 for
mixed cultures and N =10 for monocultures. Error bars are
95% confidence intervals from the mean.
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Fig. 3 Mean investment ratios of each fungal species as calcu-
lated by the ratio of fungal abundance in the extraradical frac-
tion to the fungal abundance in the intraradical fraction. The P
treatments are pooled for this figure. Significant ratio bias
away from 1 is indicated by ** = P < 0.01 and ns = not signifi-
cant. N = 11 for mixed cultures and N = 10 for monocultures.
Error bars represent standard error of the mean.

changing P concentration on investment ratios (Fig. 3;
Fi3, =048, P = 0.49).

Discussion

The aim of our study was to employ an in vitro root
organ culture system to study competitive dynamics
between two previously characterized fungal species
(Kiers et al. 2011; Hart et al. 2013). Understanding the
processes driving competition among AMF is important
because researchers have found positive effects (i.e.
complementary function) for hosts when colonized by
multiple AMF species (Jansa et al. 2008; Wagg et al.
2011). However, other studies have found that similar
host benefits can be realized in plants with a single
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high-quality partner (e.g. Verbruggen et al. 2012). We
were interested in examining these dynamics from a
fungal centric point of view, asking what the effects of
co-inoculation are on the AMF themselves. Specifically,
we wanted to determine whether there was an effect of
competition on the abundance of the fungal species,
determine whether competitive pressures were more
intense inside the root or outside the root and test
whether the outcome of competition was modified by
nutrient availability.

We found that there was a negative effect of competi-
tion on intraradical colonization, with both fungal spe-
cies being less abundant in the mixed treatment than
the monoculture treatment (Fig. 1). However, we did
not find a negative effect of competition on fungal
abundance for extraradical colonization (Fig. 1). In the
mixed treatment, Rhizophagus irregularis was consis-
tently the dominant symbiont (Fig. 1). We found that
the presence of R. irreqularis negatively affected Glomus
aggregatum in both the roots and the extraradical myce-
lial network (Fig. 2). This is in agreement with a previ-
ous whole-plant study that found G. aggregatum
abundance, as measured by copy number, decreased by
approximately 35% when co-inoculated with R. irregu-
laris compared with monocultures (Kiers et al. 2011).
Here in an in vitro system, we found that G. aggregatum
was reduced 300% when R. irreqularis was present.
Conversely, we found that R. irregularis experienced
significant interspecific competition from G. aggregatum
for intraradical colonization, leading to a reduced abun-
dance, but not in the extraradical fraction (Fig. 2). That
competition is more intense for intraradical than extra-
radical competition, agrees with earlier studies of other
AMF species (e.g. Wilson & Trinick 1983; Cano & Bago
2005). This is because intraradical growth is more likely
to saturate due to space constraints than extraradical
colonization in the rhizosphere (Herrera Medina et al.
2003). We had also expected competition to be most
intense for intraradical colonization because these
fungal species are members of the Glomaceae family,
which are typically characterized by higher intraradical
than extraradical colonization rates (Hart & Reader
2002).

We found that both partners grew equally well on
the host in the absence of competition: the abundance
of G. aggregatum was equal to that of R. irregularis in
the single-species monoculture treatments in both
root and mycelium fractions (Fig. 1). What then allows
R. irregularis to be competitively dominant in mixed cul-
tures? Previous work has suggested that the success of
R. irregularis is largely host-mediated: R. irregularis has
been shown to be preferentially enriched with host
carbon when co-inoculated with G. aggregatum, and this
has been linked to the higher nutrient transfer and
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lower carbon costs of R. irregularis compared with
G. aggregatum (Kiers et al. 2011). Here, we did not see a
difference in cost for the host: host biomass was equal
in monocultures of both R. irreqularis and G. aggrega-
tum, suggesting that R. irreqularis was not a better part-
ner under these conditions. Thus, we cannot explain the
higher abundances of R. irregularis by a host-mediated
preferential allocation of resources. We did find that
roots colonized by R. irreqularis had significantly more
arbuscules, generally indicative of higher nutrient trans-
fer (Verbruggen et al. 2012), but this did not translate
into higher root biomass in the time frame tested here.
More work is needed to test whether the success of
R. irregularis is host-mediated and due to preferential
carbon enrichment (Bever et al. 2009; Kiers et al. 2011;
Verbruggen et al. 2012) or the result of direct competi-
tive interactions between fungal partners (Jansa et al.
2008), for example antagonism as they compete for
limited space. However, the obligate nature of the sym-
biosis for the fungal partner means this question will be
difficult to tease apart.

Our work is the first to document changes in invest-
ment ratio as a result of competition in an artificial root
system. In monoculture treatments, species of the Glom-
eraceae family, such as R. irregularis and G. aggregatum,
tend to bias towards intraradical investment (Hart &
Reader 2002). Here, R. irregularis showed a stronger bias
towards investment in intraradical colonization in
monocultures, but this pattern disappeared in mixed
cultures (Fig. 3). It has been suggested that differences
in investment ratios of fungal species can help explain
patterns of community structure, for example what spe-
cies are likely to coexist in a particular ecosystem (Mah-
erali & Klironomos 2012). However, our data suggest
that these ratios can be plastic and change as a result of
co-inoculation. It therefore is important to consider how
fungal species interactions can mediate investment
ratios when trying to predict patterns of community
structure.

We also asked whether competition itself was modi-
fied by nutrient availability. When exposed to very high
nutrient levels, host plants typically decrease resource
allocation to their mycorrhizal partners, resulting in a
reduction in AMF colonization (Mader et al. 2000).
Changes in P availability have been shown to shift the
outcome of competition in whole-plant systems (Pear-
son et al. 1994; Bennett & Bever 2009). However in our
study, P concentration did not affect the competitive
outcome in mixed culture. This may have been due to
the direct availability of the nutrients in the Petri plate
to both the plant and fungal partners. In nature, nutri-
ents are typically distributed as heterogeneous pockets
of resources. Such heterogeneous distributions are diffi-
cult to mimic in an in vitro environment because the

nutrients easily dissolve and become directly accessible
for the host. We see this as a clear limitation for the
future use of in vitro root organ cultures.

While in vitro ROC cultures are an artificial system, it
has been demonstrated that they possess similar nutri-
ent and resource transfer and metabolic characteristics
as whole-plant systems (Pfeffer et al. 2004), and their
use has been crucial in producing a large body of litera-
ture on how nutrient transport and C exchange operates
in the AMF symbiosis (Olsson et al. 2002; Biicking &
Shachar-Hill 2005; Fellbaum ef al. 2012). However, our
inability to measure small changes in host response
(e.g. biomass) is a big limitation to the system. If nutri-
ent concentrations are too low, in vitro roots fail to
grow, making it difficult quantify the benefits of the
mutualism over a wide range of conditions (but see
Koch et al. 2006). A second problem is that the number
of host species available in ROC is limited and biased
towards agricultural crops. Despite these limitations,
we predict that in vitro approaches may be useful in
further exploring fungal interactions because the fungal
component of the mutualism can be easily manipulated
(e.g. varying starting densities, staggering inoculation
timings, testing a range of species employing different
nutrient exchange strategies). Furthermore, antagonism
between competing hyphae can potentially be visually
identified (Croll et al. 2009) and rhizosphere compounds
can be trapped and identified easier in sterile media
than in soils (Duhamel et al. 2013).

As tools to compare relative abundances of compet-
ing fungi improve in accuracy and breadth, our under-
standing of competition in the root microbiome will
greatly improve. The use of qPCR to determine AMF
abundance in a colonized root system is gaining popu-
larity (Gorzelak et al. 2012). Previously, fungal coloniza-
tion rates were estimated visually. In agreement with
other studies, we found no correlation between fungal
abundance as measured by qPCR and the colonization
percentage measured by the magnified intersection
method (Gamper et al. 2008; Shi et al. 2012). This is not
surprising given that the magnified intersection method
scores the presence of fungal structures observed at the
intersection of a line, but it does not count the actual
number of these structures. When fungal structures are
visually counted, rather than scored for absence or pres-
ence, a high correlation between fungal abundance and
qPCR has been found (Alkan et al. 2004). As expected,
we did find a high correlation between extraradical
mycelium biomass and qPCR copy numbers. The use of
qPCR is becoming the preferred method for calculating
abundance because it both distinguishes AMF species
within mixed cultures and also accurately determines
the relative abundance of these species. However, to
determine and compare differences in specific fungal

© 2013 John Wiley & Sons Ltd



IN VITRO COMPETITIVE INTERACTIONS BETWEEN AMF 1591

structures (Table 1), microscopy techniques will continue
to be used.

Conclusion

Organisms in the root microbiome are in constant com-
petition for access to host resources and soil nutrients.
In this system, we found that competition between
AMEF significantly reduced the abundance of both spe-
cies. We found that Rhizophagus irregularis was the
stronger competitor, which is similar to earlier experi-
ments in a whole-plant system (Kiers et al. 2011). Com-
petition was  especially strong for intraradical
colonization, where both species negatively affected
each other’s abundance. We did not observe an effect of
phosphorous concentrations on fungal abundance or
investment ratio, and this may be a limitation of using
an in vitro approach. We argue that in vitro approaches
in combination with qPCR methods are particularly
useful to achieve precise manipulations of the symbiont
in mixed populations, such as those needed to investi-
gate the mechanisms driving direct antagonism in
myecelial networks. However, in vitro approaches are, as
of yet, poorly suited to achieve precise manipulations of
the host. In the age of high-throughput omics tools in
biology, we suggest that in vitro root organ cultures can
provide a platform for investigating ecological ques-
tions that compliment molecular ones, allowing us to
ask not only ‘who is who in the plant root microbiome’
(Hirsch & Mauchline 2012) but also ‘what were the
dynamics allowing them to get there’?

Acknowledgements

We would like to thank Jan Jansa for providing us with the axe-
nic in vitro root cultures and qPCR probes and primer sets. We
thank three anonymous reviewers for their comments on an ear-
lier version of this manuscript. This research was supported
with grants from the Dutch Science Foundation (NWO: meer-
voud 836.10.001 and vidi 864.10.005 grants) to ETK.

References

Abbott LK, Robson AD (1983) Introduction of vesicular arbus-
cular mycorrhizal fungi into agricultural soils. Australian
Journal of Agricultural Research, 34, 741-749.

Abdel-Fattah GM, El-Haddad SA, Hafez EE, Rashad YM (2011)
Induction of defense responses in common bean plants by
arbuscular mycorrhizal fungi. Microbiological research, 166,
268-281.

Alkan N, Gadkar V, Coburn J, Yarden O, Kapulnik Y (2004)
Quantification of the arbuscular mycorrhizal fungus Glomus
intraradices in host tissue using real-time polymerase chain
reaction. New Phytologist, 161, 877-885.

Bakker MG, Manter DK, Sheflin AM, Weir TL, Vivanco JM
(2012) Harnessing the rhizosphere microbiome through plant

© 2013 John Wiley & Sons Ltd

breeding and agricultural management. Plant and Soil, 360,
1-13.

Bates D, Maechler M, Bolker B (2001) lme4: Linear mixed-
effects models using S4 classes. R package version 0.999375-42,
http:/ /CRAN.R-project.org/package=lme4.

Behm JE, Edmonds DA, Harmon JP, Ives AR (2013) Multilevel
statistical models and the analysis of experimental data. Ecol-
ogy, 94, 1479-1486.

Bennett AE, Bever JD (2009) Trade-offs between arbuscular
mycorrhizal fungal competitive ability and host growth
promotion in Plantago lanceolata. Oecologia, 160, 807-816.

Berendsen RL, Pieterse CMJ, Bakker PAHM (2012) The rhizo-
sphere microbiome and plant health. Trends in plant science,
17, 478-486.

Berg G, Smalla K (2009) Plant species and soil type coopera-
tively shape the structure and function of microbial commu-
nities in the rhizosphere. FEMS microbiology ecology, 68, 1-13.

Bever JD, Richardson SC, Lawrence BM, Holmes ], Watson M
(2009) Preferential allocation to beneficial symbiont with
spatial structure maintains mycorrhizal mutualism. Ecology
letters, 12, 13-21.

Buicking H, Shachar-Hill Y (2005) Phosphate uptake, transport
and transfer by the arbuscular mycorrhizal fungus Glomus
intraradices is stimulated by increased carbohydrate availabil-
ity. The New phytologist, 165, 899-911.

Cano C, Bago A (2005) Competition and substrate colonization
strategies of three polyxenically grown arbuscular mycorrhi-
zal fungi. Mycologia, 97, 1201-1214.

Carney KM, Hungate BA, Drake BG, Megonigal JP (2007)
Altered soil microbial community at elevated CO(2) leads to
loss of soil carbon. Proceedings of the National Academy of
Sciences of the United States of America, 104, 4990-4995.

Croll D, Giovannetti M, Koch AM et al. (2009) Nonself
vegetative fusion and genetic exchange in the arbuscular
mycorrhizal fungus Glomus intraradices. The New phytologist,
181, 924-937.

Curtis TP, Sloan WT, Scannell JW (2002) Estimating prokary-
otic diversity and its limits. Proceedings of the National Acad-
emy of Sciences of the United States of America, 99, 10494-10499.

Declerck S, Fortin JA, Strullu D-G (2005) In Vitro Culture of
Moycorrhizas (ed. Varma A). Springer-Verlag, Berlin.

Denison RF, Kiers ET (2011) Life histories of symbiotic rhizobia
and mycorrhizal fungi. Current Biology: CB, 21, R775-R785.
Denison RF, Bledsoe C, Kahn M et al. (2013) Cooperation in
the Rhizosphere and the “ Free Rider “ Problem. Ecology, 84,

838-845.

Dennis PG, Miller AJ, Hirsch PR (2010) Are root exudates more
important than other sources of rhizodeposits in structuring
rhizosphere bacterial communities? FEMS microbiology
ecology, 72, 313-327.

Drew EA, Murray RS, Smith SE, Jakobsen I (2003) Beyond the
rhizosphere : growth and function of arbuscular mycorrhizal
external hyphae in sands of varying pore sizes. Plant and
Soil, 251, 105-114.

Duhamel M, Pel R, Ooms A et al. (2013) Do fungivores trigger
the transfer of protective metabolites from host plants to
arbuscular mycorrhizal hyphae? Ecology. doi: 10.1890/
12-1943.1.

Ellis JR, Larsen HJ, Boosalis MG (1985) Drought resistance of
wheat plants inoculated with vesicular-arbuscular mycorrhi-
zae. Plant and Soil, 86, 369-378.



1592 D.J. P. ENGELMOER, J. E. BEHM, and E. TOBY KIERS

Fellbaum CR, Gachomo EW, Beesetty Y et al. (2012) Carbon
availability triggers fungal nitrogen uptake and transport in
arbuscular mycorrhizal symbiosis. Proceedings of the National
Academy of Sciences of the United States of America, 109, 2666—
2671.

Galloway JN, Townsend AR, Erisman JW et al. (2008) Transfor-
mation of the nitrogen cycle: recent trends, questions, and
potential solutions. Science (New York, N.Y.), 320, 889-892.

Gamper HA, Young JPW, Jones DL, Hodge A (2008) Real-time
PCR and microscopy: are the two methods measuring the
same unit of arbuscular mycorrhizal fungal abundance? Fun-
gal genetics and biology: FG & B, 45, 581-596.

Gams W (2006) Biodiversity of soil-inhabiting fungi. Biodiver-
sity and Conservation, 16, 69-72.

Gehring C, Flores-Renteria D, Sthultz C ef al. (2014) Plant
Genetics and interspecific competitive interactions determine
ectomycorrhizal fungal community responses to climate
change. Molecular ecology, 23, 1379-1391.

Gorzelak MA, Holland TC, Xing X, Hart MM (2012) Molecular
approaches for AM fungal community ecology: a primer.
Journal of microbiological methods, 90, 108-114.

Hart MM, Reader R] (2002) Taxonomic basis for variation in
the colonization strategy of arbuscular mycorrhizal fungi.
New Phytologist, 153, 335-344.

Hart MM, Forsythe J, Oshowski B ef al. (2013) Hiding in a
crowd—does diversity facilitate persistence of a low-quality
fungal partner in the mycorrhizal symbiosis? Symbiosis, 59,
47-56.

van der Heijden MGA, Bardgett RD, Van Straalen NM (2008)
The unseen majority: soil microbes as drivers of plant diver-
sity and productivity in terrestrial ecosystems. Ecology letters,
11, 296-310.

Hepper CM, Azcon-Aguilar C, Rosendahl S, Sen R (1988) Com-
petition between three species of Glomus used as spatially
separated introduced and indigenous mycorrhizal inocula
for leek (Allium porrum L.). New Phytologist, 110, 207-215.

Herrera Medina M], Gagnon H, Piche Y et al. (2003) Root colo-
nization by arbuscular mycorrhizal fungi is affected by the
salicylic acid content of the plant. Plant Science, 164, 993-998.

Hirsch PR, Mauchline TH (2012) Who’s who in the plant root
microbiome? Nature biotechnology, 30, 961-962.

Hoeksema JD, Chaudhary VB, Gehring CA et al. (2010) A meta-
analysis of context-dependency in plant response to inocula-
tion with mycorrhizal fungi. Ecology letters, 13, 394—407.

Janouskova M, Seddas P, Mrnka L et al. (2009) Development
and activity of Glomus intraradices as affected by co-existence
with Glomus claroideum in one root system. Mycorrhiza, 19,
393-402.

Jansa ], Smith FA, Smith SE (2008) Are there benefits of simul-
taneous root colonization by different arbuscular mycorrhizal
fungi? The New phytologist, 177, 779-789.

Johnson NC, Rowland DL, Corkidi L, Egerton-Warburton LM,
Allen EB (2003) Nitrogen enrichment alters mycorrhizal allo-
cation at five mesic to semiarid grasslands. Ecology, 84, 1895—
1908.

Johnson NC, Angelard C, Sanders IR, Kiers ET (2013) Predict-
ing community and ecosystem outcomes of mycorrhizal
responses to global change(ed. Klironomos J). Ecology Letters,
16, 140-153.

Jolliffe A (2000) The replacement series. Journal of Ecology, 88,
371-385.

Kiers ET, Duhamel M, Beesetty Y et al. (2011) Reciprocal
rewards stabilize cooperation in the mycorrhizal symbiosis.
Science, 333, 880-882.

Klironomos JN (2003) Variation in plant response to native and
exotic arbuscular mycorrhizal fungi. Ecology, 84, 2292-2301.
Koch AM, Croll D, Sanders IR (2006) Genetic variability in a
population of arbuscular mycorrhizal fungi causes variation

in plant growth. Ecology letters, 9, 103-110.

Kummel M, Salant SW (2006) The economics of mutualisms:
optimal utilization of mycorrhizal mutualistic partners by
plants. Ecology, 87, 892-902.

Li H, Smith FA, Dickson S, Holloway RE, Smith SE (2008)
Plant growth depressions in arbuscular mycorrhizal symbio-
ses: not just caused by carbon drain? The New phytologist,
178, 540-544.

Lugtenberg B, Kamilova F (2009) Plant-growth-promoting
rhizobacteria. Annual review of microbiology, 63, 541-556.

Mader P, Vierheilig H, Streitwolf-Engel R et al. (2000) Trans-
port of 15N from a soil compartment separated by a polytet-
rafluoroethylene membrane to plant roots via the hyphae of
arbuscular mycorrhizal fungi. New Phytologist, 146, 155-161.

Mabherali H, Klironomos JN (2012) Phylogenetic and trait-based
assembly of arbuscular mycorrhizal fungal communities.
PLoS One, 7, €36695.

McGonigle TP, Miller MH, Evans DG, Fairchild GL, Swan JA
(1990) A new method which gives an objective measure of
colonization of roots by vesicular-arbuscular mycorrhizal
fungi. New Phytologist, 115, 495-501.

Mendes R, Kruijt M, De Bruijn I et al. (2011) Deciphering the
rhizosphere microbiome for disease-suppressive bacteria. Sci-
ence (New York, N.Y.), 332, 1097-1100.

Munkvold L, Kjeller R, Vestberg M, Rosendahl S, Jakobsen
I (2004) High functional diversity within species of arbuscu-
lar mycorrhizal fungi. New Phytologist, 164, 357-364.

Olsson PA, Van Aarle IM, Allaway WG, Ashford AE (2002)
Phosphorus effects on metabolic processes in monoxenic
arbuscular mycorrhiza cultures. Plant physiology, 130, 1162—
1171.

Olsson PA, Rahm ], Aliasgharzad N (2010) Carbon dynamics
in mycorrhizal symbioses is linked to carbon costs and phos-
phorus benefits. FEMS microbiology ecology, 72, 125-131.

Ozgonen H, Erkilic A. (2007) Growth enhancement and Phy-
tophthora blight (Phytophthora capsici Leonian) control by
arbuscular mycorrhizal fungal inoculation in pepper. Crop
Protection, 26, 1682—-1688.

Parniske M (2008) Arbuscular mycorrhiza: the mother of plant
root endosymbioses. Nature reviews. Microbiology, 6, 763-775.
Pearson JN, Abbott LK, Jasper DA (1993) Mediation of compe-
tition between two colonizing VA mycorrhizal fungi by the

host plant. New Phytologist, 123, 93-98.

Pearson JN, Abbott LK, Jasper DA (1994) Phosphorus, soluble
carbohydrates and the competition between two arbuscular
mycorrhizal fungi colonizing subterranean clover. New
Phytologist, 127, 101-106.

Pfeffer PE, Douds DD, Bucking H, Schwartz DP, Shachar-Hill
Y (2004) The fungus does not transfer carbon to or between
roots in an arbuscular mycorrhizal symbiosis. New Phytolo-
gist, 163, 617-627.

R Core Team (2012) R: A Language and Environment for Statisti-
cal Computing. Foundation for Statistical Computing, Vienna,
Austria.

© 2013 John Wiley & Sons Ltd



IN VITRO COMPETITIVE INTERACTIONS BETWEEN AMF 1593

Redman RS, Sheehan KB, Stout RG, Rodriguez R], Henson JM
(2002) Thermotolerance generated by plant/fungal symbio-
sis. Science (New York, N.Y.), 298, 1581.

Roesch LFW, Fulthorpe RR, Riva A et al. (2007) Pyrosequenc-
ing enumerates and contrasts soil microbial diversity. The
ISME Journal, 1, 283-290.

Roger A, Colard A, Angelard C, Sanders IR (2013) Relatedness
among arbuscular mycorrhizal fungi drives plant growth
and intraspecific fungal co-existence. The ISME Journal. doi:
10.1038/ismej.2013.112.

Shi P, Abbott LK, Banning NC, Zhao B (2012) Comparison of
morphological and molecular genetic quantification of rela-
tive abundance of arbuscular mycorrhizal fungi within roots.
Moycorrhiza, 22, 501-513.

Smith FA, Jakobsen I, Smith SE, Trust NP, Phytologist N (2000)
Spatial differences in acquisition of soil phosphate between
two arbuscular fungi in symbiosis with mycorrhizal Medicago
truncatula. New Phytologist, 147, 357-366.

Toljander JF, Santos-Gonzélez JC, Tehler A, Finlay RD (2008)
Community analysis of arbuscular mycorrhizal fungi and
bacteria in the maize mycorrhizosphere in a long-term fertil-
ization trial. FEMS microbiology ecology, 65, 323-338.

Torsvik V, @vreas L, Thingstad TF (2002) Prokaryotic diver-
sity-magnitude, dynamics, and controlling factors. Science
(New York, N.Y.), 296, 1064—1066.

Van Diepen LTA, Lilleskov EA, Pregitzer KS (2011) Simulated
nitrogen deposition affects community structure of arbuscu-
lar mycorrhizal fungi in northern hardwood forests. Molecu-
lar ecology, 20, 799-811.

© 2013 John Wiley & Sons Ltd

Verbruggen E, El Mouden C, Jansa ] ef al. (2012) Spatial struc-
ture and interspecific cooperation: theory and an empirical
test using the mycorrhizal mutualism. The American natural-
ist, 179, E133-E146.

Wagg C, Jansa ], Stadler M, Schmid B, Van der Heijden MGA
(2011) Mycorrhizal fungal identity and diversity relaxes
plant — plant competition. Ecology, 92, 1303-1313.

Wilson JM, Trinick MJ (1983) Infection development and inter-
action between vesicular-arbuscular mycorrhizal fungi. New
Phytologist, 93, 543-553.

Zhu Y-G, Miller RM (2003) Carbon cyclin by arbuscular mycor-
rhizal fungi in soil-plant systems. Trends in plant science, 8,
407-409.

DJP.E. and ETK. designed the experiment; D.J.P.E.
and J.E.B. collected data; D.J.P.E. and J.E.B. performed
data analysis; D.J.P.E., J.EB. and E.TK. wrote the
article.

Data accessibility

Data have been made available within the Dryad data
archiving system: doi:10.5061/dryad.6j9v0.



