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Abstract
Several studies have demonstrated asymbiotic growth and development of arbuscular mycorrhizal (AM) fungi, although AM
fungi are regarded as obligately symbiotic root-inhabiting fungi. Phytohormones, root exudates, and volatiles are important
factors regulating the host-AM fungi interaction. However, the effects of phytohormones, root exudates, and volatiles on
asymbiotic (without roots present) or pre-symbiotic (with roots present but no colonization) sporulation of AM fungi are
unexplored. In this study, we tested the asymbiotic sporulation of Rhizophagus irregularis DAOM 197198 and further investi-
gated the influences of abscisic acid (ABA), the exudates, and volatiles of tomato hairy roots on asymbiotic or pre-symbiotic
sporulation in vitro. Results indicated that mother spores asymbiotically and pre-symbiotically produced daughter spores singly
or in pairs. Compared with symbiotically produced spores, pre-symbiotically produced spores were significantly smaller
(43.1 μm vs. 89.2 μm in diameter). Exogenous ABA applied to mother spores significantly increased the number of daughter
spores, and root volatiles also significantly promoted pre-symbiotic sporulation. Our results provide the first evidence that
exogenous ABA can promote AM fungal asymbiotic and pre-symbiotic sporulation, which highlights the potential role of
phytohormones in AM fungal propagation.
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Introduction

Phytohormones are essential internal factors regulating plant
growth and development. Intriguingly, phytohormones are al-

so involved in the regulation of plant-microbe interactions,
such as pathogenesis and symbiosis (Cao et al. 2018; Fousia
et al. 2018; Zhang et al. 2018). Arbuscular mycorrhizal (AM)
fungi are ubiquitous symbiotic fungi, which belong to the
subphylum Glomeromycotina (Spatafora et al., 2016), and
form mycorrhizas in association with most terrestrial plants
(Powell and Rillig 2018). The regulation of the establishment
of this symbiosis by phytohormones has been intensively
studied and recognized for decades (Liao et al. 2018). For
example, application of synthetic auxin analog (2,4-D or
NAA) at 10−10 M to roots significantly increased root length
colonization and arbuscule abundance in tomato, alfalfa, and
rice plants (Etemadi et al. 2014). In contrast, application of
exogenous gibberellin (GA3) at 10

−6 M to roots significantly
suppressed root length colonization and arbuscule abundance
in Lotus japonicus (Takeda et al. 2015). Similar to auxin,
abscisic acid (ABA) exhibited a positive effect on root length
colonization and arbuscule abundance in tomato plants, which
was revealed by using the ABA-deficient sitiens mutant
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(Herrera-Medina et al. 2007), probably with a different action
mode from that of auxin (Charpentier et al. 2014). Although
AM fungi can regulate ABA biosynthesis in roots (Martín-
Rodríguez et al. 2011), no direct evidence indicates the bio-
synthesis of ABA in AM fungi thus far. Therefore, the effect
of ABA on AM fungal sporulation is far from being well
understood. Strigolactones, firstly isolated and identified from
root exudates of Lotus japonicus and recently identified as
novel phytohormones (Al-Babili and Bouwmeester, 2015),
showed a strong stimulatory effect on branching of AM fungal
germ tubes (Akiyama et al. 2005).

Root exudates (excluding root volatiles) contain a variety
of compounds regulating the establishment of AM symbiosis.
Although root exudates also contain phytohormones, includ-
ing ABA (Vives-Peris et al., 2017), other compounds in root
exudates can affect the formation of arbuscular mycorrhizas.
In order to distinguish the effects of phytohormones from the
effects of other compounds, we refer to those compounds
other than phytohormones as “root exudates” hereafter. So
far, a series of compounds in root exudates have been demon-
strated to affect spore germination, germ tube growth, and
host penetration by AM fungi (Graham 1982; Nair et al.
1991; Scervino et al. 2005, 2006). Flavonoid apigenin, com-
monly present in root exudates of most plants, significantly
increased spore germination of Gigaspora rosea (Scervino
et al. 2006).

In general, studies indicate that root exudates including
phytohormones are active in regulating AM symbiosis and
that root-associated microbes as well can produce diverse phy-
tohormones (Egamberdieva et al. 2017). However, most such
experiments focused on pre-symbiotic (with roots present but
no colonization) or symbiotic (with root colonization) status,
and their effects in asymbiotic (without roots present) status
are largely unknown. Pre-symbiotic status can be much dif-
ferent from asymbiotic status in terms of spore germination
and subsequent germ tube growth of AM fungi because the
signaling molecules from roots are absent in asymbiotic sta-
tus. It is well known that AM fungi are obligately symbiotic
fungi, exclusively depending on their hosts for carbon re-
sources. Intriguingly, however, AM fungal sporulation in
asymbiotic status has been reported for two fungal species,
e.g., Glomus intraradices and Rhizoglomus irregulare (also
known as Rhizophagus irregularis) (Hildebrandt et al. 2002,
2005; Kokkoris et al. 2019). These studies encouraged us to
test whether ABA and root exudates promote AM fungal
sporulation in asymbiotic or pre-symbiotic status. Given that
AM fungi and hosts have established their intimate relation-
ship during 450 million years of evolution (Redecker et al.
2000), we hypothesized that phytohormones might exert a
direct influence on AM fungi besides the indirect one via host
plants. Particularly, we hypothesized that ABA and root exu-
dates could directly regulate AM fungal sporulation in
asymbiotic and pre-symbiotic status. This study aimed to

investigate the influence of exogenously applied ABA on
AM fungal sporulation without the establishment of symbio-
sis. Moreover, the effects of root exudates and volatiles also
were evaluated by comparing effects of the presence and ab-
sence of host roots.

Materials and methods

Biological materials

We established AM symbiosis with tomato (Solanum
lycopersicum Xinjinfeng No. 1) and Rhizophagus irregularis
DAOM 197198. R. irregularis DAOM 197198 was commer-
cially obtained from Premier Tech Co., Québec, Canada, and
propagated in vitro in symbiosis with tomato hairy roots.
Mature spores were harvested from this system and used in
this study. Hairy roots were transformed with Agrobacterium
rhizogenes ACCC 10060 according to the method by Bécard
and Piché (1992). MSR medium was used as substrate for the
growth of hairy roots and spores (Declerck et al. 1998).

Experimental setup

Experiment 1: Observation of asymbiotic sporulation of R.
irregularis DAOM 197198 A glass Petri plate (9 cm in diame-
ter) was used to incubate spores in vitro. In each plate, approx-
imately 100 spores were inoculated onto MSR medium with-
out hairy roots. Ten inoculated plates were prepared for the
observation of asymbiotic sporulation. Efforts were made to
separate each spore from others during inoculation, but, in
most cases, several spores were attached to each other with
the subtending hyphae entangled. Therefore, they were inoc-
ulated onto the medium as clustered spores (CS); single spores
(SS), although limited in number, also were inoculated onto
the medium. All plates were incubated in the dark at 25 °C for
4 weeks at which time daughter spores appeared.

Experiment 2: Effects of exogenous ABA on asymbiotic spor-
ulation of R. irregularis DAOM 197198 MSR medium was
prepared with the addition of ABA (final concentration of
1 × 10−7 M) or not for the evaluation of any ABA effect on
asymbiotic sporulation. ABA was first dissolved in 1 M
NaOH to produce a 1 M ABA solution, and then, the solution
was diluted with ddH2O to produce 1 × 10−2 M ABA solution
which was further sterilized with 0.22-μm pore-sized mem-
brane filtration. Finally, the sterilized ABA solution was
added to the autoclaved MSR medium so that the final con-
centration of ABA was 1 × 10−7 M. For the control without
ABA application, the solution without ABA addition was
used. Spores were inoculated onto MSR medium as described
in Experiment 1. Two treatments (−ABA and +ABA) were
established without hairy roots present. A total of 12 plates,
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with 6 replicates for each treatment, were incubated in the dark
at 25 °C for 12 weeks. Then, the daughter spores in each plate
were counted and recorded.

Experiment 3: Effects of exogenous ABA and root exudates on
pre-symbiotic sporulation of R. irregularis DAOM 197198 To
distinguish the effects of ABA versus hairy root exudates,
each plate was divided into two equal compartments with
two types of barriers, aluminum sheet or 0.45-μm pore-sized
cellulose membrane, thus producing a root compartment (RC)
and a spore compartment (SC) (Fig. 1). Any diffusion of root
exudates between the two compartments and physical contact
of roots and germ tubes were prevented by the aluminum
sheet, while only physical contact of roots and germ tubes

was prevented by the cellulose membrane. Moreover, neither
barrier type could prevent the diffusion of root volatiles. In
each RC, 5 hairy root fragments of ~3 cm length were incu-
bated, while approximately 100 spores were incubated in each
SC as described previously. For each type of barrier, three
treatments were set depending on ABA application, including
no application, application to the RC, or application to the SC.
A total of 36 plates, with 6 replicates for each treatment, were
incubated in the dark at 25 °C for 12 weeks.

During the experiments, we observed that the size of
the pre-symbiotically produced spores was much smaller
than that of symbiotically produced spores (namely the
mother spores). In order to compare the diameters of
newly produced spores with pre-symbiotic and

Fig. 1 The experimental setup
used in Experiment 3. a Plate was
divided into two equal
compartments with aluminum
sheet sealedwith silicon sealant. b
Plate was divided into two equal
compartments with 0.45-μm pore
cellulose membrane sealed with
silicon sealant. c Diagram
showing the growth of hairy roots
and spore germination in the root
compartment (RC) and spore
compartment (SC). d Picture
showing the real status
corresponding to (c)
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symbiotic status, 6 plates inoculated with hairy roots
and spores were prepared to establish symbiosis for
symbiotic sporulation. The plates were incubated in the
dark at 25 °C for 12 weeks.

Microscopic observation and measurements of spores

AM fungal sporulation in asymbiotic and pre-symbiotic status
was observed and recorded under microscopy (Olympus
BX53). Daughter spores in each SC were counted at 4, 8,
and 12 weeks after inoculation (WAI). For the measurement
of spore diameter, an open-access software, ImageJ (https://
imagej.nih.gov/ij/), was used. Fifty spores were randomly
selected for the daughter spores produced from the CS in
pre-symbiotic status or for those produced in symbiotic status,
while only 25 spores were measured for those produced from
SS in pre-symbiotic status due to their limited number as men-
tioned previously.

Data analysis and statistics

All the presented data were the means of 4~6 replicates due to
contamination in several plates, although 6 replicates were
prepared for each treatment at the beginning. An independent
sample t test, two-way analysis of variance (ANOVA), and
post hoc test (Tukey HSD) were performed with SPSS v.21.
To compare the effects of ABA and root exudates (e.g., with
hairy roots present) on sporulation, variance partitioning anal-
ysis (VPA) was performed using the “varpart” function in R
vegan package (Peres-Neto et al., 2006; Oksanen et al., 2016,
Chen et al., 2017).

Results

Rhizophagus irregularis DAOM 197198 sporulated
in asymbiotic status (Experiment 1)

In Experiment 1, we observed that the spores of
R. irregularis DAOM 197198 germinated on the medi-
um within 2 days without hairy roots present, and these
germinated spores (both clustered spores and single
spores) asymbiotically sporulated within 4 WAI
(Fig. 2). The germ tubes produced both daughter spores
and highly branched hyphal structures (HBHS)
(Fig. 2a). Daughter spores at the proximal position were
more mature (dark yellow to brown in color) than those
at the distal position (transparent to white-yellow in col-
or) (Fig. 2b). The daughter spores were produced at the
branched hyphal tip singly or in pairs with the single
pattern dominating (Fig. 2c).

Exogenous ABA promoted the asymbiotic sporulation
of Rhizophagus irregularis DAOM 197198
(Experiment 2)

In Experiment 2, the asymbiotic sporulation of R. irregularis
DAOM 197198 without hairy roots present occurred on MSR
medium, which was consistent with that in Experiment 1.
Intriguingly, the numbers of the daughter spores were 0.5,
3.2, and 4.7 per plate at 4, 8, and 12 WAI with no application
of exogenous ABA, in contrast to those of 3.4, 7.6, and 8.8 per
plate with application of exogenous ABA (Fig. 3), which
clearly indicates the significant promotion of asymbiotic spor-
ulation (P = 0.018, 0.007 at 4 and 8 WAI, respectively) by
application of exogenous ABA at two out of the three sam-
pling times.

Exogenous ABA promoted the pre-symbiotic
sporulation of Rhizophagus irregularis DAOM 197198
(Experiment 3)

In Experiment 3 with compartmented plates, hairy roots were
present but spatially separated from spores. Two-way
ANOVA did not indicate a significant difference between
the aluminum sheet barrier and the membrane barrier (P =
0.184, 0.628, and 0.126 at 4, 8, and 12 WAI, respectively),
but does indicate a significant difference among the three
ABA treatments (P = 0.009 and < 0.001 at 8 and 12 WAI,
respectively) (Table 1). In detail, according to Tukey’s post
hoc test, it seems that the exogenous ABA applied to the
spores significantly promoted pre-symbiotic sporulation espe-
cially at 12 WAI (Table 1).

Comparison of the sporulation of Rhizophagus
irregularis DAOM 197198 among asymbiotic,
pre-symbiotic, and symbiotic statuses

It is interesting to compare the sporulation between
asymbiotic (without hair roots present, Experiment 2)
and pre-symbiotic status (with hairy roots present but
no colonization, Experiment 3). Regardless of the
application of exogenous ABA, the overall mean spore
numbers in asymbiotic status were 1.8, 5.2, and 6.5 per
plate at 4, 8, and 12 WAI respectively, while those in
pre-symbiotic status were 6.9, 25.3, and 41.8 per plate
at 4, 8, and 12 WAI, respectively. The difference
between asymbiotic and pre-symbiotic status was signif-
icant (P = 0.002, < 0.001, and < 0.001 at 4, 8, and 12
WAI respectively) across all three sampling times.
Moreover, VPA analysis indicates that the contribution
of hairy roots (67% and 54% at 8 and 12 WAI,
respectively) to the promoted sporulation was much
higher than that of ABA (23% and 21% at 8 and 12
WAI, respectively).
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The average diameter of the daughter spores was further
compared between the pre-symbiotic status and the symbiotic
status. It is notable that the average diameter of spores pro-
duced symbiotically was 89.2 μm, significantly larger than

that (43.1 μm) produced pre-symbiotically (P < 0.001)
(Fig. 4). Moreover, in the pre-symbiotic status, the average
diameter of daughter spores produced from clustered mother
spores was 48.6 μm, significantly larger than that (32.1 μm)
produced from single mother spores (P < 0.001).

Discussion

AM fungi are obligately symbiotic fungi; however,
R. irregularis DAOM 197198 sporulated in asymbiotic and
pre-symbiotic status without the establishment of symbiosis
with roots in this study (experiment 1). To our knowledge, this
is not the sole report of asymbiotic or pre-symbiotic sporula-
tion in AM fungi. Recently, Kokkoris et al. (2019) found that
an isolate (9A2) of Rhizoglomus irregulare (also known as
Rhizophagus irregularis) sporulated in asymbiotic status as
in this study, although other 13 isolates of this species did
not. Similarly, Müller et al. (2017) reported that dead roots
supported the sporulation of Funneliformis mosseae, indicat-
ing the possibility of an abiotrophic nature. Sometimes,
asymbiotic sporulation by Glomus intraradices was induced
by the presence of particular bacterial taxa, such as
Paenibacillus validus (Hildebrandt et al. 2002, 2005).
Therefore, it is likely that asymbiotic and pre-symbiotic

Fig. 2 The sporulation of
R. irregularis DAOM 197198 in
asymbiotic status on MSR
medium within 4 weeks after
inoculation (Experiment 1). Each
panel is a composite picture of
several original pictures. a
Clustered mother spores
germinated with one highly
branched hyphal structure
(HBHS) and one daughter spore
singly produced at the tip of a
hypha. b Clustered mother spores
germinated with 3 daughter
spores singly produced at the tips
of hyphae. c Single mother spore
germinated with 4 daughter
spores produced in pairs at the
tips of hyphae. CS, clustered
mother spores; SS, single mother
spore; GT, germ tube; HBHS,
highly branched hyphal structure.
Arrow heads indicate
asymbiotically produced daughter
spores without hairy roots
present. Bar indicates 500 μm

Fig. 3 The promotion of AM fungus asymbiotic sporulation by
exogenous ABA applied to the spore compartment without hairy roots
present (Experiment 2). −ABA, no ABA application to medium; +ABA,
application of 1.0 × 107 M ABA to medium; WAI, weeks after
inoculation. t tests for each sampling time were performed to evaluate
the effects of exogenous ABA applied to the medium. The upper and
lower edges of each box indicate the 75% and 25% quantiles, and the
upper and lower whiskers indicate the maximum and minimum values
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sporulation does exist but is not common across all AM fungal
species and is confined only to some species or isolates, con-
trolled by unknown mechanisms. Hildebrandt et al. (2005),
however, demonstrated the normal functions (e.g., germina-
tion, colonizing capacity) of those daughter spores derived
from asymbiotic culture. Functions of the daughter spores
from our study need further investigation.

In this study, exogenous ABA was able to promote
sporulation in both asymbiotic (Experiment 2) and pre-
symbiotic (Experiment 3) status, highlighting the direct
effect of ABA on spores or germ tubes. Moreover, in
the promotion of pre-symbiotic sporulation, the root vol-
atile effect was greater than that of ABA as revealed by
VPA. To the best of our knowledge, this is the first
report demonstrating the direct and promotive effect of
ABA on AM fungal sporulation. Although roots and
root-associated microbes produce and release ABA into
surrounding soils (Egamberdieva et al. 2017), ABA con-
centration in natural soils is only 0.6~2.8 nM (Hartung
et al. 1996) which is a hundredfold lower than that
applied in this study. Previous work suggested that ei-
ther geminating spores or germ tubes can sense sub-
strates, where root exudates (strigolactones), biocides
(triclosan), and even seed exudates affect spore germi-
nation and germ tube branching (Akiyama et al. 2005;
Twanabasu et al. 2013; Coelho et al. 2019). Therefore,
we infer that germinating spores or germ tubes per-
ceived ABA in the medium which in turn promoted
the subsequent sporulation.

Silva-Flores et al. (2019) demonstrated the association be-
tween some edaphic factors and AM fungal sporulation. For
instance, clay content, electrical conductivity, and total N
showed positive correlations while available P and organic
matter showed negative correlations with spore density.

Promoted sporulation under drought condition (rainy season
vs. dry season) has been reported previously (Leal et al. 2016).
More intriguingly, a period of drought stress before harvest is
frequently practiced to promote sporulation in AM fungal
propagation systems (Selvakumar et al. 2018). However,

Table 1 The effects of ABA application to hairy roots or spores on the
number of spores produced in pre-symbiotic status (Experiment 3).
Spores were physically separated from hairy roots with aluminum sheet
or 0.22-μm pore membrane to prevent the symbiosis establishment. All
the data are presented as the means ± SE (n = 5). WAI, weeks after

inoculation. At each sampling time, all 6 means in each column
followed by the same lowercase letter do not differ significantly by the
Tukey HSD (P = 0.05), while all 3 means in each column with the same
barrier type followed by the same uppercase letter do not differ
significantly by the Tukey HSD (P = 0.05)

Barrier type ABA application 4 WAI 8 WAI 12 WAI

Aluminum sheet No application 5.2 ± 1.6 ab A 17.0 ± 3.5 a A 28.5 ± 3.0 ab A

Spore application 3.2 ± 0.4 a A 29.4 ± 6.7 a A 63.6 ± 5.7 c B

Root application 8.0 ± 2.3 ab A 22.4 ± 5.4 a A 27.4 ± 6.3 ab A

Membrane No application 12.2 ± 2.2 b B 19.2 ± 2.3 a A 22.6 ± 3.7 a A

Spore application 7.0 ± 1.6 ab AB 35.6 ± 3.5 a B 50.0 ± 8.3 bc B

Root application 2.6 ± 0.5 a A 19.5 ± 4.3 a A 24.0 ± 4.9 a A

ABA (A) 0.061 0.009 ≤ 0.001
Barrier type (B) 0.184 0.628 0.126

A × B 0.002 0.620 0.659

Fig. 4 The diameter (μm) of spores produced from colonized hairy roots
or from pre-symbiotic spores (Experiment 3). For the daughter spores
produced from clustered mother spores in pre-symbiotic status or those
produced in symbiotic status, 50 spores were randomly selected, while
only 25 spores were measured for those produced from single mother
spores in pre-symbiotic status due to limited spore numbers. symbiotic,
spores produced from colonized hairy roots; pre-symbiotic-single, spores
produced from single mother spores in pre-symbiotic status; pre-
symbiotic-clustered, spores produced from clustered mother spores in
pre-symbiotic status. The means accompanied by the same lowercase
letter do not differ significantly by the Tukey HSD (P = 0.05). The
upper and lower edges of each box indicate the 75% and 25%
quantiles, and the upper and lower whiskers indicate the maximum and
minimum values
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whether these factors affect AM fungal sporulation directly or
via host passage is yet to be elucidated.

Our study indicates a direct effect of ABA on AM fungal
sporulation with asymbiotic and pre-symbiotic culture sys-
tems. Sporulation in fungi is one of the mechanisms by which
fungi respond to adverse conditions, in many cases producing
chlamydospores (Spraker et al. 2016; Dijksterhuis 2018).
Optimal osmotic stress facilitates the sporulation of
Monilinia fructicola (Hong and Michailides 1999). Although
ABA biosynthesis by fungi has been documented and
reviewed, ABA functionality in fungi is less investigated than
its biosynthesis (Hartung 2010).

AM fungi are symbiotic fungi, whose response to
stresses is strongly associated with hosts. Thus, AM
fungi and hosts might develop some common mecha-
nism to co-adapt to stresses, e.g., ABA signaling.
When encountering stresses, ABA content in plants nor-
mally increases and regulates a series of physiological
processes which enhance host tolerance (Kuromori et al.
2018). In this scenario, we speculate that the increased
ABA in plants in response to stresses can be transferred
to AM fungi and probably can contribute to triggering
the events involved in sporulation. Moreover, AM fungi
began to form symbiosis with plants more than 450
million years ago (Redecker et al. 2000); therefore, it
is possible that AM fungi have evolved to sense and
respond to ABA signaling. The response of sporulation
to ABA might be vertically inherited so that germinat-
ing spores can respond to exogenously applied ABA, as
in this study. However, we have little knowledge on
how ABA regulates AM fungal sporulation in symbiot-
ic, asymbiotic, or pre-symbiotic status thus far. We
searched the published AM fungal genome (Tisserant
et al. 2013) for the information on ABA receptors, but
no relevant information was available. On the other
hand, ABA overproduction mutants could be employed
to test the results obtained in this study, but no such
mutant has been reported. Presently, only some ABA-
deficient mutants are available (Groot and Karssen
1992; Nitsch et al. 2012).

In this study, we prevented the establishment of symbiosis
with two types of barriers (aluminum plate vs. membrane).
Although root exudates could pass membranes, they did not
affect pre-symbiotic sporulation. We propose two explana-
tions: (1) root exudates really were not capable of affecting
pre-symbiotic sporulation, although they can affect other pre-
symbiotic bioprocesses such as spore germination and hyphal
branching (Gemma and Koske 1988; Suriyapperuma and
Koske 1995; Akiyama et al. 2005) or (2) root exudates did
not reach spores due to restricted diffusion in agar. In contrast,
root volatiles could reach spores regardless of barrier type.
The comparison between experiment 2 and experiment 3 sug-
gested that hairy root volatiles promoted pre-symbiotic

sporulation. The spore density in experiment 3 doubled that
in experiment 2 and higher spore density may inhibit spore
germination in fungi (Louis et al. 1988; Page et al. 2017). It
might also be inhibitory to subsequent hyphal growth and
sporulation. This suggests that root volatiles might be partic-
ularly potent in promoting pre-symbiotic sporulation of AM
fungi. Although many studies have investigated the effects of
root exudates on pre-symbiotic behavior (Gemma and Koske
1988; Suriyapperuma and Koske 1995; Akiyama et al. 2005;
Besserer et al. 2008), fewer studies have focused on root vol-
atiles. According to early studies (Bécard et al. 1992; Ishii
et al. 1996), CO2 and ethylene, both of which can be derived
from roots, greatly increased germ tube growth in pre-
symbiotic status of AM fungi. Our study demonstrates for
the first time that the root volatiles from tomato hairy roots
were potent in promoting the pre-symbiotic sporulation of
R. irregularis DAOM 197198. However, we did not identify
the root volatiles and could not tell whether they were CO2 or
ethylene. Much work is required to provide insights into this
phenomenon, e.g., identification of the functional volatile
components and their effects on other AM fungal processes.
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