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Effect of abscisic acid on symbiotic nitrogen fixation activity
in the root nodules of Lotus japonicus
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The phytohormone abscisic acid
(ABA) is known to be a negative
regulator of legume root nodule forma-
tion. By screening Lotus japonicus seed-
lings for survival on an agar medium
containing 70 UM ABA, we obtained
mutants that not only showed increased
root nodule number, but also enhanced
nitrogen fixation. The mutant was des-
ignated enf1 (enhanced nitrogen fixation
1) and was confirmed to be monogenic
and incompletely dominant.

In long-term growth experiments
with M. loti, although some yield param-
eters were the same for both enfl and
wild-type plants, both the dry weight
and N content of 100 seeds and entire
enfl plants were significantly larger
compared than those traits in wild-type
seeds and plants. The augmentation of
the weight and N content of the enfI
plants most likely reflects the increased
N supplied by the additional enf1 nod-
ules and the concomitant increase in N
fixation activity.

We determined that the endogenous
ABA concentration and the sensitivity
to ABA of enfl were lower than that of
wild-type seedlings. When wild-type
plants were treated with abamine, a spe-
cific inhibitor of 9-cis-epoxycarotenoid
dioxygenase (NCED), which results
in reduced ABA content, the N fixa-
tion activity of abamine-treated plants
was elevated to the same levels as enfl.
We also determined that production of
nitric oxide (NO) in enfl nodules was
decreased. We conclude that endogenous
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ABA concentration not only regulates
nodulation, but also nitrogen fixation
activity by decreasing NO production in
nodules.

Phytohormones are known to be impor-
tant for regulating the number of nodules
established on the root of legumes." For
example, ethylene is a well-known negative
regulator of nodulation, influencing the
earliest stages from the perception of Nod
factor to the growth of infection threads.>
In contrast, cytokinin is a positive regula-
tor of nodulation. The cytokinin insensi-
tive mutant Aitl (loss-of-function) of Lozus
Jjaponicus and the snf2 (gain-of-function)
mutants of Medicago truncatula provide
genetic evidence demonstrating that cyto-
kinin plays a critical role in the activation
of nodule primordia.’”

Abscisic acid (ABA), added at concen-
trations that do not affect plant growth,
also negatively regulates nodulation in
some legumes.®!! Recently, Medicago trun-
catula overexpressing abil-1, a gene that
encodes a mutated protein phosphatase of
the type IIC class derived from Arabidopsis
and that suppresses the ABA signaling
pathway,'>"> was shown to exhibit ABA
insensitivity as well as a hypernodulating
phenotype.#

In this study, we isolated a Lozus japoni-
cus (Miyakojima MG20) mutant that
showed an increased root nodule pheno-
type and a lowered sensitivity to ABA, and
proceeded to carry out its characterization.
This mutant, named enf7 (enhanced nitro-
gen fixation 1) exhibit enhanced symbiotic

Volume 5 Issue 4



ARTICLE ADDENDUM

~N—
A =
o0
E
235_
—]
g 30 s 5
=25
£ 20
= 15
2 10+
g
- 5_
T 0
@) - abamine ABA abamine + ABA
B =
S
g /-\8_
E 3
§ S 711+
= E 6 %
g &
2:
< 74
w & 3
= S
C ~
e
=i .
S £
= =0 — -
@~ - abamine ABA abamine + ABA

Figure I. Effects of ABAconcentration on nitrogen fixation activity. M. loti-inoculated plants were grown for 28 days on vermiculite-filled pots sup-
plied with B & D medium. Plant roots 28 DAl were treated with 0.5 UM ABA, 20 uM abamine, with both ABA and abamine, or were untreated

(B & D medium control), respectively, for 3 days. (A) ARA per nodule weight. (B) ABA concentration in root. At least |5 plants were used in acetylene
reduction assay. Four different plants were used for the measurement of ABA concentration and 3 repeats were performed. Error bars indicate the
standard error, and the significance of differences between untreated control and treated values was determined by the two-tailed multiple t-test with
Bonferroni correction following ANOVA (three comparisons in four groups), *p < 0.05, **p < 0.01.

N fixation activity. Most legume N fixa-
tion activity mutants, such as ignl, senl
and ssz1, are Fix-.>"

At first, to obtain ABA-insensitive or
low-sensitive mutants of Loztus japonicus,
we treated Miyakojima MG20 with EMS
to induce base substitutions randomly
in the genome. M3 seeds were sown
on an agar-solidified medium contain-
ing 70 UM ABA, a concentration that
inhibits the germination of wild-type
MG?20 seeds. M4 plants obtained by the
screening were inoculated with rhizo-
bia (Mesorhizobium loti MAFF303099),
and the number of nodules per plant was
counted 35 days after inoculation (DAI).
Plant No. 12 not only formed more root
nodules than did the wild-type MG20
plants, but surprisingly it also exhibited
increased nitrogen fixation activity per
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plant. Both mutant phenotypes were
stably inherited in the M4 and M5 gen-
eration. Back-crossing mutant No. 12 to
wild-type MG20 yielded 153 F2 prog-
eny from which a line that showed the
highest N fixation activity and more
nodules per plant was derived. This line
was designated enfI (enhanced nitrogen
fixation 1).

At 28 DAI, the number of nodules
formed on enfl roots was approximately
1.7 times greater than that of MG20, and
the N fixation activity per enf] plant was
elevated 1.8 times over that of the wild-
type plants. Because the N fixation activ-
ity per unit of enfl nodule weight was
also increased 1.7 times, we concluded
that the increased N fixation activity was
not solely due to the enhanced number of
root nodules.
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The endogenous ABA concentration
and the sensitivity to ABA of enf] were
lower than those of wild-type seedlings.
ABA is believed to regulate early nodu-
lation stages negatively by inhibiting
Nod factor signaling, bacterial infection,
and nodule initiation.""'® Elongated ITs
were more common in enf] root hairs at
later stages of development (8—12 DAI).
Furthermore, I'Ts were detected in nodule
primordia more frequently in enfl com-
pared to MG20. These results suggest that
the earliest stages of nodule development
are not as strongly inhibited in enf] as
they are in wild-type MG20.

Because enfl had a low endogenous
ABA concentration, we hypothesized that
the decrease in ABA concentration caused
the elevation of N fixation activity. To
test this hypothesis, we treated wild-type
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Figure 2. NO production in nodules. Quantification of nitric oxide in nodules that were treated
with abamine. Nodules on the root of 28-day-old plants were treated with 20 M abamine for

3 days. Relative fluorescent units (RFU) per nodule fresh weight at 515 nm, normalized against
MG20 plants, are shown. The data represent the average * standard error of 3 independent
experiments derived from nodules of 6 to 8 plants. The significance of differences among the four
groups was determined by the two-tailed multiple t-test with Bonferroni correction following
ANOVA (six comparisons in four groups) and the different letters refer to significant differences

plants at 28 DAI with 20 UM abamine, a
specific inhibitor of ABA synthesis."” After
a three day-treatment period, acetylene
reduction activity was measured. Such
short treatment periods of abamine are
not expected to induce new nodule devel-
opment. Wild-type plants treated with
abamine had a reduced endogenous ABA
concentration in roots, to about one-fourth
of the level of control plants. However,
N fixation activity was elevated to about
170% over the non-treated controls (Fig.
1A and B). This result phenocopies enfl,
which shows decreased endogenous ABA
concentration as well as elevated N fixa-
tion activity. These results strongly sug-
gest that the decrease in endogenous ABA
concentration in enf] was responsible for
the increased levels of N fixation activity.
Applying 0.5 uM ABA did not result in a
further increase in N fixation activity even
though the endogenous ABA concentra-
tions are presumed to increase (Fig. 1A
and B).

Nitric oxide (NO) is known as a strong
inhibitor of N fixation activity,*
as a signal component in ABA signaling

as well

pathway.?** NO production in root nod-
ules formed by enfl 21 DAI and 28 DAI
was examined by using the fluorescent

dye diaminofluorescein-FM (DAF-FM),
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a NO specific detector, and relative fluo-
rescence unit (RFU) values were esti-
mated. The RFU values of enfl nodules
21 DAI were clearly decreased compared
with that of MG20; this trend was more
obvious at 28 DAI. Moreover, the effect
of reduced ABA concentration caused by
treatment with abamine on NO produc-
tion was analyzed (Fig. 2). When nodules
formed on the roots of 28-d-old plants
were treated, the RFU value of the enfl
mutant was almost the same for (-) abam-
ine and (+) abamine-treated, whereas, the
RFU value of abamine-treated MG20
plants was significantly reduced compared
to untreated MG20 (Fig. 2). These results
strongly suggest that decreased production
of NO caused by the low concentration of
ABA in enfI nodules was responsible for
the increase in N fixation activity.

Until now, the majority of symbiotic
mutants that have been described repre-
sents loss of or defects in root nodule for-
mation.®?24 Many of these mutants induce
nodules that are Fix-.">""7 Although reports
of mutants that show increased root nod-

528 or spontaneous root nod-

t,7’29

ule number
ule formation exist,”* reports concerning
mutations where N fixation activity is ele-
vated without deleterious effects on plant

growth and development are limited.
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One exception is the L. japonicus rdhl
mutant, which also exhibits a hypernod-
ulation and enhanced nitrogen fixation
phenotype.*

In this report, we have shown that
mutating the ENFI gene leads to an
elevation of N fixation activity without
accompanying adverse growth effects. In
long-term growth experiments, some yield
parameters were the same for both enf7 and
wild-type plants, but both the dry weight
and N content of 100 seeds and entire enf]
plants were significantly larger compared
to those parameters in wild-type seeds and
plants. These results strongly suggest that
more nitrogen is fixed in the enf] mutant
than in wild-type plants. Therefore, this
gene should be an important target for
molecular breeding. We have determined
that ENFI gene is inherited in a mono-
genic and incompletely dominant man-
ner. Our future work will identify the
gene responsible for these positive growth
effects.
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