Dna Research, 2017, 24(2), 193-203

doi: 10.1093/dnares/dsw052

Advance Access Publication Date: 21 December 2016
Full Paper

Full Paper

Function and evolution of a Lotus japonicus AP2/
ERF family transcription factor that is required
for development of infection threads

Koji Yano'?, Seishiro Aoki3®*, Meng Liu*®, Yosuke Umehara’,
Norio Suganuma®, Wataru Iwasaki®, Shusei Sato’-3, Takashi Soyano??,
Hiroshi Kouchi', and Masayoshi Kawaguchi?®*

"National Institute of Agrobiological Sciences, Tsukuba, Ibaraki 305-8602, Japan, 2Division of Symbiotic Systems,
National Institute for Basic Biology, National Institute for Natural Sciences, Okazaki 444-8585, Japan, 3Department
of General Systems Studies, Graduate School of Arts and Sciences, the University of Tokyo, Meguro-ku, Tokyo
153-8902, Japan, *Department of Biological Sciences, Graduate School of Science, the University of Tokyo,
Bunkyo-ku, Tokyo 113-0032, Japan, *Department of Basic Biology, School of Life Science, Graduate University for
Advanced Studies (SOKENDAI), Okazaki 444-8585, Japan and 6Department of Life Science, Aichi University of
Education, Kariya, Aichi 448-8542, Japan, "Kazusa DNA Research Institute, Kisarazu, Chiba 2920812, Japan, and
8Graduate School of Life Sciences, Tohoku University, Aoba-ku, Sendai 980-8577, Japan

*To whom correspondence should be addressed. Tel. +81 564-55-7564. Fax. 481 564-55-7564. Email: masayosi@nibb.ac.jp
Edited by Prof. Kazuhiro Sato

Received 18 August 2016; Editorial decision 21 October 2016; Accepted 25 October 2016

Abstract

Legume-rhizobium symbiosis is achieved by two major events evolutionarily acquired: root hair
infection and organogenesis. Infection thread (IT) development is a distinct element for rhizo-
bial infection. Through ITs, rhizobia are efficiently transported from infection foci on root hairs
to dividing meristematic cortical cells. To unveil this process, we performed genetic screening
using Lotus japonicus MG-20 and isolated symbiotic mutant lines affecting nodulation, root
hair morphology, and IT development. Map-based cloning identified an AP2/ERF transcription
factor gene orthologous to Medicago truncatula ERN1. LjERNT was activated in response to rhi-
zobial infection and depended on CYCLOPS and NSP2. Legumes conserve an ERN7 homolog,
ERN2, that functions redundantly with ERN17 in M. truncatula. Phylogenetic analysis showed
that the lineages of ERNT and ERN2 genes originated from a gene duplication event in the com-
mon ancestor of legume plants. However, genomic analysis suggested the lack of ERN2 gene
in the L. japonicus genome, consistent with Ljern7 mutants exhibited a root hair phenotype that
is observed in ern1/ern2 double mutants in M. truncatula. Molecular evolutionary analysis sug-
gested that the nonsynonymous/synonymous rate ratios of legume ERNT genes was almost
identical to that of non-legume plants, whereas the ERN2 genes experienced a relaxed selective
constraint.
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1. Introduction

Legumes produce root nodules as a consequence of a successful inter-
action with nitrogen-fixing Gram negative bacteria, collectively
termed rhizobia. The interaction with bacterial symbionts enables
the host plant to utilize atmospheric nitrogen. Therefore, the nodule
symbiosis affects agricultural ecosystems. For establishing a symbi-
otic relationship, host cells guide rhizobia from the infection foci on
root hair surfaces into cortical nodule primordia through membra-
nous and tubular paths known as infection threads (ITs), which ba-
sipetally develop into infected root hairs and further penetrate into
dividing cortical cells. The tip-growth of ITs is correlated with bacte-
rial cell division and file movement.! Rhizobia endocytically released
from ITs into cortical cells and differentiate into bacteroids and can
reduce dinitrogen into ammonium ion. Thus, IT progression is im-
portant for efficiently establishing the endosymbiosis. IT develop-
ment has been observed not only in the root nodule symbiosis of
legumes but also in the non-legume nodule symbiosis of actinorhizal
plants, which are a group of a nitrogen-fixing lineage of angiosperms
and interact with nitrogen fixing actinobacteria Frankia.”> The acqui-
sition of nodule symbioses of legumes and actinorhizal plants is sug-
gested to have been independent evolutionary events, further
implying advantages of this infection system.

In the legume nodule symbiosis, Nod factors, lipochitoligosac-
charides secreted by rhizobia, act as initial signals of nodulation.®
The Nod factor perception by host receptors (LjNFR1, LjNFRS5,
MtNPF, and  MtLYS3)
perinuclear Ca®" concentration and root hair deformation to entrap

triggers  the  oscillation  of
rhizobia.*” This Ca®" spiking requires host factors that are also in-
volved in mycorrhizal symbioses, the so-called common SYMs,!!
which are essential for the IT development. The calcium signal is be-
lieved to be decoded by LjCCaMK (calcium and calmodulin-
dependent protein kinase)/MtDMI3 because gain-of-function ver-
sions of this protein kinase suppress symbiosis-defective phenotypes
observed in the loss-of-function of common SYMs that are required
for the Ca®'spiking.'>"® Transcriptome analyses of actinorhizal
plants have revealed that Casuarina glauca, Datisca glomera, and
Alnus glutinosa possess common SYM factors including SymRK and
CCaMK,'*'® which are involved in the nodule symbiosis of actino-
rhizal plants.'*~>" These findings indicate that common SYM factors
also act as signaling components of actinorhizal nodule symbiosis. In
addition, a recent study further showed that the C. glauca, homolog
of a nodulation-specific legume transcription factor, NODULE
INCEPTION (NIN), is involved in the IT development,>>™>* imply-
ing some nodulation-specific factors commonly required for both
types of the nodule symbiosis. Homologous genes among legumes
and actinorhizal plants may play a common important role in the de-
velopment of nodules. Several homologs in a genome (paralogs) are
also crucial for the nodulation. The above-mentioned receptors of
Nod factors are such kind of paralogous genes and are believed to
have originated from gene duplications.>>*® Duplication events in
the gene- and genome-levels were suggested to associate with the
evolution of symbiosis between legumes and rhizobia.>”~>’ Possible
outcomes of functional divergence of the duplicated genes such as
subfunctionalization and neofuntionalization might have adopted a
key role in the legume evolution.

The above-mentioned L. japonicus and M. truncatula mutants ex-
hibit deficiencies in IT progression and cortical cell division because
these factors are responsible for early nodulation signaling pathways.
Nodulation includes coordinately regulated processes of IT progres-
sion and cortical cell division producing nodule primordia.
However, cortical cell division does not always associate with IT

progression into the cortex. L. japonicus mutants, cerberus and cy-
clops, display infection defective phenotypes, but produce nodule
primordia. CERBERUS and CYCLOPS encode a U-box protein
containing WD-40 repeats and a transcription factor, respec-
tively.>%3! The later protein is targeted by LjCCaMK, and its activity
is regulated by phosphorylation at critical amino acid residues.*”
Similar to L. japonicus mutants, loss-of-functions of M. truncatula
counterparts also exhibit infection-deficient phenotype.*>** These
data indicate factors specifically regulating IT progression are con-
served in legumes.

Many factors regulated with nodulation have been identified to
date and have been used to create a basic model of nodulation path-
ways. Furthermore, common genetic features related with nodulation
have been clarified between legumes and actinorhizal plants.
However, our knowledge regarding regulatory pathways of IT pro-
gression remains fragmented. For elucidating molecular mechanisms
underlying rhizobial infection processes, identifying novel factors in-
volved in IT progression is indispensable. For this purpose, we
screened L. japonicus mutants exhibiting infection-deficient pheno-
types but producing nodule primordia. Here, we report a novel L.
japonicus mutant for which infection processes are remarkably af-
fected. Map-based cloning of the mutation locus revealed that the
causative gene encodes homolog of M. truncatula ERN1.3737 Qur
genomic analysis of ERN in legumes showed a unique feature of
ERN genes of L. japonicus. Phylogenetic analysis indicated the gene
duplication of the ERN gene in the common ancestor of legumes.
Molecular evolutionary analysis suggested the difference of func-
tional constraint between the genes of ERN1 and ERN2 lineages af-
ter the duplication event.

2. Materials and Methods

2.1. Plant materials

The F29 mutant was obtained by ethyl methanesulfonate (EMS) mu-
tagenesis. Approximately 5,000 seeds were immersed in 0.4% EMS
overnight and allowed to germinate. M1 plants were grown in a
greenhouse, and M2 seeds were collected. A screen for mutants that
form nodules but exhibit retarded plant growth was performed in
approximately 25,000 M2 plants. A single individual of the M3 self
progeny from the M2 candidate mutant was backcrossed with the
parent MG-20. The 1699-1 mutant line was produced by carbon-ion
beams. Ion-beam irradiation was conducted as previously de-
scribed.®® The energy of carbon ions was 320 MeV, and the mean
linear energy transfer within the seed was estimated to be 86keV/
pum. Approximately 5,000 dry seeds of wild-type (WT) L. japonicus
MG-20 were irradiated with carbon ions (C®") at a dose of 80 Gy.
Approximately 84,000 M2 plants derived from approximately 2,900
M1 plants were screened for the nodulation phenotype. The heredity
of the mutant candidates was evaluated by segregation in the next
generation. The mutants nin-2, cyclops-3, cerberus-5, nsp2-1, and
alb1-3 were all derived from L. japonicus Gifu and described

previously.zz"w"gl’39

2.2. Observation of the rhizobial infection

Seeds were scarified with sandpaper and sterilized with sodium hypo-
chlorite. Sterilized seeds were germinated on 1.0% agar plates under
dark condition at 24°C in a growth cabinet (LH-220S, NK System).
After 2 days, seedlings were transferred to inoculation pods contain-
ing vermiculite supplied with Broughton & Dilworth (B&D) me-
dium,*® 10 pM potassium nitrate and Mesorhizobium loti MAFF
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303099 constitutively expressing red fluorescent protein (DsRed)
gene.*! Plants were grown under 16 h light/8 h dark cycles at 24°C in
the growth cabinet. The morphology of each infection events on
roots infected with M. loti MAFF 303099 expressing DsRed was ob-
served by a SZX16 microscope (Olympus).

2.3. Map-based cloning

The F29 mutant line was crossed with L. japonicus Gifu B-129 for
obtaining the F2 population. A total of 1,015 F2 plants were
analysed by DNA markers flanking the F29 locus. The DNA markers
are detailed below: CM0371I1 is a polymerase chain reaction (PCR)
marker distinguished by an insertion/deletion. CM0371SN2 is a
marker detecting single-nucleotide polymorphism by a sequence
analysis. TM0371 is a simple sequence repeat marker. CM0371C1 is
a cleaved amplified polymorphic sequence digested by Msel.
Candidate genes on TAC clone LjT46E19 were predicted by
GENSCAN (http://genes.mit.edu/GENSCAN.html).

F2 seeds were scarified with sandpaper and sterilized with 10%
hypochlorite. The seeds were maintained in sterile water for water
absorption. The seeds were then germinated on 1.0% agar plates for
2 days. Seedlings were transferred to nitrogen-deficient soil and inoc-
ulated with M. loti MAFF303099. After 2 weeks, nodules were
observed.

2.4. Plasmid construction and transformation

pCAMBIA1300GFP was constructed detailed below. The HPTII
gene was replaced with the green fluorescent protein (GFP) gene, and
an Ascl site was introduced into the Smal site in pCAMBIA1300
(Cambia). ERN1 promoter region (3,047 bp) and terminator region
(1,109 bp) were amplified by PCR using specific primer sets (ERN1
promoter-F, AACTGCAGCGTGCATTGCACGGATATAC; ERNI1
promoter-R, AAGGCGCGCCCACAAATTGTTCAAATTTAGTAA
TTGAGTG; ERNI terminator-F, AAGGCGCGCCACTTGATCTT
GAAGGTCTTAAGTTAATG; ERNI terminator-R, TTGAGCTCT
GCCTTTGAACTGTGAGCAG). The promoter fragment was di-
gested with Pstl and Ascl and ligated into pCAMBIA1300GFP. The
terminator fragment was ligated into the vector after digesting with
Ascl and Sacl. To utilize Gateway technology, a destination vector
named pCGERNGW was then constructed by inserting reading frame
cassette A of the Gateway vector conversion system (Thermo Fisher
Scientific) into the Ascl site treated by the Klenow Fragment (Takara)
of the vector. For complementation tests, ERN1 gene amplified twice
by PCR (ERNI gene 1st-F, AAAAAGCAGGCTCCGTGATGGAG
ATTCAATTCCAGCA; ERNT1 gene 1st-R, AGAAAGCTGGGTTTA
ACAGAACAATGAGCACAAGG; ERNT gene 2nd-F, GGGGACAA
GTTTGTACAAAAAAGCAGGCT; ERNT1 gene 2nd-R, GGGGACC
ACTTTGTACAAGAAAGCTGGGT) was cloned into pPDONR/ZEO
(Thermo Fisher Scientific) via Gateway BP reaction (Thermo Fisher
Scientific). A binary vector for complementation tests was constructed
by introducing the ERN1 gene into pPCGERNGW using the Gateway
LR reaction (Thermo Fisher Scientific). For promoter analysis, a f3-
glucuronidase (GUS)-Plus was amplified from pCAMBIA1305.1
(Cambia) by two times by PCR (GUS Plus gene 1st-F, AA
AAAGCAGGCTCCACCATGGTAGATCTGAGGGTAA; GUS Plus
gene 1Ist-R;, AGAAAGCTGGGTTCACACGTGATGGTGATGGT;
GUS Plus gene 2nd-F, GGGGACAAGTTTGTACAAAAAAGCAG
GCT; GUS Plus gene 2nd-R, GGGGACCACTTTGTACAAGAAA
GCTGGGT). This fragment was then cloned into pDONR/ZEO
(Thermo Fisher Scientific) via the Gateway BP reaction (Thermo
Fisher Scientific). A binary vector for the promoter-GUS analysis was

constructed by introducing GUS Plus gene into pPCGERNGW using
the Gateway LR reaction (Thermo Fisher Scientific).

Plasmid constructs were introduced into Agrobacterium rhizo-
genes AR1193 and transformed into WT, F29, or 1699-1 plants by
the hairy root transformation method with minor modifications.**

2.5. Histochemical GUS staining and quantified reverse
transcription-PCR

For histochemical GUS staining, transformed plants with the
promoter-GUS  construct were inoculated with M. loti
MAFF303099. The plants were grown for 7 days after inoculation.
Roots were stained with 0.5mg/ml 5-bromo-4-chloro-3-indolyl
B-p-glucuronic acid cyclohexylammonium salt, 5 mM potassium fer-
ricyanide, 5mM potassium ferrocyanide, and 10 mM ethylenedi-
aminetetraacetic acid (EDTA) in 100mM sodium phosphate (pH
7.0). For observation of cortical cell division, roots were cleared by a
chloral hydrate/glycerol/water (8w/1v/2v) solution.

For quantified reverse transcription (qQRT)-PCR analysis, plants
were grown for 0, 0.5, 1, and 3 days after inoculation with M. loti
MAFF303099, and their roots were sampled from them. Total RNA
was extracted from roots using the RNeasy Plant Mini Kit (Qiagen).
Reverse transcription was conducted with the QuantiTect Reverse
Transcription Kit (Qiagen). qRT-PCR was performed using the ABI
Prism 7000 (Applied Biosystems) with a QuantiTect SYBR Green
RT-PCR Kit (Qiagen). The following primer sets were used for detec-
tion of ERNI and ATP synthase expressions (ERN1-F,TCCAAT
GAAACTCTGTGGGATC; ERN1-R,GGGAAGAAACATTTGCAG
GA; ATP synthase-F, GGTGATAAGCAGAGTGAAAGCA; ATP
synthase-R,AAGACCAGTGAGACCAACACG).

2.6. Ortholog and synteny analysis

The most recent versions of genome, protein, and complementary
DNA (cDNA) sequences of each species were downloaded from the
respective genome sequence sites as follows: L. japonicus (version
3.0) from the L. japonicus Genome Sequencing Project (http://www.
kazusa.or.jp/lotus/, November 2016, date last accessed), M. trunca-
tula (Mt4.0v1), and Glycine (Wm82.a2.v1l) from Phytozome 11
(https://phytozome.jgi.doe.gov/pz/portal.html#, November 2016,
date last accessed).

The analysis of microsynteny across species was based on com-
parisons of the specific regions containing ERN genes. Based on the
LjERNT1 and ERN genes in M. truncatula, the ERN genes of L. japo-
nicus and G. max were set as the anchor points according to their
physical locations. The protein-coding sequences assigned to the
flanking regions of each ERN gene in one species were compared
with those in the other species by the Basic Local Alignment Search
Tool for protein databases (BLASTP) program. The reciprocal best
hit method was used to define orthologous relationship among the
genes in L. japonicus, M. truncatula, and G. max in the same ERN
gene region. For the gene conservation among the three ERN gene
regions, a BLASTP E-value <1e—20 was considered to be significant.

2.7. Phylogenetic analysis

Sequences similar to LJERN1 were collected with similarity searches
against all the 68 plant genomes in the refseq database of the
National Center for Biotechnology Information (NCBI) using
BLASTP on 9 April 2016. The amino acid sequences similar to
MtERN1, MtERN2, MtERN3, Sesamum indicurn XP_011075059
and XP_011089231, Oryza sativa XP_015645889, and Amborella
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trichopoda XP_011628828 were selected with the option-
max_target_seqs 100. The resulting 213 sequences and three other
sequences (LjERN1, Cajanus cajan KYP69442.1, and KYP62096.1)
were used for the preliminary analysis. Those containing large indels
or those that were highly diverged were omitted from the dataset.
Finally, 36 sequences of fabids (eurosid I) were used for the phyloge-
netic analysis. The amino acid sequences were aligned with the
MAFFT program™® using the strategy E-INS-i, followed by manual
adjustment. The maximum likelihood (ML) analysis was conducted
with the LG model implemented in the RAXML program.** The best
model of evolution was determined using the option —auto-prot = aic
in the program. The Bayes method was performed with MrBayes
3.2.6 using a WAG +I+G model.** Neighbor-Joining (NJ) analysis
was conducted with the JTT model of MEGAS.2.2 using the option
of partial deletion of site coverage cutoff 80%.*¢

2.8. Molecular evolutionary analysis

To examine the pattern of ® (dn/ds: nonsynonymous/synonymous
substitution rate ratio) acting on the ERN1 and ERN2 homologs at
lineage-specific levels, ML tests implemented in Phylogenetic
Analysis by Maximum Likelihood (PAML) were applied to the 36 se-
quences.”” The branch-specific model of PAML includes the one-,
two-, and three-ratio models to represent the different presumed hy-
potheses. The one-ratio model assumed a constant ratio ® across all
branches. The two-ratio models assigned the ratio ®grn1, ®ErN2, OF
®ErRN1T + ERN2 to the branches of the ERN1, ERN2, or ERN1 and
ERN2 clades, respectively, and the ratio ®gygroup to the remaining
branches. The three-ratio model assigned the ratios ®grN1, ®ERN2,
and Wouegroup tO the corresponding branches. For any pair of models
that were nested together, the goodness of fit was tested using the
likelihood ratio test (LRT) with the CODEML program in PAML.
The branch-site and clade models were also used for the analysis of
amino acid sites under positive selection.

3. Results

3.1. Mutant lines defective in IT progression

During the early process of nodulation, rhizobia are entrapped by
curled or deformed root hairs to form an infection pocket. From the
site as the starting point, they enter into the plant cells through the
development of ITs. In L. japonicus, mutants such as alb1, cerberus,
crinkle, cyclops, epr3, and nin are shown to be defective in the infec-
tion process after the curling.?>*%3!48-5% T identify a new compo-
nent involved in the infection process, we have performed an
extensive screening of symbiotic mutants using L. japonicus. F29, a
mutant line of infection processes that does not form effective nod-
ules, was originally isolated by the treatment of EMS to L. japonicus
Miyakojima MG-20. On the other hand, the 1699-1 mutant line was
isolated through the screening of progeny of ion-beam-mutagenized
L. japonicus MG-20 seeds. Both lines did not display a completely
non-nodulating phenotype or form an increased number of bump-
like structures on the root such as alb1 and epr3 (Fig. 1A).

To visualize infection events, we inoculated F29 and 1699-1 mu-
tant lines with Ds-Red-labeled M. loti MAFF303099. The nodulation
phenotype of 1699-1 mutants was relatively severe compared with
that of F29 mutants. The difference was clearly detected at 10 days af-
ter inoculation (DAI), when most of bumps or nodules formed on
WT MG-20 roots have already displayed IT progression and release
of rhizobia into cortical cells (Fig. 1A and B). Several bumps with IT
progression into cortical cells were found in F29 roots although
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Figure 1. Nodule phenotypes of F29 and 1699-1 mutant lines. (A) Means and
SDs of nodule and bump numbers 14 DAI (n=25), and percentages of nod-
ules/bumps that DsRed-labeled M. loti invaded into (10 DAI) are shown.
(B-E) Nodules and bumps formed on WT (B), F29 (C and D), and 1699-1
(E) roots at 10 DAl with DsRed-labeled M. loti. Upper and bottom panels are
bright field images and corresponding fluorescent images. Bars =0.5 mm.

nodule development was remarkably delayed compared with WT
nodules (Fig. 1A, C, and D). On the other hand, IT progression into
the cortex was not observed in bumps formed on 1699-1 roots at this
time point (Fig. 1A and E). Thus, both mutant lines were defective in
IT progression into the cortex and nodule development.

The mutant lines were mapped near 53 ¢cM chromosome 1, where
no known symbiotic gene is located. We, therefore, conducted the al-
lelism test. F1 plants did not form mature nodules, but instead devel-
oped many bumps or ineffective nodules in wider range of roots.
This result indicates that the two mutant loci are allelic.

3.2. Root hair morphology and IT development in two
mutant lines

Mutants that can form bumps but do not produce mature nodules
have been reported many times. They have usually shown defects in
the infection processes including IT development. Therefore, we eval-
uated the infection events visualized by DsRed-labeled M. loti. In the
WT (MG-20), long ITs were observed in root hairs at 10 DAI (Fig.
2A). The WT mean number was 44.4, and shorter types were only
1.3% of total ITs (Fig. 2C). Frequencies of IT formation in F29 and
1699-1 roots were remarkably lower than WT roots (Fig. 2C).
Statistical analysis showed that the numbers of ITs on F29 and 1699-
1 roots were 8% and 0.8% of WT roots, respectively. Over 10% of
ITs formed in F29 roots were of the shorter type (Fig. 2B and C), in-
dicating that IT development in root hairs was inhibited in mutant
lines. These results suggested that the mutated gene is essential for IT
development in root hairs and in cortical cells.

Furthermore, we investigated root hair responses at earlier stages af-
ter inoculation because fewer I'Ts in F29 and 1699-1 roots might be due
to abnormal symbiotic root hair responses. In WT roots, curled,
branched, and balloon-shaped root hairs comprised major morphologi-
cal alterations at 4 DAL Although the mean numbers of branched root
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Figure 2. Root hair phenotypes of F29 and 1699-1 mutant lines. (A and B) WT
(A) and F29 (B) root hairs infected by DsRed-labeled M. loti (10 DAI). ITs were
visualized by DsRed fluorescence. Bars =50 um. (C) Means and SDs of IT
numbers at 7 DAl (n=16) are shown. ITs and short ITs represented in (A) and
(B), respectively, were counted. (D-G) Root hair morphologies of WT (D), F29
(E), and 1699-1 (F and G) roots that were inoculated with M. loti for 4 days.
Typical balloon-shaped root hairs found in WT (D) and mutant lines (E and F)
and typical branched root hairs (G) are shown. Bars =50 um. (H) Statistic anal-
ysis of root hair structures. Means and SDs of root hair numbers were shown.
Over 8 plants were observed (4 DAI). One-way ANOVA followed by a Tukey
Honestly Significant Difference (HSD) test of the values was performed
(*P<0.05; **P<0.01).

hairs were not significantly different between WT and mutant lines,
curled root hairs were decreased in mutant roots compared with those
of WT roots (Fig. 2A, G, and H). In contrast, the mean numbers of
balloon-shaped root hairs were increased in mutant lines (Fig. 2H).
These misshapen root hairs expanded to an extreme compared with
balloon-shaped root hairs observed in WT roots (Fig. 2D-F), and often
generated new tips from lateral sides of the expanded tip (Fig. 2E).
Depolarization and repolarization of root hair tips after rhizobial infec-
tion may be disorganized in mutant lines. These results indicated that
the causative gene of F29 and 1699-1 lines is involved in correct symbi-
otic root hair responses in addition to IT development.

3.3. Complementation by an ERF/AP2 transcription
factor

To generate a mapping population, the F29 mutants (Miyakojima
MG-20 background) were crossed with L. japonicus Gifu B-129.
Fine mapping using the F2 plants allowed us to encompass the causal
gene between two makers, TM0371 and CM0371C1, on LjT46E19

4 LjTOSKO1
. - | LjT46E19 | 20kb
1G. 1 —
cMoa71 | cMoaTisnz JTMDB?I CMO371CL
21015 2/1015 - 11015 3/1015
- \
\
o e
B 1699-1 o \

5-adenylylsulfate
reductase-like protein

Figure 3. Positional cloning of F29 and 1699-1. (A) Gentic linkage map of the
F29 causative locus on the linkage group 1. LjTO5K01 and LjT46E19 are TAC
clones. DNA markers and their positions are indicated with the numbers of re-
combinants (in parentheses). (B) ORFs in the F29 locus delimited by recombi-
nation events and LjERN1 protein structure predicted by the nucleotide
sequence are shown. The mutation site on F29 and the large deletion found in
1699-1 was indicated by a grey arrowhead and grey parentheses. (C and D)
Complementation test. F29 hairy roots transformed with an ERN7 construct
(C) and with an GUS vector as a negative control (D) were inoculated with M.
loti for 32 days. Upper and bottom panels are bright field images and fluores-
cent images from a GFP transformation marker, respectively. Bars =2 mm.

of chromosome 1 (http://www.kazusa.or.jp; Fig. 3A). Eleven open
reading frames were predicted in this region, and sequence compari-
son of WT and the F29 mutant revealed a missense mutation from
Gly to Glu in the AP2 domain of an AP2/ERF transcription factor
with a sequence similar to that of M. truncatula ERN1 (Fig. 3B). The
sequence of the AP2/ERF transcription factor of L. japonicus showed
high similarity to the M. trancatula ERN1 and other homologs of le-
gumes (Supplementary Table S1). On the other hand, approximately
10 kb of genomic region including this AP2/ERF gene was deleted in
the 1699-1 mutant. We then performed a complementation test by
hairy roots via A. rhizogenes. For six of eight F29 plants, an ineffec-
tive nodule phenotype was rescued by introducing the AP2/ERF
gene carrying its 3,047 bp promoter and 1,109 bp terminator (Fig.
3C) but not by introducing a GUS gene (Fig. 3D). Based on the re-
sults, we concluded that L. japonicus ERN1 gene is responsible for
F29 and 1699-1 mutants. Hereafter, we describe F29 and 1699-1 as
Ljern1-5 and Ljernl-6, respectively.

3.4. CYCLOPS and NSP2-dependent gene activation of
ERN1

We then investigated the ERN1 expression pattern in WT in re-
sponse to M. loti inoculation. The ERNI gene expressed
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Figure 4. qRT-PCR analysis of ERN1T expression in WT and symbiotic mu-
tants. Total RNA was extracted from roots at 0, 0.5, 1, and 3 days after inocu-
lation with M. loti MAFF303099. ATP synthase was used as an internal
standard. Means and SDs of three independent experiments are shown.
One-way ANOVA followed by a Tukey HSD test of the values was performed.
Significant differences from WT plants at each time points (¥*P<0.05;
#*P<0.01), and from mock controls (1P < 0.05; +1P < 0.01) are indicated.

constitutively in roots, even in the absence of M. loti, and was clearly
induced at 12 h after inoculation (Fig. 4). The induction was approx-
imately 3-fold, the transcription levels were maintained at early
stages, without being elevated such as the NIN and CLE-RS genes.”!
To further explore the spatial expression pattern of ERN1, we con-
structed a GUS reporter carrying the same promoter and terminator
used for the complementation, and transformed to the hairy roots
via A. rhizogenes. GUS expression from LijERNI promoter was de-
tectable for whole uninoculated roots (Fig. SA). Interestingly,
ProERN1::GUS:TerERN1 showed a spatial gradient that the sig-
nals were especially high in a developmentally younger region of the
root, becoming gradually lower towards the base (Fig. 5A). The root
region near the root tip is known to be a susceptible zone for rhizo-
bial infection.’*** In the root tip region shown in Figure SC, strong
GUS signals were detected in the developing root, root hairs, and a
root cap, whereas no signal was detected in the root meristem that
undergoes cell division. We then evaluated the expression of
ProERNI1::GUS:TerERNI in inoculated roots at 7 DAL The expres-
sion pattern near root tips at 7 DAI was not significantly changed
when compared with uninoculated roots (Fig. 5B), whereas the GUS
signal was observed on the curled root hair and was more distinct on
the dividing cells in the outer cortex (Fig. SD). These expression pat-
terns are in good agreement with those of M. truncatula ERN1 and
ERN2 genes.>” LjERN1 expression in nodule primordia resembled
that of MtERNT rather than the other because MtERN2 expression
is closely associated with IT progression. On the other hand, regions
expressing LiERN1 were broadly expanded within primordia similar
to M¢tERNT1. In developing nodules, the GUS signal was restricted to
the inside where the infection zone is formed, whereas it was not de-
tected significantly in the peripheral regions of the inoculated root
(Fig. SE).

To identify what components of the Nod factor signaling pathway
activate ERN1 induction in response to rhizobia, we performed an
expression analysis of ERN1 by qRT-PCR using five mutants defec-
tive in IT development positioned downstream of CCaMK. ERN1
was induced at early stages in nin-2, cerberus-5, and alb-3 mutants,
up to the similar levels as the WT. The induction levels of ERNT in
nsp2-1 mutant were almost one-third or one-half that in the WT
(Fig. 4). Notably, no induction was observed in the cyclops-3 mutant
(Fig. 4). These results indicate a CYCLOPS and NSP2-dependent in-
duction of ERNT expression.

- -

f 3
I ..I ' | ‘
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Figure 5. GUS expression from ERN1 promoter after inoculation with M. loti.
hairy roots carrying ProERN1::GUS:TerERN1 were inoculated without
(A and C) or with M. loti MAFF303099 (B, D, and E) for 7 days. Bars: 1.0mm
in (A) and (B), 0.2mm in C-E.

3.5. Syntenic relationship of the genome regions
around ERN genes of L. japonicus, M. truncatula and

G. max

ERN2, an ERF/AP2 transcription factor closely related to ERN1, ex-
ists wildly in legumes.’* In M. truncatula, it has been shown to be
able to bind to the NF box, and activate ENOD11 transcription®®
and to possess similar biological activities with ERN1.>* The double-
mutant analyses indicated that ERN1/ERN2 play essential roles for
initiating root hair infection and root nodule development.’® Thus,
we investigated the ERN2 ortholog in L. japonicus. By searching the
latest genome sequences of L. japonicus (Lj_ver3.0) using MtERN2
(Medtr6g029180.1) as query, a top BLASTP hit was obtained
against LjERNT (Lj1g3v3975310.1). The same result was obtained
in the tBLASTn search against the transcriptome assembly of L.
japonicus.

To confirm an orthologus relationship between LjERNI
(Lj1g3v3975310.1) and MzERN1 (Medtr7g085820.1), the syntenic
relationships between the genome regions flanking to these genes
were analysed. Using a stepwise gene-by-gene reciprocal comparison
of the regions, we observed strong conserved microsynteny between
these regions (Table 1). As these genome regions correspond to the
large synteny block between chromosome 1 of L. japonicus and
chromosome 7 of M. truncatula reported by Cannon et al.,’® the syn-
teic relation extended to chromosomal level. Therefore, the ortholo-
gous relationship between LjERN1 and MfERN1 was confirmed
from the viewpoint of genome synteny. The syntenic relationship sur-
rounding the ERN1 gene was also observed in the corresponding
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Table 1. Syntenic relation in the genome regions of ERN genes of L. japonicus, M. truncatula, and G. max

ERN2

ERN1

Annotation

Gm_chr16

Gm_chr2

Mt_chr6

Lj

Gm_chr19

Gm_chr16

Mt_chr7

Lj_chr3

Glyma.16G153700.1

Glyma.02G072500.1

Medtr6g029250.1

Glyma.19G112800.1

Medtr7g085790.1

Lj1g3v3975270.2

Transmembrane protein,

putative
5-Adenylylsulphate

Glyma.02G072600.1

Medtr6g029240.1

Glyma.19G112900.1

Glyma.16G040200.1

Lilg3v3975280.1

reductase-like protein
Tubulin/FtsZ family protein

AP2/ERF domain

Glyma.16G154000.1
Glyma.16G154100.1

Medtr6g029190.1

Glyma.19G113000.1
Glyma.19G113100.1

Glyma.16G040100.1
Glyma.16G040000.1

Medtr7g085800.1

Lilg3v3975290.1
Lilg3v3975310.1

Glyma.02G072800.1

Medtr6g029180.1

Medtr7g085810.1

(MtERN2)

(MtERNT)
Medtr7g085820.1

(LJERN1)
Lilg3v3975340.2
Lj1g3v3975450.1

transcription factor

Glyma.19G113200.1
Glyma.19G113300.1

Glyma.16G039900.1
Glyma.16G039800.1

Importin-like protein

Medtr7g085840.1

glycosyltransferase family

protein

Glyma.19G113400.1

Medtr7g085850.1

Lj1g3v3975460.1

Hypothetical protein

genome regions in G. max (flanking regions of Glyma.16G040000.1
and Glyma.19G113200.1).

Regarding the genome region of the ERN2 gene, genes ortholo-
gous to MfERN2 were identified in the G. max genome
(Glyma.02G072800.1 and Glyma.16G154100.1), and a syntenic re-
lationship between ERN1 and ERN2 genome regions was observed
(Table 1). Since the candidate gene orthologous to any of these flank-
ing genes was not identified in L. japonicus genome sequences, the
genome region corresponding to the ERN2 gene would probably be
deleted in the genome of L. japonicus.

3.6. ERN1and ERNZ2 clades resulting from gene
duplication in legume evolution

We estimated the phylogenetic tree of ERN genes using all genomic
datasets in NCBI RefSeq (Fig. 6). ML, Bayesian inference, and NJ
methods estimated essentially similar tree topologies (Fig. 6 and
Supplementary Figures S1 and S2). The estimated trees strongly sug-
gested that a gene duplication event produced the ERNT and ERN2
clades after the divergence of legume plants in Fabales from the
others (rosid 1)*”. It should be noted that LJERN1 of L. japonicus is
included in the ERN1 clade. All the genome-analysed legume species
harbored both the ERN1 and ERN2 genes except for L. japonicus.

3.7. Difference of functional constraint between ERN7
and ERNZ2 genes

The phylogenetic tree shape of the ERN genes suggests divergence of
evolutionary rates between the ERNT and ERN2 genes (Fig. 6); the
branches in the ERN2 clade are longer (i.e. more substitutions per
site) than those in the ERN1 clade. In general, variations in substitu-
tion rates can be due to different nonsynonymous/synonymous rate
ratios (o = dn/ds).?”*8-°" The branch model of PAML was adopted
to consider different ® in the tree and five following models were
compared: (i) one ratio across the tree; (ii) two different ratios be-
tween the ERN1 clade and the other parts; (iii) two different ratios
between the ERN2 clade and the other parts; (iv) two different ratios
between the ERN1/ERN2 clade and the other parts; and (v) three dif-
ferent ratios between the ERN1, ERN2 clade, and the other parts
(Table 2).#7°! The LRT was conducted to compare nested models
and showed no significant likelihood differences between the models
1 and 2 and between 3 and 5. On the other hand, the tests rejected
the null hypotheses for all other combinations (Table 2) and
Akaike’s and Bayesian information criteria favored the model 3.
These results suggested that the o of the genes in the ERN2 clade is
greater than the background ratio and that ® of the genes in the
ERNT1 clade is almost identical to that of the genes of nonlegumes.
The clade model of PAML also showed similar results
(Supplementary Table S2). No positively selected site was not de-
tected in the ERN2 genes with branch-site and clade models
(Supplementary Table S2).

4. Discussion

Phenotypic analyses of L. japonicus ernl mutants showed that this
gene is essential for symbiotic root hair responses and IT develop-
ment. Although Ljern1 mutants produced nodule primordia equiva-
lently to the WT, its development was restricted (Fig. 1). Nodule
primordia formed in Ljern1 mutants did not develop ITs into cortical
cells (Fig. 1). Thus, the defect in IT development is a major Ljernl
phenotype. This symbiotic phenotype of Ljern1 mutants appeared to
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Figure 6. Phylogenetic tree from the homologs of ERN1 and ERNZ2 genes inferred by ML method with LG model using RAXML program. The arrow indicates the
duplication to the ERNTand ERNZ2 lineages. ERN1 and ERN2 genes of Fabaceae are indicated with red and blue letters, respectively. The first and third numbers
given at the relevant nodes correspond to the bootstrap support from the ML and NJ methods, respectively, and the second to the posterior probability from
the Bayesian method. Phylogenetic trees inferred by the Bayesian and NJ methods are available in supplementary figures. The assembly accession number
and accession version of the genes is following to the species name. The scale bar represents substitutions per site.

Table 2. Model comparison of ERN genes estimate by PAML using branch model

Model (i) One-ratio model Two ratio model (v) Three ratio
(MO of Yang et al.*”) model
(ii) ERN1 (iii) ERN2 (iv) ERNT + ERN2  ERN1, ERN2
np 72 73 73 73 74
InL —15088.32041 —15087.59693 —15063.74053 —15076.07402 —15063.08349
kappa (ts/tv) 1.58345 1.5825 1.58201 1.58408 1.58288
omega (dN/dS) 0.28104 »0 = 0.28866, 0 = 0.23609, o0 = 0.22744, o0 = 0.22749,
ol =0.25656 ol =045111 ol =0.34265 ol =0.25621,
®2 =0.45081

LRT with 2AL and P value
Two-ratio model (ERN1)
Two-ratio model (ERN2)

Two ratio model (ERN1+ERN2)
Three ratio model (ERN1, ERN2)
AIC
BIC

—1.447 (P=0.229)
—49.16 (P < 1071
—24.493 (P < 107°)

—50.474 (P <107'%)  —49.027 (P <107'%) —1.314 (P=0.518) —25.981 (P <107)

30320.641
30618.089

30321.194 30273.481 30298.148 30274.167
30622.773 30575.060 30599.728 30579.878

NOTE.—np is the number of parameters. In L is the log-likelihood. 2AL is twice the log-likelihood difference between the two models. Kappa indicates the tran-

sitions/transversions ratio. Omega shows the nonsynonymous/synonymous rate ratio. The Akaike’s information criterion (AIC) and Bayesian information criterion

(BIC) were estimated according to Aoki et a

1.27

the logarithm of the ratio of the likelihoods.

. The best model is underlined. LRT allows one to compare nested models only and is defined as minus two times

be intermediate between the M. truncatula ernl single and ernl/ truncatula counterpart, IT formation was remarkably downregu-
erm2 double mutants. Mternl produces a limited number of ITs lated in Ljern1 mutants (Fig. 2). Regarding the defect in IT develop-
from infection foci on root hairs. These ITs are arrested within root ment and production of nodule primordia, the Ljern1 phenotype

hairs and do not progress into nodule primordia.®* Similar to the M. resembles that of the Mzernl single mutant rather than the ernl/ern2
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double mutant, which exhibits a more severe phenotype than respec-
tive single mutants. The double mutant does not produce ITs and
nodule primordia,* suggesting the implication of ERN transcription
factors in nodule organogenesis. Alternatively, cortical cells may not
be stimulated due to loss of infection events (infection pockets and
ITs) in the root epidermis of the double mutant. Host loss-of-
function symbiotic mutants able to produce nodule primordia with-
out any infection events in the epidermis have not been identified so
far.

The loss-of-infection events in the double mutant are partially ex-
plained by aberrant symbiotic root hair responses. Unlike Mternl,
root hairs of the double mutants are unable to entrap rhizobia be-
cause of a defect in tip curling.’® Root hair tips of the double mu-
tants are abnormally expanded, suggesting that its polarity is
deregulated. Similar abnormality was observed in Ljern1 single mu-
tants after inoculation with rhizobia (Fig. 2). The number of curled
root hairs was decreased, and balloon-shaped root hairs were in-
creased in the mutant, indicating that LjERNT is involved in symbi-
otic root hair responses besides IT development. Thus, the root hair
phenotype of Ljernl includes the feature characteristic to ernl/ern2
double mutants in M. truncatula, which is compatible with the ab-
sence of ERN2 in L. japonicus. However, the Ljernl phenotype is
weaker than that of the M. truncatula double mutants. Other factor
may partially compensate the loss of ERN function during early sym-
biotic root hair responses in L. japonicus.

GUS reporter analysis reveals gradients of LjERN1 expression
across uninfected primary roots, namely high expression levels
within root tip regions of the roots, whereas levels are lower towards
the base. As the root tip region is susceptible to rhizobial infection,*
this expression gradient is believed to represent an infection potential
of rhizobia; in other words, the distribution of infectable root cells.
When M. loti  was inoculated, the expression of
ProERNT1::GUS::TerERN1 was observed only in root hair cells un-
dergoing rhizobial infection (via IT development) and in cortical cells
initiating cell division (Fig. 5). On the other hand, ERN1 expression
was suppressed in the peripheral epidermal regions where few infec-
tion events occurred. These findings suggest that ERN1 expression
patterns are in good agreement with rhizobial infection potential and
infection events. Strong expression of ERNT1 is also distinct in divid-
ing cortical cells. Within this interpretation, two possibilities are con-
ceivable: (i) ERN1 is directly involved in cortical cell division; and
(ii) ERN1 expression confers the ability to accept ITs to dividing cor-
tical cells. In the former case, ERN1 is unlikely to be involved in uni-
versal cell division because no expression was found in root
meristem where cell division is always active (Fig. 5). In the latter
case, ERN1 expression may be involved in the navigation of devel-
oping ITs to cortical cells. Further analysis will be required to clarify
what kinds of functions ERN1 has in dividing cortical cells.

Quantitative expression analysis using symbiotic mutants shows
that the early induction of ERN1 by M. loti inoculation is required
for CYCLOPS and partially for NSP2. Recently, Cerri et al.’® clearly
showed that NSP2 in the presence of NSP1 can act as a strong activa-
tor of ERNI transcription in transient expression assays in
Nicotiana benthamiana, and our data are consistent with their re-
sults regarding NSP2. On the other hand, ERNI induction was
clearly canceled in the cyclops mutant background. Although
CYCLOPS was originally identified as a component of the common
symbiosis pathway that directly interacts with CCaMK, it has been
demonstrated that it acts as a transcription activator of the NIN
gene via direct binding of CYCLOPS-box in its promoter region.
Since NIN is required for early infection events via IT development

and its target NF-YAT directly binds with M¢ERN1 promoter,®>°? it
is possible that ERN1 acts downstream of NIN to regulate IT pro-
gression. However, our results show that ERNT1 is normally induced
in response to the inoculation of M. loti in the nin mutant back-
ground similar to the WT, indicating that ERN1 activation is not
controlled by NIN. NIN is likely to act parallel with ERN1 under the
control of CYLOPS or may act downstream of ERN1. The balloon-
shaped root hair phenotype characteristic to Ljern1 mutants has not
been reported in #in mutants, which display excess curled and
branched root hairs in response to rhizobial infection. The frequency
of branched root hairs in Ljernl mutants was equivalent to that of
the WT. The different root hair morphology may suggest that ERN1
and NIN play distinct roles to positively regulate root hair re-
sponses and IT progression. In any case, the elucidation of transcrip-
tion networks involving CYCLOPS, ERN1, and NIN is a future
challenge.

The phylogenetic analyses showed that ERNT and ERN2 genes
were originated from the gene duplication after the divergence of
Fabales. The duplication event and subsequent molecular evolution
of the genes might associate with the evolution of nodulation symbi-
osis of legume plants although we do not know the full details of the
evolutionary history of ERN genes because of the lack of informa-
tion for plants other than symbiotic legumes of Faboideae (Fabaceae)
in Fabales (e.g. Caesalpinioideae, Mimosoideae, Quillajaceae,
Polygalaceae, and Surianaceae). The comparative genomic analysis
of the synteny of ERN genes showed that ERN1 of legumes had a
similar gene order to the ERN genes of nonlegume plants, rather
than that of ERN2 did. In contrast to the previous suggestion that
ERN1 was derived from ERN2 via duplication,”**>** the synteny
analysis proposed that ERNI might have an orthologous role to
ERN genes of plants of the outgroup. Molecular evolutionary analy-
sis of o ratio supported this result. The LRT failed to reject the alter-
native hypothesis of different ® ratio between ERN1 and all other
genes in the phylogeny of Figure 6 against the null hypothesis of the
same o ratios of all genes (Table 2). The test also showed that the ®
ratio of ERN2 was significantly greater than the background ratio of
ERNT1 and other ERN genes. It has been believed that variable non-
synonymous/synonymous rate ratios among lineages may associate
with the difference of functional constraint along certain line-
ages.®>°® According to this proposition, the functional constraint ap-
pears to be conserved between legume ERN1 and nonlegume ERN
genes, whereas the genes in the ERN2 lineage may have suffered re-
laxed selective constraints. It is possible that ERN1 took over the
main molecular function of original ERN genes and that ERN2 has
subfunctionalized and/or neofunctionalized the ERN function, and is
a helpful adjunct to the ERN1 gene during nodulation. A recent arti-
cle appears to support this proposition.>> Although the ern1 mutants
of M. truncatula were unable to nodulate, ern2 mutants can nodulate
but with signs of premature senescence. Although the ern1 mutant
still exhibited early symbiotic responses including rhizobial infection,
ernl/ern2 double mutants were completely unable to initiate infec-
tion and nodule development. ERN2 showed partially overlapping
expression patterns with ERN1.%°

Our genomic analysis suggested the possibility of a lack of the
ERN2 gene in the genome of L.japonicus. LIERN1 might have a suf-
ficient role in IT development of L. japonicus. Alternatively, the func-
tion and expression of the LjERNI may be complement in those
of ERN2 genes of other legumes. This notion is consistent with the
fact that Ljernl single mutants display balloon-shaped root
hairs that are observed in only ernl/ern2 double mutants in M.
truncatula.
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