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In many legumes, roots that are exposed to light do not form
nodules. Here, we report that blue light inhibits nodulation in
Lotus japonicus roots inoculated with Mesorhizobium loti. Using
RNA interference, we suppressed the expression of the photo-
tropin and cryptochrome genes in L. japonicus hairy roots. Under
blue light, plants transformed with an empty vector did not
develop nodules, whereas plants exhibiting suppressed ex-
pression of cry1 and cry2 genes formed nodules. We also mea-
sured rhizobial growth to investigate whether the inhibition of
nodulation could be caused by a reduced population of rhizobia
in response to light. Although red light had no effect on rhizobial
growth, blue light had a strong inhibitory effect. Rhizobial growth
under blue light was partially restored in signature-tagged mu-
tagenesis (STM) strains in which LOV-HK/PAS- and photolyase-
related genes were disrupted. Moreover, when Ljcry1A and
Ljcry2B-silenced plants were inoculated with the STM strains,
nodulation was additively increased. Our data show that blue
light receptors in both the host plant and the symbiont have a
profound effect on nodule development. The exact mechanism by
which these photomorphogenetic responses function in the sym-
biosis needs further study, but they are clearly involved in opti-
mizing legume nodulation.

Plants rely on environmental cues for survival. Light is one
such cue and plants perceive its quality, intensity, and direc-
tion. Phototropins (PHOT) and cryptochromes (CRY) are well-
known blue light and UV-A photoreceptors and phytochromes
(PHY) are red and far-red light receptors (Christie et al. 1999
2015; Gressel 1979; Mockler et al. 2003). PHOT, which bind
the blue light–absorbing chromophore FMN, harbor two FMN-
binding domains, LOV1 and LOV2 (light, oxygen, voltage1,

and voltage2) at the N-terminus, and a serine/threonine kinase
domain at the C-terminus (Briggs et al. 2001; Christie et al.
1998; Huala et al. 1997). LOV domains belong to the Per-
ARNT-Sim (PAS) family (Christie et al. 1999). PHOT control
phototropism in seedlings, induce stomatal opening, and reg-
ulate chloroplast movement (Han et al. 2013; Zhao et al. 2013).
CRY have two recognizable domains, a DNA photolyase-like
domain at the N-terminus and C-terminal DQXVP acidic-STAES
domains that are distinguished mainly by their C-terminal exten-
sions (Ahmad and Cashmore 1993; Li et al. 2013; Sakai and Haga
2012). CRY participate in the circadian clock, anthocyanin bio-
synthesis, anthogenesis, and plant growth (Li et al. 2013; Sharma
et al. 2014). It is well-known that light, which is perceived by
photoreceptors, affects plant phenotypes by influencing phyto-
hormones. For example, blue light perceived by PHOT induces
phototropism via auxin translocation (Haga et al. 2005; Kanegae
et al. 2000), whereas light-induced germination by PHYand CRY
perception of light is induced by gibberellic acid (Oh et al. 2009).
Leguminous plants and rhizobia establish a symbiosis in

which root nodules develop on a host root. Within the nodules,
rhizobia fix atmospheric nitrogen into ammonia, which even-
tually results in the synthesis of amino acids that are utilized by
the host. In return, the plants provide photosynthetic products to
the rhizobia as an energy source that drives the nitrogen-
fixation process (Bethlenfalvay and Phillips 1977; Sasaki et al.
2014; Zuanazzi et al. 1998). Light perceived by the above-
ground parts of the plant is essential for the establishment of
this symbiosis. Previously, we reported that not only light quan-
tity but, also, light quality affects nodulation and, moreover, that
this photomorphogenetic event is controlled by phytochrome
through jasmonic acid signaling in Lotus japonicus (Suzuki et al.
2011). Recently, Weller et al. (2015) reported that ethylene sig-
naling influences phytochrome regulation in pea, and ethylene-
insensitive mutants are known to have increased nodule numbers
(Penmetsa and Cook 1997; Sun et al. 2006). Light triggers the
suppression of nodulation in many legume roots. For example,
previous studies reported that nodulation in Pisum sativum was
decreased by root exposure to daylight (Rudin 1956) and that
nodulation of isolated roots of Phaseolus vulgaris was sup-
pressed by white light (Grobbelaar et al. 1971).
Like higher plants, many bacteria synthesize photoreceptors

such as phytochrome (Auldridge and Forest 2011), and the anal-
ysis of numerous bacterial genomes has shown that photoreceptor
proteins are present in many prokaryotes (Purcell and Crosson
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2008; van der Horst et al. 2007). For example, Giraud et al. (2002)
reported that the Bradyrhizobium sp. strain ORS 278 genome has
genes encoding phytochromes and Thompson and Sancar (2002)
noted that Mesorhizobium loti synthesizes a photolyase that par-
ticipates in blue light perception. Ogura et al. (2008a and b) de-
scribed PAS/LOV proteins in Arabidopsis that have a PAS domain
at the N terminus and a LOVdomain at the C terminus, and Bonomi
et al. (2012) found a LOV-HK/PAS protein (LPP) in Rhizobium
leguminosarum bv. viceae 3841.
In this study, we investigated the effects of light on the roots

of Lotus japonicus Miyakojima MG20 and on the rhizobial
strain (M. lotiMAFF303099) to clarify the mechanisms of light
perception required for nodulation in this symbiosis.

RESULTS

Nodulation is inhibited by light.
To study the effect of root exposure to light on nodulation in

L. japonicus Miyakojima MG20, we employed three different
strategies (Supplementary Fig. S1). Ten-day-old plants growing

on agar plates were inoculated with M. loti MAFF303099 and
the roots of some plants were shaded. Under unshaded condi-
tions, both the shoot and root were exposed to continuous white
light whereas, when the root was shaded, only the shoot was
exposed. Under these conditions, shaded roots received ap-
proximately 10 µmol m

_2 s
_1 of light. Although root lengths

were not significantly different between unshaded and shaded
plants 21 days after inoculation (dai), the shoots from the un-
shaded plants were significantly shorter than those of the
shaded plants (Fig. 1A and B). Also, unshaded roots had sig-
nificantly fewer root nodules per plant than shaded roots (Fig.
1C), confirming earlier investigations that showed that nodu-
lation is inhibited by white light. However, uninoculated plants
did not differ in shoot length whether they were shaded or not
(Supplementary Fig. S2), suggesting that the difference in shoot
length of the inoculated plants grown under unshaded condi-
tions is related to the presence of rhizobia.
In a split-root system in which the two root systems were

inoculated with M. loti but one side of the root system was
either totally shaded or both shaded and unshaded, we found

Fig. 1. Effect of white light on growth and nodulation in Lotus japonicusMiyakojimaMG20 inoculated withMesorhizobium lotiMAFF303099. A to C, Plants
were grown under continuous light (50 µmol m

_2 s
_1 from above) for 21 days with or without having their roots shaded. Shoot lengths (A), root lengths (B), and

nodule numbers (C) per plant were measured. Values are means ± standard error (SE) (39 plants per treatment). The asterisk (*) indicates statistically
significant at P < 0.05 (Student’s t test). The experiment was carried out three times with similar results. D to E, Split-root plants were grown under continuous
light (50 µmol m

_2 s
_1) for 21 days. Root lengths (D) and nodule numbers (E) were analyzed. Values are means ± SE (18 plants per treatment). S/S indicates

plants in which both root systems of the split root were shaded, whereas S/U refers to plants in which one side of the separated root system was shaded and the
other was unshaded. Means denoted by the same letter do not differ significantly at P < 0.05 (Tukey’s multiple comparison test). The experiment was carried
out three times with similar results. F,Nodulation in three distinct root zones. MG20 was grown under 16 h of light (150 µmol m

_2 s
_1) and 8 h of dark from the

side for 14 days. Roots were shaded in five different patterns: U, exposed to light (unshaded); S, dark (shaded with black plastic). Values are means ± SE (24
plants per treatment). Means denoted by the same letter do not differ significantly at P < 0.05 (Tukey’s multiple comparison test). N.D. = not detected. The
experiment was carried out four times.
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that, although root lengths were not significantly different
between the two different shaded (S/S) and shaded/unshaded
(S/U) root systems (Fig. 1D), the overall number of nodules per
root system was significantly reduced in the roots grown under
completely unshaded conditions compared with those in shaded
conditions (Fig. 1E). We used the data from Figure 1E and, as
shown in Supplementary Figure S3A, prepared a graph com-
bining the total number of nodules per split-root systems (S/S
compared with the total number in the S/U treatment). We next
analyzed the expression of nin, a nodulation gene marker, and
found that its expression was significantly reduced on the un-
shaded root whereas nin was highly expressed in the shaded
root in S/U plants, which were better nodulated. The reduction
in nin expression was, thus, directly correlated with the reduced
nodule number.
Finally, we investigated the effects of light on nodulation in a

single root. The root of an inoculated plant growing in agar in a
test tube was divided into three zones (proximal [top], middle,
and distal [bottom]). Each zone was either exposed to light
from the side (U, unshaded) or kept in the dark (S, shaded) by
masking the test tube with black tape. First, we found that
nodules developed only in fully shaded roots (SSS) and not in
fully illuminated roots (UUU) (Fig. 1F), supporting the results
shown in Figure 1C and E. The number of root nodules formed
in the shaded zone was significantly higher than that in the
unshaded zone of the USU roots. In SUU and UUS plants,
nodulation was slightly but not significantly higher in the
shaded zones than in the unshaded zones. In the roots with the
midzone shaded (SSS or USU), nodulation was always higher
than in the other SU treatments. Because the midzone of roots
represents the most susceptible region for rhizobial infection
and nodulation, this may explain the higher nodule number in

this zone compared with other regions under shaded conditions.
These data are in agreement with previous results showing that
wild-type (WT)Medicago truncatula and L. japonicus develop
root nodules in the susceptible zone (Nishimura et al. 2002a and
b; Penmetsa and Cook 1997).

Blue light inhibits nodulation.
To determine which wavelength of light is critical for the

inhibition of nodulation, we irradiated roots with blue or red
light (90 µmol m

_2 s
_1) supplied from above for 21 days and

analyzed nodulation thereafter. Although the light intensity in
the soil at a depth of 10 cm would most likely be around
0.1 µmol m

_2 s
_1 under our treatment conditions, the unshaded

and shaded roots were exposed to approximately 60 µmol m
_2 s

_1

and approximately 10 µmol m
_2 s

_1 of light, respectively.
Under red light, no significant differences in shoot and root

length or in the number of root nodules between unshaded and
shaded plants were observed (Fig. 2A to C). Under blue light,
however, both shoot length and nodule number were signifi-
cantly reduced in the unshaded plants and a slight decrease in
root length was also observed (Fig. 2A to C). As for white light,
we measured the shoot length of inoculated and uninoculated
Lotus plants grown under blue light conditions to investigate
whether the difference in shoot length under blue light with or
without root shading was influenced by nodulation. As Sup-
plementary Figure S4 illustrates, although no significant dif-
ference in shoot length between shaded and unshaded plants
was seen for the uninoculated plants, the shoot lengths of
shaded plants with inoculated roots were significantly in-
creased, just as they were in white light. Thus, there is a strong
correlation between shoot length and inoculation with rhizobia
in both blue and white light. To investigate further whether the

Fig. 2. Effects of blue and red light on nodulation. A to C, Inoculated MG20 was grown under blue or red light from above (90 µmol m
_2 s

_1; 16 h of light and
8 h of dark) for 21 days. Shoot lengths (A), root lengths (B), and the nodule numbers (C) per plant were measured. Values are means ± standard error (SE)
(85 plants per treatment). Means denoted by the same letter do not differ significantly at P < 0.05 (Tukey’s multiple comparison test). D, MG20 plants were
irradiated with blue or red light (90 µmol m

_2 s
_1) for 21 days with the root shaded, and the photosynthesis rate was immediately measured. Five plants were

combined into a single measurement. Values are means ± SE (three replicates). No statistical significance was observed (Mann-Whitney U test). All
experiments were carried out three times.
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reduction in nodulation (Fig. 2C) in the illuminated roots was
caused by lower photosynthetic activity under blue light, we
measured the activity under both red and blue light and found
that blue light did not lead to a reduced photosynthetic rate (Fig.
2D). This result strongly suggests that, in L. japonicus roots,
nodulation is inhibited in response to blue light perception and
not by reduced photosynthetic activity.

Blue light inhibits rhizobial infection
as well as nodule number.
To analyze which step of the nodulation pathway is inhibited

by blue light, both infection thread presence and nodule size
class were measured. As shown in Figure 2C, not only did the
number of nodules differ between the shaded and unshaded
blue light–grown plants, but the number of infection threads per
plant, as measured by DsRed fluorescence, was also reduced
(Fig. 3A). The nodule size classes also differed between the
two treatments. A lower proportion, i.e., 61 vs. 48% of the total
number (193 shaded, 89 unshaded), were large (>1.0 mm) nodules
and a greater number (29% vs. 43%) were small (0.5 to 1.0 mm)
nodules in the unshaded plants compared with the shaded ones
(Fig. 3B). Also, the fresh weight per nodule of the unshaded
roots was significantly reduced compared with that of the shaded
roots, reflecting nodule size (Fig. 3C). The same trend was ob-
served in acetylene reduction activity (ARA) (Supplementary
Fig. S5). Thus, in response to blue light, fewer infection threads
were formed on the illuminated roots, causing a major decrease
in nodule number and size. The ARA assay showed that the
nodules that developed in unshaded roots were functional and
that light did not directly affect nitrogen fixation but had an
indirect effect by decreasing nodule number and weight.

Reduced cryptochrome expression relieves inhibition
of nodulation under blue light.
The inhibition of nodulation by blue light suggested that

the blue light photoreceptors—phototropins or cryptochromes—
were involved. Using RNA interference (RNAi), we silenced the
phototropin (phot1A, phot1B, and phot2) and cryptochrome
(cry1A, cry1B, cry2A, cry2B, and cry3) genes in Agrobacterium
rhizogenes–induced hairy roots of L. japonicus. First, the in-
hibition of target gene expression in induced hairy roots was
confirmed by real-time reverse transcription-polymerase chain
reaction (RT-PCR). In the RNAi plants, the expression of not
only the target genes but, also, of closely related genes was
suppressed (Fig. 4A to D; Supplementary Fig. S6A to C). For
example, in roots carrying small interfering RNA (siRNA) for
Ljphot1A, Ljphot1B, or Ljphot2, the levels of all Ljphot tran-
scripts were lower than those in roots carrying the empty vector
(EV). In Ljcry1A-, Ljcry1B-, Ljcry2A-, and Ljcry2B-targeted
roots, the transcript levels of several Ljcry genes were lower than
those in the EV control roots (Fig. 4A to D). Notably, in Ljcry1A
and Ljcry2B-silenced roots, all the other Ljcry transcripts (ex-
cluding Ljcry3) were reduced (Fig. 4A and D). In contrast, in
Ljcry3-targeted roots, the expression of the other Ljcry genes was
not affected nor was Ljcry3 expression decreased in any of the
silenced roots (Fig. 4A to D). In Ljcry2B-RNAi plants, the exon
sequence was similar to the sequences in Ljcry1A, Ljcry1B and
Ljcry2A at, respectively, about 92, 92, and 90% (53, 53, and
152 bp), suggesting a possible cross-silencing effect. However,
Xu et al. (2006) stated that at least 22-nt identity might be re-
quired for off-target silencing to occur. Because the 39 un-
translated region (UTR) was used for targeting the other Cry
genes and because the similarity among them is low (not suf-
ficiently high for siRNA) (Supplementary Fig. S7), the target
sequence of these genes is likely to be gene specific. However,
whether cross-silencing actually occurs is unknown (Supple-
mentary Figs. S8 and S9).

When plants with hairy roots carrying an EV control were
illuminated with blue light, root nodules formed on the shaded
plants. Although nodulation was decreased more in the shaded
hairy roots than in the blue light–illuminated control roots (Fig.
2C), root nodulation was drastically suppressed on the un-
shaded hairy roots illuminated with blue light, as shown in
Supplementary Figure S10. This result suggests that root
nodulation is strongly inhibited by blue light in hairy roots. In
contrast, root nodule numbers were significantly higher in
cry1A- and cry2B-targeted and unshaded roots and was cor-
related with a reduced expression of several Ljcry genes
(except Ljcry3). No root nodules were observed in phot1B and

Fig. 3. Effect of light irradiation on the size of nodules formed and infection
thread formation. A, Inoculated MG20 plants were grown under blue light
from above (90 µmol m

_2 s
_1; 16 h of light and 8 h of dark) for 14 days, and

infection threads were analyzed. Values are means ± standard error (SE)
(nine plants per treatment). An asterisk (*) indicates statistically significant
at P < 0.05 (Mann-Whitney U test). B, The nodule size class and C, fresh
weight per nodule of MG20 plants grown under blue light from above (90
µmol m

_2 s
_1; 16 h of light and 8 h of dark) for 21 days were analyzed. The

measured nodules numbered 193 (shaded roots) and 89 (unshaded roots)
(B) and 67 (shaded roots) and 28 (unshaded roots) (C). Asterisks (**)
indicate statistically significant at P < 0.01 (Student’s t test). All experi-
ments were carried out three times.
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phot2-silenced plants and reduced nodule numbers were mea-
sured in the phot1A RNAi plants, which is similar to the results
for cry1B and cry2A plants (Table 1).
In addition, we investigated the expression of nin, the nodule-

specific gene, in EV and RNAi plants 21 days after M. loti
inoculation. In EV and phot RNAi plants, no differences in nin
transcript levels were observed, but in cry1A and cry2B RNAi
plants, a trend toward higher nin expression was observed (Fig.
4E). These results support a role for cryptochromes in blue
light–induced inhibition of root nodulation.

Rhizobial growth is inhibited by blue light.
To investigate whether light affects rhizobial growth, we

exposed liquid cultures to blue or red light. Growth, measured
by absorbance at 610 nm (A610) of M. loti MAFF303099 under
red light of either low or high intensity, was similar to that of
the dark (Fig. 5A). On the other hand, low-intensity blue light
significantly reduced M. loti growth and high-intensity blue
light decreased it even more, as measured by absorbance,
compared with the dark control (Fig. 5B). These results in-
dicated that rhizobial growth is inhibited by blue light and that

Fig. 4. Expression levels of target genes in RNA interference (RNAi) plants. A to D, Transcript levels of cryptochrome genes in empty vector (EV) and cry-
RNAi plants. E, Relative nin gene expression (normalized to that of ATP synthase as an internal control) in Mesorhizobium loti–inoculated EVand cry-RNAi
plants. Values are means ± standard error (SE) (nine plants per treatment). The significance of differences between EV and each cry-RNAi plant was
determined by the Mann-Whitney U test; asterisks (*) indicate P < 0.05.

Table 1. Nodulation in RNA interference (RNAi) plants under blue light (unshaded roots)

Average per plant

Target gene No. of plants tested No. of nodulated plants No. of nodules Percentage Significant difference (vs. empty vector)z

EV 74 0 0 0% -
phot1A 24 1 0.08 4% n.s.
phot1B 17 0 0 0% n.s.
phot2 20 0 0 0% n.s.
cry1A 33 7 0.45 21% *
cry1B 29 2 0.14 7% n.s.
cry2A 23 3 0.35 13% n.s.
cry2B 23 5 0.19 22% *

z Statistical significance is indicated by asterisks (P < 0.05 by Student t test). n.s. indicates nonsignificant.
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the lack of rhizobial proliferation may be an explanation for the
reduction in nodule number.
To investigate whether blue light has a direct effect on rhi-

zobial growth, we transferred rhizobia that had been growing
for 72 h in blue light to dark conditions and monitored their
growth over the following 96 h. After a lag period, rhizobial
growth resumed in the dark at a rate similar to that of a culture
maintained in the dark for the entire experiment (Fig. 5C).
However, when the rhizobia were exposed to blue light for the
entire time period, growth was negligible, whereas when cells
grown in blue light were transferred to the dark at 72 h, their
A610 values increased by 120 h after transer and the cells were
growing at the same rate as the dark controls. These results
strongly support the conclusion that rhizobial growth is in-
hibited specifically by blue light.
We then investigated the growth of two signature-tagged

mutagenesis (STM) strains inM. loti (Shimoda et al. 2008) with
disrupted genes homologous to LOV-HK/PAS protein (mllpp1)

and photolyase (mlphl). In the dark, the STM cell densities
were similar to that of WT M. loti (Fig. 5D). However, high
intensity blue light prevented the growth of WT M. loti, but
after 72 h, the growth of the STM strains was partially restored.
The A610 values of the WT and STM strains were significantly
different at 144 h (Fig. 5E).
We also measured growth parameters in plants inoculated

with the STM strains and exposed to blue light. For the
shaded roots, no significant difference between the WT
M. loti and STM strains was observed in shoot length (Fig.
5F), root length (Fig. 5G), or nodule number (Fig. 5H). For
the unshaded plants, the nodule number of plants inoculated
with WT M. loti was 40% of that of the shaded roots. For
plants inoculated with the STM strains, the nodule count in
unshaded roots was >65% of the number for the shaded roots
(Fig. 5H). Taken together, these results suggest that both
sets of rhizobial blue light receptors are required to inhibit
nodulation.

Fig. 5. Proliferation ofMesorhizobium lotiMAFF303099 and signature-tagged mutagenesis (STM) strains and nodulation of Lotus japonicus. A,Wild-typeM.
loti (MAFF303099) was cultured under red or B, blue light at a high (90 µmol m

_2 s
_1) or low intensity (25 µmol m

_2 s
_1). Values are means ± standard error

(SE) (12 samples [A] and 10 samples [B]). Means denoted by the same letter do not differ significantly at P < 0.05 (Tukey-Kramer multiple comparison test).
The experiment was carried out four times with similar results. C, Wild-type M. loti was cultured in the dark or under blue light (90 µmol m

_2 s
_1) for 72 h

(arrow). Dark-grownM. loti was kept in the dark until 168 h (Dark-Dark); blue light–grownM. loti cells either remained under the same conditions until 168 h
(Blue-Blue) or were moved to the dark (Blue-Dark). Values are means ± SE (four samples per treatment). Means denoted by the same letter do not differ
significantly at P < 0.05 (Tukey’s multiple comparison test). The experiment was carried out two times with similar results.D,Growth of STM strains and wild-
type (WT) M. loti in the dark or E, under high-density blue light was analyzed. Values are means ± SE (two samples per treatment). Asterisks (*) indicate
statistically significant at P < 0.05 (Mann-Whitney U test) in comparison with WT M. loti. The experiment was carried out two times with similar results. F,
Shoot length,G, root length, andH, the nodule number per plant of MG20 plants inoculated withWTM. loti or the STM strains, shaded or unshaded and grown
under blue light from above (90 µmol m

_2 s
_1; 16 h of light and 8 h of dark). Values are means ± SE (45 plants per treatment). Means denoted by the same letter

do not differ significantly at P < 0.05 (Tukey’s multiple comparison test). The experiment was carried out three times with similar results.
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Nodulation is increased additively
in RNAi plants inoculated with STM strains.
Because blue light perception by both the root and rhizobia

leads to an inhibition of nodulation, we inoculated RNAi plants
with the STM mutants under the same growth conditions used
in Table 1 and assessed nodulation status 21 dai. As shown in
Table 2, root nodules were formed in cry-RNAi plants with
M. loti or in EV plants inoculated with STM strains, supporting
the results shown in Table 1 and Figure 5H. The nodulation of
RNAi-targeted Ljcry1A and Ljcry2B plants when inoculated by
mllpp1 or mlphl was increased compared with EV plants in-
oculated with mllpp1 or mlphl. In RNAi-targeted Ljcry1A and
Ljcry2B plants inoculated with the mllpp1 strain or the mlphl
strain, nodulation was enhanced compared with EV plants in-
oculated with a WT M. loti strain (Table 2). The increase in
nodule number was additive, indicating that the inhibition of
nodulation by light is caused by blue light perception by both
the host plant roots and rhizobia.

DISCUSSION

Previous studies showed that nodulation in Trifolium sub-
terraneum L. Woogenellup is either inhibited or not inhibited in
the light, depending on the rhizobial strain (Gibson 1968). On
the other hand, in Pisum sativum (Rudin 1956) and P. vulgaris
(Grobbelaar et al. 1971), root nodule numbers were decreased
when roots were exposed to light. Our data support both of
these seemingly disparate conclusions because, in L. japonicus,
inhibition of nodulation by light is caused by blue light per-
ception by both the host plant roots and rhizobia. Bonomi et al.
(2012) reported that a short time exposure of rhizobia to white
light prior to inoculation enhanced nodulation in Pisum sat-
ivum. In our study, a light treatment was given after inoculating
with rhizobia, which may explain the differences in results.
Using a split-root system, we found that the number of

nodules formed on unshaded root systems was significantly
lower compared with shaded root systems and even on a single
root, which showed that nodule inhibition was not systemic
(Fig. 1E and F).
Recently, Chen et al. (2014) reported that the shoot lengths of

Oryza sativa seedlings were inhibited by blue light and, in
Lactuca sativa, shoot biomass was also decreased under blue
light (Fujiuchi and Fujiwara 2012). Furthermore, shoot and
hypocotyl lengths of lettuce, radish, and pepper decreased in
response to increasing the quantity of both blue light and red
light (Cope et al. 2014). Although the number of nodules did
not differ between the red and blue treatments, the shoot lengths
of blue light–treated plants in shaded L. japonicus roots were
significantly decreased compared with red light–treated plants
(Fig. 2A).
In lettuce, root growth was decreased by blue light irradiation

(Fujiuchi and Fujiwara 2012). In contrast, in rice, root growth

was not different between roots either exposed to blue light or
not (Chen et al. 2014). Our observation of root growth was that
no large difference occurred whether the roots were shaded or
unshaded in L. japonicus (Fig. 2B). Taken together, these re-
sults show that overall shoot growth is inhibited by blue light
irradiation, whereas the effect of blue light irradiation on root
growth depends on the plant species.
Under both white and blue light, a significant difference was

seen in the shoot lengths of inoculated plants that had their roots
shaded compared with uninoculated plants grown under the
same conditions. These data lead us to conclude that the shoot
growth of shaded roots was positively affected by the presence
of root nodules.
We also found that the inhibition of nodulation in white light

(Fig. 1) was caused by its blue component (Fig. 2) and that root
nodule number reduction under blue light was not related to
the lack of a carbon source (Fig. 2D). Similarly, for isolated
P. vulgaris roots, blue light inhibited nodulation more than red
light or white light did (Grobbelaar et al. 1971). Our data are
thus consistent with the absence of a significant effect of red
light on root nodule number in Pisum sativum (Lie 1969) and,
also, show that number of root nodules following blue light
treatment was significantly reduced (Fig. 2C).
Further implicating the key role of blue light, we found that

nodulation was significantly increased in roots depleted of cry1A
and cry2B (Table 1). Because the expression of all the Ljcry1 and
Ljcry2 genes was down-regulated in both cry1A and cry2B RNAi
plants, we conclude that blue light inhibits nodulation via one
or both cryptochromes 1 and 2. On the other hand, reduced
expression of the three phototropin genes in L. japonicus MG20
had no effect on nodulation, indicating that blue light perception
affects nodule development in the roots of this legume through
cryptochromes and not phototropins. We also demonstrated that
M. loti growth is inhibited specifically by blue light and that the
rhizobial blue light receptors LPP1 and photolyase are involved
in its suppression (Fig. 5E). Moreover, the growth of the STM
strains under blue light (Fig. 5E) did not lead to a full recovery of
the levels of the dark-grown strains (Fig. 5D), which means that
both rhizobial photoreceptors are involved.
Finally, when the Ljcry1A and Ljcry2B-targeted RNAi plants

were inoculated with the STM strains, an additive increase in
nodule number was observed (Table 2). These results thus
demonstrate that the inhibition of nodulation by light is caused
by blue light perception by both host plant roots and rhizobia.
With regard to nodulation, the number of infection threads

per plant in L. japonicus is severely reduced in plants grown
under blue light (Fig. 3A). Nodule size classes also differed
between the shaded and unshaded plants. In the latter, a large
population of smaller-sized nodules and only a few large ones
developed on the illuminated roots compared with the shaded
controls (Fig. 3B), suggesting that the inhibition of L. japonicus
MG20 root nodulation under blue light results from one or both

Table 2. Nodulation of RNA interference (RNAi) plants with signature-tagged mutagenesis strains under blue light (unshaded roots)

Inoculated rhizobia Target geney No. of plants tested No. of nodulated plants Percentage Average per plantz

Mesorhizobium loti EV 74 0 0% 0 a
cry1A 63 9 14% 0.27 a
cry2B 61 15 25% 0.48 ab

mllpp1 EV 24 6 25% 0.38 ab
cry1A 34 11 32% 0.68 abc
cry2B 36 21 58% 1.56 bc

mlphl EV 27 4 15% 0.30 a
cry1A 35 11 31% 0.89 abc
cry2B 39 20 51% 1.90 c

y EV = empty vector.
z Average number of nodules per plant. Different letters are significantly different (Tukey-Kramer multiple comparison test, P < 0.05).
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reduced or abnormal infection. Nodule fresh weights are also
lower in the illuminated plants.
At least two hypotheses can be invoked to explain these results.

The first is based on the fact that light perception reduces rhizobial
growth, resulting in insufficient size of the rhizobial population
needed for inducing the earliest stages of nodule formation. This
scenario is consistent with the studies on Rhizobium leguminosa-
rum bv. viciae 3841 in which white light was reported to interfere
with the synthesis of bacterial surface determinants that are needed
for competent infection and nodulation of pea (Bonomi et al.
2012). Inhibition of attachment to root surfaces might also result in
fewer infection events with a concomitant reduction in nodule size
and weight, which we observed.
An alternative or additional mechanism is based on the ob-

servations of Grobbelaar et al. (1971) that light perception affects
nodule development independently of the early stages of attach-
ment, root hair deformation, and infection thread formation,
which would mean that darkness is not required for nodule ini-
tiation but for nodule organogenesis. Our data are also consistent
with this mechanism because we observed a larger size class of
nodules in the 0.5- to 1-mm range and a reduction in the group of
1-mm-sized nodules in the shaded vs. unshaded roots. In addition,
the fresh weight per nodule under shaded conditions was greater
than when the roots were illuminated. However, the fact that
fewer mature nodules were observed on unshaded roots could
solely be due to the abortion or lack of the initial nodulation
attempts under blue light. We are currently examining which of
these two mechanisms is more likely to explain the downstream
effects of blue light in the M. loti–L. japonicus symbiosis.
Higher plants developed avoidance mechanisms to survive

under conditions of biotic or abiotic stress. It is well-recognized
that plants utilize light as the trigger for these responses. For
example, in the case of anthogenesis and light-induced germi-
nation, the plant determines the timing by light perception
through phytochromes and cryptochromes to increase the pos-
sibility of survival of descendants (Blázquez and Weigel 1999;
Devlin and Kay 2000; Shi et al. 2015). In root negative photo-
tropism, plant roots bend opposite to the light direction via
phototropins (Haga et al. 2005; Kanegae et al. 2000). In the shade
avoidance syndrome, plants grow taller or bend toward the light
to avoid shade through the action of phytochromes (Smith and
Whitelam 1997). In shade avoidance in the case of root nodu-
lation and mycorrhization, host plants suppress these interactions
under suboptimal light conditions through the phytochrome
system to avoid expending energy (Nagata et al. 2015; Suzuki
et al. 2011). Therefore, we can consider inhibition of nodulation
by light as one of several avoidance responses plants use to
conserve energy in response to environmental stress. Sun et al.
(2005) reported that the light from the surrounding environment
of herbaceous plants enters the interior of the stem. Then, via an
internal light-conducting system, light of wavelengths between
710 and 940 nm, which includes far-red (FR) light, is conducted
axially and efficiently from leaves and stems toward un-
derground roots, whereas lower wavelengths of light (400 to
710 nm), such as blue, are not. These authors also stated that this
internal light environment might be of crucial importance for the
phytochrome-regulated metabolic activities of plant stems and
roots. Because the phytochrome system is involved in the re-
sponse to FR light conducted to the root, another system, such as
blue light perception, may be utilized for avoidance mechanisms
in response to stress. Clearly, more studies are needed.

MATERIALS AND METHODS

Plant material and genes.
L. japonicus Miyakojima MG20 was the source of the plant

material. The sequences of the genes identified and reported in

this paper have been deposited in the L. japonicus genome database
(Miyakogusa.jp ver. 3.0 database). Phototropin genes were desig-
nated phot1A (Lj3g3v3117660.5), phot1B (Lj0g3v0322849.1), and
phot2 (Lj0g3v0090469.2); cryptochrome genes were desig-
nated cry1A (Lj0g3v0286829.3), cry1B (Lj0g3v0011469.1),
cry2A (Lj6g3v0029980.2), cry2B (Lj5g3v1203330.2), and cry3
(Lj1g3v1965120.1). Identities of nucleotide sequences between the
above sequences and closest matches from Arabidopsis thaliana
were as follows: Ljphot1A (81%) and Ljphot1B (77%) vs. Atphot1
(AF360218); Ljphot2 (82%) vs. Atphot2 (AF053941); Ljcry1A
(78%) and Ljcry1B (81%) vs. Atcry1 (AY124863); Ljcry2A (81%)
and Ljcry2B (79%) vs. Atcry2 (BT008576); and Ljcry3 (89%) vs.
Atcry3 (AY102138) (Supplementary Fig. S11).

Rhizobial strains.
Mesorhizobium loti MAFF303099 (Kaneko et al. 2000;

Keele et al. 1969; Saeki and Kouchi 2000) and four STMM. loti
strains with disrupted photoreceptor-related genes were used
for inoculation. At the beginning of this study, we planned to
identify genes homologous to phototropin and cryptochrome.
For phototropin homologs, an M. loti sequence with an amino
acid sequence similarity of the mll9655 about 49.2% (295 aa in
length to pRL110320; the LOV/PAS proteins of Rhizobium
leguminosarum [Bonomi et al. 2012]) was detected and des-
ignated as MlLPP. For the cryptochrome homologs, the simi-
larity of the mll8094 amino acid sequence to all Ljcry family
members is approximately 40% and to that of blr5310 (Bra-
dyrhizobium japonicum) 50.8% (443 aa in length, annotated as
photolyase). Thus, we designated this gene as Mlphotolyase.
The gene sequences reported in this paper have been deposited
in the Rhizobium genome database RhizoBase. In the STM
strains, transposon insertions, e.g., plasposon plasmid pTnMod-
OGm, which carries a Tn5-based mini-transposon, randomly
distribute throughout the genome (Shimoda et al. 2008). In this
mutagenesis strategy, one STM strain has one mutation. The
STM strains were obtained from the National Bio Resource
Project (NBRP) and, in this study, STM strains mll9655 (clone
ID: 38T01b03, 09T04f12, and 17T03h11) and mll8094 (clone
ID: 06T03e06) were designated mllpp1, mllpp2, mllpp3, and
mlphl, respectively. Although mllpp has three alleles, these
alleles have a similar phenotype (Supplementary Fig. S12).
Therefore, we used mllpp1, in which the mutation had been
inserted near the 59 UTR.

Nodulation tests and size measurement of nodules.
Seeds were germinated on 0.8% (wt/vol) agar for 3 days in

the dark. The seedlings (with roots shaded with black paper
outside of the plate) were grown on 1.5% (wt/vol) agar-
solidified N-free Broughton and Dilworth (B&D) medium
(Broughton and Dilworth 1971) for 7 days under white light.
Roots were then inoculated with M. loti MAFF303099 or
STM strains (1.0 × 107 cells per plant), and the plants were
grown for 21 days under various light conditions in a vertical
orientation. A fluorescent lamp was used for white light
(50 µmol m

_2 s
_1) and light-emitting diodes (LH-80LED-DT

made by Nippon Medical & Chemical Instruments Co., Ltd.,
Osaka, Japan) (50% bandwidth: 20 nm) for blue (448 nm) or
red (660 nm) light (90 µmol m

_2 s
_1). Light was supplied

from above.
The fresh weight of detached nodules was obtained, and the

size classes of the nodules were measured under the dissecting
microscope 21 dai.

ARA assay for nitrogenase activity.
Seeds were germinated on 0.8% (wt/vol) agar for 3 days in

the dark. The seedlings (with roots shaded with black paper
outside of the plate) were grown on 1.5% (wt/vol) agar-solidified

Vol. 29, No. 10, 2016 / 793



N-free B&D medium for 7 days under white light. Roots were
then inoculated withM. loti (1.0 × 107 cells per plant), and the
plants were grown for 21 days under blue light conditions in a
vertical orientation. Five plants were placed in each 34-ml test
tube, which was then covered with a rubber serum cap and was
degassed for 30 s. Acetylene that was diluted five times was
injected into the tube, which was then incubated in a 25!C
chamber. After 1.5 h of incubation, the amount of ethylene
was determined by gas chromatography.

Observation of infection threads.
MG20 seeds were sown on 0.8% (wt/vol) agar medium and

were incubated at 24!C in the dark. After 3 days, germinated
seedlings were transplanted onto 1.5% agar-solidified B&D
medium without nitrogen and were incubated under white light.
The root areas of the square plates were shaded using black
paper. After 7 days, the plants were inoculated with DsRed
(Maekawa et al. 2009) labeled M. loti and moved to blue light
conditions with or without the roots being shaded. Infection
threads were observed 14 days later under a fluorescent mi-
croscope (SZX9 Olympus) and were counted.

Split-root system.
A split-root system was prepared, using adventitious roots.

Seeds were germinated on 0.8% (wt/vol) agar for 1 day in the
dark, followed by 1 day in 16 h of white light and 8 h of dark.
The seedling roots were removed, leaving a root fragment ap-
proximately 1 mm long, and the seedlings were then grown
on 1.0% (wt/vol) agar-solidified N-free B&D medium with
naphthalene acetic acid (0.5 µg / ml) for 3 days. They were later
transplanted to 1.0% (wt/vol) agar-solidified N-free B&D me-
dium containing aminoethoxyvinylglycine (1 µM) and were
grown for 14 days with the extending roots shaded by black
paper attached outside of the plate. Following removal of the
paper and separation of the root system into two parts, the
plants were inoculated withM. loti and were grown for 21 days
under the same light and dark cycle with or without root
shading of the root sections. To shade the roots, a 0.5-mm-thick
piece of black plastic was placed directly on the root inside of
the plate and the outside of the plate was masked with black
tape. The unshaded roots were covered with clear plastic inside
of the plate to replicate any potential physical stress that may
have occurred on the shaded side.

Nodulation test in a single root.
Three-day-old seedlings were transplanted into test tubes

(22 mm × 240 mm) filled to a depth of 180 mm with B&D agar
medium (one seedling per tube). Seedlings were grown for
14 days (until the root reached the bottom of the tube) and were
then inoculated with M. loti. The proximal, middle, and distal
parts of each root were either masked with black tape outside
the test tube (S, shaded) or exposed to the light (U, unshaded).
Five masking patterns (SSS, SUU, USU, UUS, and UUU) were
used. The plants were then grown under white light (150 µmol
m

_2 s
_1, 16 h of light and 8 h of dark) for 14 days, and the root

nodules were counted.

Photosynthesis rate analyses.
Plants were irradiated with blue or red light (90 µmol m

_2 s
_1)

for 21 days with their roots shaded, and the photosynthesis rate
was measured with a miniPPM-300 plant photosynthesis meter
(EARS, Delft, The Netherlands). Five plants were used for a
single measurement.

Generation of RNAi transformants.
A PCR-amplified DNA fragment of the 39 UTR region or

exon region (cry2B) of each target gene was cloned into the

pENTR/D-TOPO entry vector (Invitrogen, Carlsbad, CA, U.S.A.).
The inserts of the entry clones were recloned into the pUB-
GWS-GFP vector (Maekawa et al. 2008) (obtained from
NBRP) by LR reaction, using the Gateway cloning system
(Invitrogen). The resultant plasmid or EV (negative control)
was introduced into Agrobacterium rhizogenes LBA1334 as
follows. Seeds were germinated for 4 days in the dark.
Seedling hypocotyls were cut off, the cut surface was infected
with A. rhizogenes, and shoots without roots were cocultured
for 5 days in the dark. To induce hairy root formation,
cocultured plants were grown for 14 days on 1.5% B5 agar
medium (Gamborg et al. 1968) (16 h of light and 8 h of dark).
Plants with green fluorescent protein positive hairy roots were
selected under a fluorescence microscope (SZX9, Olympus,
Tokyo). Selected transformants were inoculated with rhizobia
(1.0 × 107 cells), were grown on agar-solidified N-free B&D
medium for 21 days, and were irradiated with blue light
(90 µmol m

_2 s
_1) without root shading.

Real-time RT-PCR.
Plant roots were quickly frozen in liquid N2 21 dai and were

stored at _80!C. Total RNAwas prepared with an RNeasy plant
mini kit (Qiagen, Basel, Switzerland). DNase I treatment was
performed with DNase RT-Grade (Wako, Osaka, Japan). A one-
step SYBR Primescript RT-PCR kit (Takara, Shiga, Japan) was
used. Transcript levels were normalized against the LjATP
synthase transcript. The nucleotide sequences of the primers
used are shown in Supplementary Table S1.

Rhizobial growth.
Rhizobia (1.0 × 107 cells ml–1) were diluted 1:10 with yeats

mannitol liquid medium and were cultured without shaking at
25!C, under red or blue light at high intensity (90 µmol m

_2 s
_1)

or low intensity (25 µmol m
_2 s

_1, 16 h of light and 8 h of dark).
To estimate bacterial growth, the absorbance (A610) of the
bacterial culture was measured every 24 h from 48 to 144 or
168 h.
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