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ABSTRACT
Red/Far Red (R/FR) sensing positively influences the arbuscular mycorrhizal (AM) symbiosis of both legume
and nonlegume plants through jasmonic acid (JA) and strigolactone signaling. We previously reported that
root exudates obtained from high R/FR-grown plants contained more strigolactone than low R/FR-grown
plants. To determine whether JA and JA derivatives were secreted from roots, we investigated the
expression levels of JA-responsive genes in L. japonicus Miyakojima MG20 plants treated with root
exudates prepared from either high or low R/FR light-treated plants. The root exudates from high R/FR
light-treated plants were found to enhance the expression levels of JA-responsive genes significantly.
Moreover, exogenous JA increased AM fungal hyphal elongation as did the root exudates derived from
high R/FR-grown L. japonicus plants. We conclude that increased JA accumulation and secretion into root
exudates from high R/FR light-grown plants is the best explanation for increased colonization and
enhanced mycorrhization under these conditions.
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Arbuscular Mycorrhizal (AM) fungi establish a phosphate-
acquiring symbiosis with the majority of higher plants, and
thus this symbiosis represents the most widespread associa-
tion between plant roots and fungi in natural and agricul-
tural ecosystems. AM fungi populate root cortical cells and
obtain carbon provided by the plant while transferring min-
eral nutrients from the soil to the roots. AM fungi persist in
soil as spores, and upon germinating, the hyphal germ tube
grows through the soil in search of a host plant root. Once
the AM fungal hyphae contact the root epidermal cells, they
enter the apoplast of the host plant root. These intraradical
hyphae extend into the intercellular spaces of root cortical
cells adjacent to the stele, and the symbiotic structures,
arbuscules, are formed by hyphae being enveloped by the
host membrane of the cortical cells. Extraradical hyphae
remain outside the root to explore the soil environment to
capture and transfer nutrients. The complex network of AM
fungal hyphae, both extra- and intraradical, facilitates the
uptake of water and phosphate from soil, in return for car-
bon from the host plant.1-3

It is well known that plants monitor both light quality and
quantity for survival. Plants have photoreceptors that sense the
presence of their neighbors by monitoring the R/FR ratio. A
low R/FR ratio indicates the presence of neighbors that may
compete for photosynthetically active radiation (PAR). Low R/
FR perception initiates the shade avoidance syndrome (SAS),
whereby crowding causes plants to grow taller or bend toward
the light to avoid shade.4-7 These low R/FR light conditions,

however, are suboptimal for establishing both root nodule and
AM symbioses. For the root-nodule symbiosis, we previously
showed that JA-responsive gene expression was decreased in
low R/FR light-treated L. japonicus plants and was correlated
with reduced jasmonoyL-isoleucine (JA-Ile) content in phyB
mutants.8 We determined in AM-inoculated Solanum lycopersi-
cum that the expression of SlAOS (allene oxide synthase) and
SlLOX (lipoxygenase), which are involved in JA biosynthesis,
increased in high R/FR light-grown plant roots compared to
low R/FR light-grown plant roots.9 An additional finding was
that the root exudates derived from high R/FR light-treated
plants contained more strigolactone, an AM-fungal hyphal
branching inducer, than did the low R/FR light-grown plants.9

Because previous studies reported that wheat seedling root
exudates contain JA,10 we predicted that root exudates from L.
japonicus also contain JA. Moreover, because JA affects AM
fungal colonization,14 we further predicted that light would
influence the amount of JA secreted into the rhizosphere. Ear-
lier, we tried to measure the amounts of JA and JA derivatives
directly from root exudates prepared from either high or low
R/FR light-treated uninoculated plants.9 However, even though
exudates from 50 plants were analyzed by LC/MS, we could not
definitely find any JA-related compounds, most likely due to
their very low concentrations and the presence of impurities.
Therefore, to evaluate JA and JA derivative content, we took an
indirect approach and studied the expression levels of JA-
responsive genes in WT MG20 plants treated with root exu-
dates prepared from either high or low R/FR light-treated
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plants. First, L. japonicus Miyakojima MG20 plants were culti-
vated in 1/2 strength Hoagland’s liquid medium for 3 weeks
under low or high R/FR light regimes. The liquid media from
the different treatments were concentrated 50-fold and filtrated
through a 0.45 mm nylon filter membrane, after which the fil-
trate was used as a root exudate preparation. When root exu-
dates from high R/FR and low R/FR light-grown plants were
added to WT MG20 roots, the expression levels of LjJAR1 and
LjPDF1.2, 2 well known JA-responsive genes, were significantly
enhanced above the levels compared to plants treated with the
low R/FR light-grown exudates (Fig. 1A, B).8 The LjPDF1.2 gene
encodes a plant defensin that is implicated in JA-dependent
defense responses.11 These data strongly suggest that JA levels
are elevated in response to root exudates of high R/FR light-
grown plants, and not in response to exudates from low R/FR
light-grown plants.

Next, we examined the effect of low and high R/FR light-
grown plant-derived exudates on hyphal elongation to test
whether the exudates might have an effect on AM fungi (Rhizo-
phagus irregularis, Premier Tech Biotechnologies) in the rhizo-
sphere. As shown in Fig. 2, no significant difference in hyphal
length was observed between mock- and low R/FR-grown
plant-derived root exudates. However, the root exudates pre-
pared from the high R/FR light-grown plants significantly
increased hyphal length compared to root exudates derived
from low R/FR light-grown plants, strongly suggesting that
high R/FR light-grown plant root exudates contain more com-
pound(s) that stimulate(s) hyphal elongation.

We also studied the direct effect of JA on AM-fungal
hyphal elongation under aseptic conditions, i.e. on M
medium.12 As shown in Fig. 3, hyphal length significantly
increased when 0.5 mM JA was added and at all the tested
incubation times. Taken together, the combination of results
strongly supports the possibility that JA in root exudates
derived from high R/FR light-grown plants induced hyphal
elongataion. In our previous study,9 we showed that root
exudates obtained from high R/FR-grown plants contained
more strigolactone than exudates from low R/FR-grown

plants. However, crude root exudates contain many com-
pounds including amino acids, organic acids, sugars, phe-
nolics, and other secondary metabolites.13 Thus, we cannot
dismiss the possibility that compound(s) other than or in
combination with JA stimulate hyphal elongation. This
hypothesis needs further testing.

Based on the data, we conclude that JA accumulates in
high R/FR light-grown plants and is most likely secreted from
roots into the rhizosphere at higher levels compared to plants
growing under low R/FR light conditions. These root exudates
promote hyphal elongation of AM fungi in the rhizosphere.
Under low R/FR light conditions, the levels of accumulated
and secreted JA are reduced compared to those found in high
R/FR light-grown plants. As a result, AM-colonization is
reduced because exudates from low R/FR light-grown plants

Figure 1. Expression of L. japonicus JA-responsive genes after treatment with root exudates. Relative expression of (A) LjJAR1 (n D 9) and (B) LjPDF1.2 (n D 9) 48 hours
after treatment with root exudates derived from either high or low R/FR light-grown plants. Transcript amounts were normalized against ATP synthase transcripts. The
mean value of expression in plants grown with root exudates prepared from low R/FR light-treated plants was set as one. The data represent averages § SE of 3 indepen-
dent experiments. Error bars represent SE and a statistically significant difference is indicated by asterisks (p< 0.05 by Student’s t-test).

Figure 2. Effect of root exudates derived from plants grown in low and high R/FR
light on hyphal elongation. The increase in hyphal length was measured 2 weeks
after treatment on M medium containing root exudate from either low (nD 50) or
high R/FR (n D 50) light-grown plants. The mock (n D 50) treatment consists of
50-fold concentrated 1/2 strength Hoagland’s liquid medium. The data represent
averages § SE of independent experiments. Error bars represent SE. Means
denoted by the same letter do not differ significantly at P< 0.01 (Tukey multiple
comparison test).

e1187356-2 M. NAGATA ET AL.

D
ow

nl
oa

de
d 

by
 [U

ni
ve

rs
ity

 o
f C

al
ifo

rn
ia

, L
os

 A
ng

el
es

 (U
CL

A
)] 

at
 1

4:
57

 0
3 

A
ug

us
t 2

01
6 



do not promote fungal hyphal growth. Previous studies sup-
port this conclusion. JA-defective mutants exhibited reduced
mycorrhizal colonization14 and furthermore, suppression of
JA biosynthetic gene expression in Medicago truncatula roots
resulted in reduced JA levels, which negatively affected both
mycorrhizal colonization and arbuscule formation.15 JA also
functions as a positive regulator of hyphal elongation (Fig. 3).
Therefore, a reduction in JA synthesis and secretion by low
R/FR light-grown plants is the most parsimonious explanation
for the poor colonization by fungal hyphae and the resulting
reduction in mycorrhization.
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