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is a rare event in nodulating plants
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Abstract

Background: Nodule symbiosis with diazotrophic Frankia or rhizobium occurs in plant species belonging to ten tax-
onomic lineages within the related orders Fabales, Fagales, Cucurbitales, and Rosales. Phylogenomic studies indicate
that this nitrogen-fixing nodulation trait has a single evolutionary origin. In legume model plants, the molecular inter-
action between plant and rhizobium microsymbiont is mapped to a significant degree. A specific LysM-type receptor
kinase, LEPR3 in Lotus japonicus and MtLYK10 in Medicago truncatula, was found to act in a secondary identity-based
mechanism, controlling intracellular rhizobium infection. Furthermore, LJEPR3 showed to bind surface exopolysaccha-
rides of Mesorhizobium loti, the diazotrophic microsymbiont of L. japonicus. EPR3 orthologous genes are not unigue to
legumes. Surprisingly, however, its ortholog EXOPOLYSACCHARIDE RECEPTOR (EPR) is pseudogenized in Parasponia, the
only lineage of non-legume plants that nodulate also with rhizobium.

Results: Analysis of genome sequences showed that £PR3 orthologous genes are highly conserved in nodulating
plants. We identified a conserved retrotransposon insertion in the £PR promoter region in three Parasponia species,
which associates with defected transcriptional regulation of this gene. Subsequently, we studied the £EPR gene of
two Trema species as they represent the sister genus of Parasponia for which it is assumed it lost the nitrogen-fixing
nodulation trait. Both Trema species possess apparently functional £PR genes that have a nodulation-specific expres-
sion profile when introduced into a Parasponia background. This indicates the £PR gene functioned in nodulation in
the Parasponia-Trema ancestor.

Conclusion: We conclude that nodule-specific expression of EPR3 orthologous genes is shared between the legume
and Parasponia-Trema lineage, suggesting an ancestral function in the nitrogen-fixing nodulation trait. Pseudogeniza-
tion of EPR in Parasponia is an exceptional case in nodulating plants. We speculate that this may have been instru-
mental to the microsymbiont switch -from Frankia to rhizobium- that has occurred in the Parasponia lineage and the
evolution of a novel crack entry infection mechanism.
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(NFC), but also represent multiple lineages of non-nodu-
lating plants [2]. Recent phylogenomic studies indicated
that the absent-present pattern of nitrogen-fixing root
nodules in the NFC is the result of a single evolutionary
gain of the nodulation trait, followed by multiple paral-
lel losses [3-5]. In such a scenario, switches of microbial
partners may have occurred.

A key feature of the nodulation trait is the potential to
form a partnership with diazotrophic bacteria, in which
the bacteria are carried to a newly formed root organ
-the nodule- to establish an endosymbiosis. This bacterial
infection is typically supported by plant-derived tubular
structures, called infection threads, that transport bacte-
ria to dividing root cortical cells that form the nodule pri-
mordium. Finally, infection threads penetrate into nodule
cells allowing bacteria to fill most of the cytoplasmic
space. The plant host provides carbohydrates to symbi-
otic bacteria that then fix di-nitrogen gas (N,) to ammo-
nia, which is metabolized by the plant.

Nodule formation relies on a complex cross-talk
between plant and microbial partners. This cross-talk can
vary in its specificity depending on which partners are
involved. For example, in Lotus japonicus — an important
legume model species—infection thread progression and
cell infection are granted by recognition of compatible
rhizobia surface exopolysaccharides (EPS) by the host’s
trans-membrane lysin motif (LysM) receptor kinase
EXOPOLYSACHARIDE RECEPTOR 3 (LjEPR3) [6, 7].
LjEPR3 harbours a singular configuration of its three
LysM domains (LysM1-LysM2-LysM3) due to the atypi-
cal topology of LysM1 [6, 8]. As a result, the extracellular
domain of LjEPR3 is specific to EPS and does not bind
to fungal and rhizobia chitooligosaccharide and lipo-
chitooligosaccharide signal molecules (COs and LCOs)
[8]. Thus, LjEPR3 works as a secondary identity-based
mechanism in the establishment of nitrogen-fixing nod-
ule symbiosis between L. japonicus and its microsymbi-
ont Mesorhizobium loti.

Studies on EPR3-type LysM receptors in species other
than L. japonicus are limited. In Medicago truncatula, the
LjEPR3 ortholog MtLYKIO0 is crucial for the progression
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of the infection thread to the nodule primordia. But rec-
ognition of succinoglycan -the surface EPS of the M.
truncatula compatible microsymbiont Sinorhizobium
meliloti- was not found [9]. EPR3-type receptors do
occur also in non-nodulating plant species [8, 9], how-
ever, surprisingly is lost in the nodulating Cannabaceae
species Parasponia [4].

Parasponia is the only taxonomic lineage outside the
legume clade that can establish nitrogen-fixing root nod-
ules with rhizobium. Parasponia represents five nodulat-
ing tropical tree species growing on volcanic islands of
Indonesia and Papua New Guinea [10, 11]. Parasponia
is closely related to the genus Trema, which includes 18
species that do not nodulate [4, 12]. Comparative analy-
sis of Trema and Parasponia species showed that loss
of the EPR3-type receptor EPR is specific to Parasponia
species [4]. Here we aim to characterise the evolution-
ary trajectory of EPR in the Parasponia—Trema lineage.
Specifically, we ask whether EPR may have functioned in
nodulation in an ancestral Parasponia—Trema species,
and how common loss of EPR3 orthologous genes is in
nodulating species. Furthermore, we discuss whether
the loss of EPR in Parasponia was instrumental to the
microsymbiont switch that occurred in this lineage.

Results

A retrotransposon insertion caused epr pseudogenization
in Parasponia species

Parasponia represents five species, three for which
genome sequence data have been generated; P. ander-
sonii, P. rigida, and P. rugosa, respectively [4]. Earlier
analysis revealed that these Parasponia species, as well
as close relatives of the genus Trema, possess a single
LjEPR3/MtLYK10 orthologous gene named EXOPOLY-
SACCHARIDE RECEPTOR (EPR). P. andersonii and P.
rigida EPR accumulated different mutations in the first
exon causing a disruption of the predicted open read-
ing frame (ORF), whereas P. rugosa EPR experienced a
large deletion affecting exons 1 to 5 (Table 1). As these
mutations in EPR are not shared between the three Par-
asponia species, they must have occurred in parallel.

Table 1 Independent mutations in the presumed coding region of the epr pseudogene of three Parasponia species

species gene name mutation in cds encoded protein GeneBank
P andersonii Panepr TAAY®=310 stop codon 169 AA KY786136.1
P rigida Priepr A2 insertion 72 AA KY786146.1
P rugosa Pruepr 362-1217 bp inframe deletion 326 AA KY786178.1
T. orientalis TorEPR? no mutations 610 AA JXTCO01000021.1
T. levigata TleEPR no mutations 610 AA KY786208.1

@ Note: TorEPR is named TorLYK2 in GeneBank



Dupin et al. BMC Plant Biology ~ (2022) 22:225

This may suggest that the loss of EPR in Parasponia is
the result of genetic erosion rather than specific selec-
tion. Alternatively, a shared, but yet unknown mutation
occurred in the non-coding region of the gene affecting
its functioning.

To find evidence for this latter scenario, we investigated
the putative promoter region of EPR in Parasponia and
Trema species. In L. japonicus the functional promoter
region of LjEPR3 is relatively short, spanning only 329 bp
upstream of the translational start codon [7]. We ana-
lysed the EPR promoter region in three Parasponia and
two Trema species. The alignment of these promoters
revealed a large 5,7 kb insertion in all three Parasponia
species, just 154 bp upstream of the predicted transla-
tional start codon (Fig. 1A; Supplemental data file 1).
Homology searches using BLAST revealed that this
insertion represents a unique TY3-GYPSY-type retro-
transposon element, which occurs only as a single copy
in the genomes of the three Parasponia species, whereas
it is absent in Trema. We compared the expression of the
P andersonii epr pseudogene to close homologs of the
LysM-type receptor kinase (LYK) family [13]. This uncov-
ered that in none of the samples, Panepr expression was
observed, including roots and nodules at different stages
of development (Figure S1). This supports that the retro-
transposon insertion in the putative regulatory region of
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EPR could have been instrumental for the pseudogeniza-
tion of this gene in the Parasponia lineage.

Trema EPR is expressed in rhizobium-induced nodules

In L. japonicus, the LJEPR3 promoter possesses putative
binding sites for the nodulation-specific transcription
factors NIN and ERN1 [7]. We analysed the putative pro-
moter region of Trema and Parasponia EPR using MEME
combined with manual curation [14, 15]. This predicted
the occurrence of conserved putative transcription factor
binding sites for ERN1 (1x) and NIN (3x), both in Trema
and Parasponia EPR promoters in a confined ~500 bp
region (Fig. 1B). This may suggest that transcriptional
regulation of EPR3 ortholog genes is conserved in leg-
umes and non-legumes. As the putative NIN and ERN1
binding sites are present also in the 7. orientalis EPR pro-
moter, we questioned whether Trema EPR still possesses
a nodule-enhanced expression profile, despite the loss of
the nodulation trait.

To find support for the functioning of EPR in nodula-
tion in a Trema-Parasponia ancestor, we generated trans-
genic P andersonii lines carrying a TorEPR promoter
GUS reporter construct (pTorEPR:GUS). As a putative
promoter, a fragment of 1,730 bp upstream of the trans-
lational start codon was used, which includes the puta-
tive NIN and ERN1 binding sites. Two independent
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Fig. 1 Gene structure of Parasponia and Trema EPR. A Gene structure of L. japonicus LjEPR3, T. orientalis EPR, and the epr pseudogene in P andersonii,
P rigida, and P rugosa. Note retrotransposon insertion (annotated in orange) in the putative promoter region of Parasponia species. Promoter (light
green), gene (green), CDS = coding DNA sequence (yellow). B LOGOs of putative NIN and ERN1T binding motifs in the promoter region of T. orientalis
EPR and the epr pseudogenes of P andersonii, P rigida, and P. rugosa. TSS: translational start site
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transgenic lines were studied. GUS staining of root tis-
sue did not reveal any blue staining. Subsequently, plant-
lets (2xn=10) were inoculated with the compatible
strain Bradyrhizobium elkanii WUR3 [16] and studied
4 and 8 weeks post-inoculation. TorEPR protomer GUS
activity was observed in rhizobium-induced cell divi-
sions (Fig. 2A,B), which in P. andersonii occur in the root
epidermis and outer cortical cell layers [17]. In mature
nodules, pTorEPR:GUS induced blue staining is con-
fined to the meristematic zones in the apex of the nodule
(Fig. 2C-E). In both cases, the GUS expressing cells were
yet to be infected by rhizobium.

To find additional support for Trema EPR expression in
nodules, we studied gene expression in an intergeneric F1
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hybrid of the cross P. andersonii x Trema tomentosa. Ear-
lier studies showed such hybrid plants can be nodulated,
but are hampered in hosting rhizobium intracellularly [4].
T. tomentosa is an allotetraploid. We analysed available
genome sequence data and identified two T. tomentosa
EPR genes, which were named TtoEPRa and TtoEPRb
(Supplemental data file 2). Next, we studied EPR allele-
specific expression in P andersonii x. T. tomentosa F1
hybrid roots and nodules. This revealed a nodule-specific
expression of TtoEPRa and TtoEPRb whereas no expres-
sion of P. andersonii epr was detected (Fig. 3).

Taken together, expression analysis of the P ander-
sonii x T. tomentosa F1 hybrid as well as pTorEPR:GUS
reporter studies in P. andersonii confirm that Trema EPR
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Fig. 2 Temporal-spatial expression of Trema orientalis EPR promoter-GUS reporter constructs in Parasponia andersonii. A GUS staining in young a
nodule primordium. B Longitudinal section of a rhizobium-induced young nodule primordium formed in the outermost cell layers of the root. C
GUS staining in a narrow zone in the apical region of a nodule. D Longitudinal section of a mature nodule with pTorEPR:GUS activity in cells just
below the meristem. E Enlargement of pTorEPR:GUS expressing cells in a nodule. Note absence of intracellular infection in cells showing TorfPR
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Fig. 3 Nodule-enhanced expression of Trema EPR in Parasponia andersonii (2n) x Trema tomentosa (4n) F1 hybrid plants. Hybrid plants are triploid
possessing two T. tomentosa genes (TtoEPRa and TtoEPRb) and one P. andersonii epr pseudogene (Panepr). Expression is given in DESeq2 normalized
read counts, error bars represent the standard error of three biological replicates, and dots represent individual expression levels
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possesses essential cis-regulatory elements allowing nod-
ule specific expression. This suggests that in a Trema-
Parasponia ancestor, EPR functioned in nodulation.

The loss of EPR in nodulating species is specific

to the Parasponia lineage

In L. japonicus and M. truncatula, LJEPR3 and MtLYK10
commit essential functions in rhizobium infection,
whereas in Parasponia the orthologous gene is pseu-
dogenized. Earlier studies showed that also in the legume
Aeschynomene evenia the LjEPR3/MtLYKIO ortholo-
gous gene is absent [18]. However, this species possesses
a close paralog, which possibly evolved as a result of a
legume-specific duplication event and that may com-
mit a similar function [9, 18]. To determine whether loss
of EPR3 occurred more often in nodulating species, we
analysed genome sequences of 34 species; 26 legumes
(including A. evenia, L. japonicus, and M. truncatula), 7
actinorhizal plant species that nodulate with Frankia, and
P. andersonii. In all species, 1 to 4 putative ERP3 ortholo-
gous genes were identified. Many of these gene models
have been predicted based on automated bioinformat-
ics, without manual curation. As LjERP3, MtLYKI0 and
TorEPR/Panepr have a conserved gene structure consist-
ing of 10 exons, we used these to manually curate the
gene models in other species (Table S1). This revealed
that all species investigated possess at least one gene
copy that can encode a LysM-type receptor kinase that in
length and structure is comparable to LjEPR3/MtLYKI10/
TorEPR. Subsequent phylogenetic reconstruction, based
on a coding sequence alignment and using close para-
logs LjLYS4, LjLYS5, MtLYK11, and PanLYK4 as an
outgroup, supported the orthologous relation (Fig. 4;
Supplemental data file 3). Also, it supports the occur-
rence of a duplication event in the legume Papilionoid
subfamily, and the subsequent loss of one copy in the
so-called galagoid clade formed by Cicer, Medicago, Tri-
folium, Vicia, and Pisum. As all analysed plant genomes
-except Parasponia- possess an EPR3-type gene, we con-
clude that loss of this gene in nodulating plant species is
uncommon.

Discussion

The legumes L. japonicus and M. truncatula use a specific
LysM receptor kinase, namely LjEPR3 and MtLYK10, as
a secondary identity-based mechanism to control rhizo-
bium infection [6, 9]. We showed that the occurrence of
LjEPR3/MtLYKI10 orthologous genes is highly conserved
in nodulating plants, including actinorhizal plants that
interact with diazotrophic Frankia. This suggests that
a secondary identity-based mechanism allowing diazo-
trophic microsymbionts to infect is more generic. Strik-
ingly, however, this mechanism seems to be mutated

Page 5 of 9

in Parasponia due to the pseudogenization of LjEPR3/
MtLYKI0 orthologous gene EPR. This raises the question
of why this gene was lost in the only non-legume lineage
that nodulates with rhizobium?

First, we found that epr pseudogenization in the Par-
asponia lineage is associated with a unique retrotranspo-
son insertion near the transcriptional start of the gene.
Second, we studied the transcriptional regulation of the
EPR gene in a nodulation context of the nearest non-nod-
ulating sister species of Parasponia; namely Trema spp. It
is hypothesized that Trema spp. lost the nodulation trait
after the divergence of Parasponia, which is supported by
the pseudogenization of several key nodulation genes in
Trema [4]. We anticipated that Trema EPR may still pos-
sess the cis-regulatory elements critical for expression
upon rhizobium-induced signalling since T. orientalis
EPR contains putative ERN1 and NIN binding sites in its
promoter region, similar as was reported for L. japonicus
EPR3 and M. truncatula LYKIO [7, 9, 19-22]. Expression
analysis using a T. orientalis EPR putative promoter GUS
(pTorEPR:GUS) reporter construct in P. andersonii sup-
ported this view. The TorEPR putative promoter showed
to be induced in the first dividing epidermal and cortical
cells that occur upon rhizobium inoculation, whereas in
the nodule expression is confined in the cell clusters that
are about to be infected. Likewise, enhanced expression
of the Trema EPR alleles was found in nodules formed on
T. tomentosa x P. andersonii F1 hybrid plants, whereas the
Parasponia allele is not expressed. Together, these find-
ings support the hypothesis that EPR committed a func-
tion in nodulation in the last Trema-Parasponia ancestor.

Loss of EPR in the Parasponia lineage may have been
instrumental for the microsymbiont switch from Frankia
to rhizobium. We speculated earlier that such a switch
occurred at the base of the Parasponia lineage, based on
evolutionary signatures in the nodule-specific haemo-
globin gene [4, 23]. The EPR receptor of the nodulating
Parasponia-Trema ancestor could have been co-evolved
with its (ancestral) Frankia microsymbiont. Such EPR
receptor may have hampered the interaction of ancestral
Parasponia with rhizobium in a somewhat similar man-
ner as observed in L. japonicus where LjEPR3 hampers
infection of the M. loti exoll exopolysaccharide mutant
[6]. We initiated the first experiment to find evidence for
this hypothesis and introduced the T. orientalis EPR gene
in P. andersonii and quantified the nodulation efficiency
of these transgenic lines. Though, despite nodule-specific
expression of TorEPR (Figure S2), no phenotypes in nod-
ulation were observed (Figures S3 and S4). This suggests
that the effect of trans TorEPR in P. andersonii nodula-
tion is only subtle and difficult to observe under given
laboratory conditions. Alternatively, trans TorEPR in P
andersonii may contribute to the interaction potential
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Fig. 4 Phylogeny reconstruction of the LEPR3/MtLYK10 orthogroup of nodulating species. Color coding indicates taxonomic orders; Cucurbitales
(green, 1 species), Fagales (yellow, 3 species), Rosales (red, 4 nodulating species and two non-nodulating Trema species), Fabales (purple, 26
species). Tree rooted on outgroup (L. japonicus LYS4 and LYS5, M. truncatula LYK11, and P. andersonii LYK4). Asterisk indicates a duplication event in the
legume Papilionoideae subfamily. Bootstrap values indicate IQ-tree UF-bootstrap support%; values. The scale bar presents substitutions per site. A
complete list of species and accession numbers can be found in Table ST and Supplemental Data file 3
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withcertain Frankia species. Although it is a tempting
hypothesis, we considered it experimentally extremely
challenging to prove. This is because we anticipate that
the ancestral Frankia microsymbiont of the nodulat-
ing Trema-Parasponia ancestor most probably belonged
to the taxonomic cluster-2 [13], of which species pos-
sess LCO biosynthesis genes [24—26]. Frankia cluster-2
strains are notoriously difficult to culture [27], and cur-
rent (non-sterile) inocula only have limited compatibility
with actinorhizal plants of the Southern hemisphere [26,
28, 29].

M. truncatula and L. japonicus, knock mutants in
Mtlykl10 and Ljepr3 are affected in the progression of
root hair-based infection threads [6, 9]. This results in

a reduced number of trans-cellular cortical infection
threads. In the L. japonicus Ljepr3 mutant, successful
infection often occurs from large intercellular pockets of
bacteria from which subsequently cell penetration can
occur (so-called peg infections) [7]. Parasponia does not
support a root hair-based infection mechanism. Instead,
rhizobium enters the roots by a novel crack entry mecha-
nism, not found in legumes or actinorhizal plants. Upon
inoculation, root epidermal and most outer cortical cells
will divide. The newly formed daughter cells remain only
loosely attached creating openings that are colonized by
rhizobium [17, 30, 31]. From such an infection pocket,
infection threads are formed to enter the nodule primor-
dial cells. In comparison, crack entry infection is also
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found in some legume species. However, in these cases
rhizobium exploits disruptions in the epidermis, e.g.
due to later root emergence, rather than actively induc-
ing the formation of such openings [32]. The evolution of
this unique crack entry mechanism in Parasponia may
have coincided with the loss of epr and the acceptance of
rhizobium as a microsymbiont.

Taken together, this study highlights that LjEPR3/
MtLYK10 controlled secondary identity-based mecha-
nism may predate the legumes, as cis-regulatory ele-
ments essential for a nodulation associated expression
are present in the orthologous gene of Trema. Studies
in Parasponia show, however, that the occurrence of a
LjEPR3/MtLYK10-orthologous gene is not essential to
allow effective rhizobium nodulation.

Materials and methods

Plant materials and nodulation

Experiments were conducted using P. andersonii WU1 or
its offspring [33] and the interspecific hybrid P anderso-
nii x T. tomentosa line H9 [4]. P. andersonii plantlets used
for nodulation experiment and qRT-PCR analysis were
grown in 1 L clear polypropylene containers allowing
for gas exchange (Duchefa Biochemie, The Netherlands).
Pots were filled with agraperlite type 3 (Maasmond-
Westland, The Netherlands), saturated with EKM nutri-
ent solution (3 mM MES (C;H,3NO,) pH 6.6, 0.88 mM
KH,PO,, 2.07 mM K,HPO,, 2.08 mM MgSO,.7H,0,
0.7 mM Na,SO,, 0.375 mM NH,NO,, 1.45 mMCaCl,,
54 uM Fe-citrate, 6.6 pM MnSO,, 1.5 uM ZnSO,, 1,6 pM
CuSO,, 4 pM H3BO, 4.1 uM Na,MoO,). For nodulation
assay, EKM was inoculated with B. elkanii WUR3 (ODy,
0.05) [16]. Plants were placed in a conditioned climate
room set at 28" C and a 16/8 h day/night regime.

Phylogenetic reconstruction

Protein sequences of publicly available genomes belong-
ing to the Fabid clade (a taxonomic clade within the clade
eurosids) were clustered into orthologous groups using
Orthofinder (v2.5.1, Emms & Kelly, 2015). The ortho-
group containing the EPR3 orthologues was extracted by
searching for the L.japonicus LjEPR3 (Lj2g3v14154105)
gene name. The EPR3 orthologous proteins were aligned
using MUSCLE, and a phylogenetic tree based on this
alignment was made using RAXML on the CIPRES Sci-
ence Gateway version 3.3 [34]. EPR protein alignment
was then used to manually curate the data set by assess-
ing the protein model integrity based on the MUSCLE
alignment. A protein model was scored complete when
all three key EPS receptor domains were present (LysM
motifs, trans-membrane and kinase domains). Other-
wise, it was scored truncated when missing part of a
domain or elongated when it had additional amino acids
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at the N or C terminal. Any species without a complete
orthologous EPR protein model was annotated as a puta-
tive gene loss.

Plant transformation

P andersonii stable transformation was conducted as
described in Wardhani et al., (2019) [35]. For the T. orien-
talis promoter the 1,730 bp upstream region was cloned
(Supplemental Data File 1) in a Golden Gate compatible
level 0 clone (clone i.d. EC74289). This clone was subse-
quently used to assemble a pTorEPR:GUS level 2 binary
vector EC74794. using the Moclo backbone pICH86966.
As empty vector control, the binary vector EC74842
was used, expressing only a kanamycin resistance gene.
Golden Gate constructs used in this study are listed in
Table S2. Genotyping of transgenic lines was conducted
using the Phire Plant Direct PCR Kit (Thermo Scientific,
USA) and specific primers for T. orientalis pTorEPR.
Amplicons were subsequently confirmed by sequencing.

Microtome sectioning

Longitudinal sections of root nodules were made from
root nodules 5 weeks post-inoculation. Plant tissue
was fixed and embedded in technovit 7100 as previ-
ously described [35]. Thin Sects. (5 pm) were cut using
a microtome (Leica Microsystems, Germany) placed on
a glass slide and stained with 0.05% Toluidine blue for
imaging. Pictures were taken using a Leica DM5500B
microscope coupled with a DFC425C camera (Leica
Microsystem, Germany).

Library preparation and RNA sequencing

Nodules from the two P. andersoniistable transformation
lines 1.3 and 2.1 containing the pTorEPR:TorEPR trans
gene, as well as from an empty vector control line, were
harvested and flash-frozen in liquid nitrogen in two bio-
logical replicates.

Frozen samples were homogenized for 2 min with a
bead beater at 2000 rpm and the homogenized sample
was immediately resuspended in modified RB buffer,
500 pl RB buffer, 10 pl beta-mercaptoethanol and 50 pl
Plant RNA isolation aid (Thermo Fisher Scientific, USA).
Then, RNA was extracted using the E.Z.N.A. Plant RNA
Kit (Omega Bio-tek, USA) following manufacturer rec-
ommendations. Library preparation and sequencing were
performed by Novogene (Cambridge, UK). In short, the
mRNA is fragmented randomly by adding a fragmen-
tation buffer, then the cDNA is synthesized by using
mRNA template and random hexamers primer. Samples
were barcoded and pooled according to their effective
concentration determined with qPCR and expected data
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volume. The resulting libraries were sequenced on the
[llumina NovaSeq 6000 s platform.

RNA-sed data analysis and quantification

Paired-end 150 bp “raw reads” quality was assessed with
FastQC (v0.11.9). Remaining adaptor sequences were
removed from the reads and low-quality reads were fil-
tered out (Q-score<Q20) with Trimmomatic (v0.39).
Quantification of transcript abundance was done with
Kallisto (v0.46.1) [36] by pseudo-mapping the cleaned
reads to P andersonii reference genome [4, 36] with 500
bootstrap replicates; other values were left to default. The
Kallisto abundance files were loaded into R version 4.0.2
using tximport [37] and the transcript abundance was
normalised using DESEQ2 version 1.34.0 [38].

A draft T. tomentosa genome assembly (PRINA388567)
was soft masked using RepeatMasker version 4.0.7 [39].
After softmasking T. tomentosa RNA-Seq samples were
aligned to the assembly using Hisat version 2.2.1. Gene
models for this assembly were generated using BRAKER2
version 2.1.5 [40]. BRAKER2 was trained using the RNA-
seq alignment and the proteome of 1. orientalis and P
andersonii. Transcript abundance of the T. tomentosa
X P andersonii F1 hybrid was quantified using Kallisto
version 0.46.2 [36] by simultaneously pseudo mapping
with 500 bootstrap resampling; otherwise default val-
ues were used. Each RNA-seq sample was separately
(PRJNA388743) mapped to the assembled genome of P
andersonii and T. tomentosa. The Kallisto abundance files
were loaded into R version 4.0.2 using tximport [37] and
the transcript abundance was normalised using DESEQ2
version 1.34.0 [38]. Differential expression analysis was
done by combining each root and nodule sample and
comparing the expression between root and nodules.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/512870-022-03606-9.

Additional file 1: Table S1. Gene structure of LiEPR3/MtLYK10 orthologs
in nodulating plants. Exon lengths indicated in green have been manu-
ally curated based on alignment with close homologs. Note: Trema spp.
represent non-nodulating species.

Additional file 2: Table S2. Golden Gate compatible plasmids used in
this study.

Additional file 3: Figure S1. The Parasponia andersonii epr pseudogene is
not expressed. Expression of Panepr and its close homologs PanLYK1, Pan-
LYK3, and PanLYK4 in different tissue types. Expression is given in DESeq?2
normalized counts, error bars represent the standard error of 3 biological
replicates. RNA-seq data are been described in Van Velzen et al (2018) [4].

Additional file 4: Figure S2. TorEPR is expressed in root nodules of trans-
genic Parasponia andersonii lines. Expression of T. orientalis pTorEPR:TorEPR
in nodules and roots of the P andersonii transgenic lines 1.3 and 2.1, and
the empty vector control (ev-control). Expression is given in DESeq2 nor-
malized counts, error bars represent the standard error of two biological
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replicates. Nodule RNA was isolated 34 days post-inoculation with
Bradyrhizobium elkanii WUR3.

Additional file 5: Figure S3. Trans TorEPR in Parasponia andersonii doesn't
affect nodulation. Light microscopy images of P andersonii transgenic
lines harbouring pTorEPR:TorEPR thin nodule sections induced with
Bradyrhizobium elkanii WUR3. (A, B) Empty vector control line expressing
only the kanamycin selection marker. (C, D) transgenic line 1.3 containing
pTorEPR:TorEPR (E, F) transgenic line 2.1. containing pTorEPR:TorEPR (B, D,
F) Zoom imaging of the infection zone. Scale bars are 100 um.

Additional file 6: Figure S4. Parasponia andersonii lines expressing TorEPR
do not reveal a phenotype. (A) Plant dry weight boxplot (n=6). (B) Nodule
number on P.andersonii root boxplot (n = 6). Nodule number is normal-
ized by plant dry weight. (C) Total nodule volume per plant boxplot (n =
6). Nodule volume is normalized by plant dry weight. Two independent
lines (1.3 and 2.1) expressing TorEPR have been analysed 34 dpi with
Bradyrhizobum elkanii WUR3.

Additional file 7: Supplemental data file 1. Gene sequence of Trema
orientalis EPR, the epr pseudogene of Parasponia species, and LjEPR3 gene
of Lotus japonicus in Genbank format.

Additional file 8: Supplemental data file 2. CDS of Trema tomentosa
EPRa and EPRb.

Additional file 9: Supplemental data file 3. EPR protein alignment of
nodulating plants.
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