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Abstract

We isolated ENODS5, ENODI12 and ENOD40 homologues from Vicia sativa and studied their expression
pattern during Rhizobium-induced nodule formation. Comparison of the VsENOD40 nucleotide sequence
with the pea, soybean and alfalfa ENOD40 sequences showed that the sequences contain two conserved
regions, called region I and region II. Comparison of all the potential open reading frames (ORFs)
showed that all the five different ENOD40 clones encode a highly conserved small polypeptide of 12 or
13 amino acids encoded by an ORF located in region I. Furthermore we studied with in situ hybridization
the expression pattern of VsENODS, VsENODI2 and VsENOD40 during Rhizobium-induced nodule
formation. Although the expression of these genes is largely similar to that of the pea counterparts,
differences where found for the expression of VsENODI2 and VsENOD40 in Vicia. VsENODI2 is ex-
pressed in the whole prefixation zone II, whereas in pea ENODI2 is only expressed in the distal part
of this zone. VsENOD40 is expressed in the uninfected cells of interzone II-1T1, while in pea ENOD40
is expressed in both the uninfected and infected cells of this zone.

Rhizobium and Bradyrhizobium bacteria elicit the
formation of nodules on the roots of leguminous
plants. The formation of these organs involves
different developmental steps, which have been
described in several recent reviews [2, 7]. The
bacterial genes that play a key role in the induc-
tion of the early steps of nodulation are the nod
genes. Flavonoids, secreted by the plant into the

rhizosphere, elicit the expression of these genes
and the activity of the Nod proteins results in the
production of specific lipo-oligosaccharides,
called Nod factors. Purified Nod factors can in-
duce the first steps of nodule formation including
the induction of some early nodulin genes [8, 18,
22] and on some legumes even genuine nodules
are induced [19, 20]. Therefore it is of great in-

The nucleotide sequence data reported will appear in the EMBL, GenBank and DDBJ Nucleotide Sequence Databases under

the accession numbers X83681, X83682 and X83683.
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terest to study the mode of action of Nod factors.

We are studying the Rhizobium leguminosarum
bv. viciae-legume interaction. Host plants that can
interact with R. leguminosarum bv. viciae include
Vicia and pea. For Vicia, several bioassays to
study Nod factor-induced root hair deformation
and the induction of cortical cell division have
been developed [6, 18] while, on the other hand,
early nodulins have been cloned from pea but not
from Vicia. Therefore it has not been possible to
correlate Nod factor-induced processes with the
induction of early nodulin gene expression. We
decided to isolate from Vicia sativa early nodulin
genes that are induced by R. leguminosarum bv.
viciae Nod factors. Previously, we showed that
the early nodulin genes ENODS and ENODI2 can
be induced by purified Nod factors in root hairs
of pea plants treated with Nod factor [8]. Fur-
thermore we reported that the early nodulin genes
ENODS5, ENODI2 and ENOD40 are active in
Rhizobium-induced pea nodule primordia [ 15, 16,
24]. For this reason we cloned the ENODS,
ENODI2 and ENOD40 homologues of Vicia sa-
tiva and studied their expression during Rhizo-
bium induced root nodule formation. These com-
parative in situ hybridization studies revealed
differences between pea and Vicia for the expres-
sion patterns of ENODI2 and ENOD40 which
may ultimately help to understand the mode of
action of the corresponding gene products. Fur-
thermore, comparison of the nucleotide sequences
reveals functional motifs within the early nodulin
genes and has led to the identification of a con-
served ORF in ENOD40 encoding an oligopep-
tide.

Cloning and sequencing

A V. sativa A-Zapll cDNA library was prepared
from mRNA of young root nodules. Total RNA
was isolated from nodules harvested 7, 9, 12 and
17 days after inoculation with Rhizobium legumi-
nosarum bv. viciae [14]. Equal amounts of these
RNAs were mixed and poly(A)* RNA was ob-
tained by oligo-dT purification. First-strand
cDNA synthesis [ 11] was performed by using an

oligo(dT)-Not 1 primer (Promega). After second-
strand cDNA synthesis according to Gubler [5],
double-stranded ¢cDNA fragments larger than
400 bp were purified on a sepharose CL-4B col-
umn. These cDNA fragments were provided with
Eco RI adaptors (Promega), digested with Nor 1
and ligated into Eco RI-Not 1 digested A-ZAPII
arms (Stratagene). The DNA was packed by
using a Gigapack Gold II kit (Stratagene), as
described by the manufacturer. Starting from
5 ug poly(A)* RNA, 500 ng of double-stranded
c¢DNA, larger than 400 bp, was obtained. From
75 ng of cDNA ligated to A-ZAPII arms, 8 x 10°
independent recombinant phage were obtained.
The library was amplified once and this amplified
library was screened with *?P-labelled inserts of
pPsENODS, pPsENODI2 and pPsENOD40,
which had been isolated previously [13, 15, 16].
From each screening 4 independent clones were
isolated. The clones containing the longest inserts
were named pVsENODS, pVSsENODI12 and
pVSsENODA40, respectively.

pVsENODS has an insert of 538 bp and con-
tains a poly(A) stretch at the 3’ end. The cloned
V. sativa cDNA starts with the coding sequence
of 12 aa which are highly conserved between pea
and vetch and form, in pea, the second half of a
putative signal peptide. This suggest that also the
vetch ENODS polypeptide will contain a signal
peptide and the sequence coding for the 11 amino
acids, including the AUG start codon, at the be-
ginning of the open reading frame are missing in
the cloned VSENODS ¢DNA (Fig. 1A). Com-
parison with the PSENODS5 polypeptide showed
76%, identity (Fig. 1A). Like PSENODS, VsE-
NODS contains a high percentage of Pro, Ser,
Gly, and Ala residues and a short sequence of 5
amino acids consisting of alternating Pro and Ala
occurs in this protein. Both features are consid-
ered to be characteristics of arabinogalactan pro-
teins [17] and so the vetch ENODS5 sequence
supports the hypothesis that ENODS5 might be an
arabinogalactan protein.

pVsENOD12 has an insert of 548 bp that con-
tains a complete open reading frame (ORF) cod-
ing for a 100 amino acid long polypeptide. Like
the pea ENOD12 polypeptides it contains a pu-
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Fig. 1. Alignment of Vicia and pea ENODS5 (A) and ENODI12 (B) amino acid sequences. Homologous amino acids are boxed.

Dots represent deletions.

tative N-terminal signal peptide of 24 amino acids
and the major part of the protein is composed of
two proline-rich pentapeptide repeating units. The
unit consisting of the pentapeptide Pro-Pro-Gin-
Lys-Glu is repeated three times but the third time
the unit is changed into Ser-Pro-Arg-Asn-Glu.
The other unit starts as Pro-Pro-Val-Asn-Gly but
towards the carboxy terminus of the polypeptide
gradually every amino acid except the prolines is
changed to a final Pro-Pro-His-Lys pentapeptide.
At three positions the first proline codon is
changed into an alanine, threonine or serine
codon by a single-basepair substitution. Compari-
son with the PSENOD12A polypeptide showed
889 identity, with a deletion of 10 amino acids
located in the proline-rich pentapeptide repeat
region, whereas the PsENODI12B polypeptide
shows 739% identity. PsENODI12B contains
fewer and less conserved proline-rich penta-
peptide repeats, causing the lower homology
(Fig. 1B).

pVSENOD40 has an cDNA insert of 718 bp
and on the nucleotide level this sequence is 939,
homologous to the pea ENOD40 ¢cDNA clone

recently cloned by Matvienko et al. [13]. A com-
parison of the pea ENOD4( cDNA with the pre-
viously cloned soybean ENOD40 cDNAs [9, 24]
showed that the long ORF present in the soybean
ENOD40 c¢cDNAs does not occur in the pea
ENOD40 ¢cDNA due to several non-triplet inser-
tions and deletions [ 13]. Toidentify the conserved
regions of ENOD40 we compared the Vicia
ENODA40 ¢cDNA clone with the pea, soybean and
the recently cloned alfalfa [3] ENODA40 sequence
(Fig. 2A). Comparison on the nucleotide level of
the complete cDNA clones showed that the Vicia
and pea cDNA clone are 87 %, homologous to the
alfalfa cDNA clone, and that the Vicia, pea and
alfalfa clones are 559, homologous to the soy-
bean ¢cDNA clones. However, the comparison
showed that the sequences contain two conserved
regions, indicated in Fig. 2A as region I and re-
gion II. The homology of region I between Vicia,
pea and alfalfa is 989, whereas the homology of
these sequences with soybean is 829%,. The ho-
mology of region II is 919 between Vicia, pea
and alfalfa and compared to soybean the se-
quences show a homology of 76%,. Comparison
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Fig. 2. Alignment of nucleotide and amino acid sequences of ENOD40. A. Alignment of nucleotide sequences of different ENOD40
sequences. GmENODA40-1 and GmENOD40-2 are isolated from soybean by Kouchi and Hata [9] and Yang et al. [24], respec-
tively; PSENOD40 has been isolated from pea by Matvienko et al. [13]; MsENOD40 has been isolated from alfalfa by Crespi et al.
[3] and VsENODA40 is isolated from Vicia sativa as described in this paper. The conserved regions I and II are boxed. Dots re-
present identical nucleotides, stars represent deletions. B. Alignment of the conserved polypeptide encoded by region I of all

ENODA40 genes.
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of all potential ORFs, that means sequences
starting with an AUG start codon, showed that
all five different clones encode a highly conserved
small polypeptide of 12 or 13 amino acids
(Fig. 2B), encoded by an ORF located in region
I. Furthermore, the AUG start codon of this ORF
is flanked by an adenine at the -3 position in all
ENOD40 sequences in which the A of the AUG
is numbered + 1 and bases 5’ of this are num-
bered negatively. At position +4 the soybean
AUG codon is flanked by a guanine whereas the
AUG codon in the other ENOD40 sequences are
flanked at this position by an adenine. According
to Kozak [10] and Lutcke etal [12] AUG
codons flanked by these bases are most efficient
as an initiation codon. This could mean that
ENOD40 encodes a short polypeptide. The sec-
ond conserved region does not encode a polypep-
tide.

Matvienko etal. [13], Crespi etal. [3] and
Asad et al. [1] suggested that ENOD40 might be
active as a RNA transcript, because of the ab-
sence of significant ORFs and the tendency of
ENOD40 RNA to form secondary structures.
However, the methods used by Crespi ef al. [3]
to show that ENOD40 codes for a non-translat-
able RNA might not be applicable for messengers
encoding small proteins. The Test Code program
(GCG software package) was designed for detec-
tion of coding regions longer than 200 bp, so small
polypeptides are overlooked and for a good com-
parison of the free energies of folding between
coding and non-coding RNAs also RNAs encod-
ing small polypeptides should have been used.
Therefore these studies do not exclude that
ENOD40 encodes an unusual small conserved
protein and further studies are essential to reveal
which ENOD40 product is biologically active.

Expression of early nodulin genes during Rhizo-
bium-induced nodule development

The expression of ENODS5, ENODI2 and
ENODA40 was studied by in situ hybridization [23]
at different stages of Rhizobium-induced nodule
development. Four days after spot inoculation
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with R. leguminosarum bv. viciae a globular nod-
ule primordium has been formed in the inner cor-
tex of the root. The peripheral tissues have started
to form, but the apical meristem has not yet been
formed (Fig. 3A). Some branches of the infection
thread have penetrated the primordium. One day
later (day 5) the nodule meristem is visible at the
distal part of the young nodule and at the proxi-
mal part infected cells are present, which are larger
than the cells at the distal part (Fig. 3B). Twenty
days after inoculation a mature nodule is formed
(Fig. 3C). Like pea, V. sativa forms indeterminate
nodules, which have a persistent meristem that
continuously differentiates in the different nodule
tissues. As a result the central tissue of indeter-
minate nodules has been divided into zones rep-
resenting successive stages of development. The
following nomenclature for these zones, from the
apex to the root attachment point, are used in
alfalfa and pea: the meristematic zone 1, prefix-
ation zone II, interzone II-III, fixation zone III,
and in older nodules a senescent zone IV is
present. In both alfalfa and pea the sudden start
of amyloplast accumulation in the infected cell
type marks the transition of prefixation zone II
into interzone II-III [4, 21]. Such a sudden ac-
cumulation of amyloplasts in the infected cells
was also found in V. sativa nodules and this will
be considered as the transition of prefixation zone
IT into interzone II-11I (Fig. 3C, arrow). Adjacent
cross sections of vetch roots 4, 5 and 20 days
after inoculation with R. leguminosarum bv. viciae
were hybridized with **S-labelled anti-sense RNA
transcribed from the three cloned early nodulin
cDNAs.

At 4 days after spot inoculation both ENOD12
and ENOD40 mRNA are present in all cells of
the centre of the nodule primordium, while
ENODA40 mRNA is also present in the region of
the root pericycle facing the nodule primordium
(Fig. 3G and 3J). Remarkably ENOD12 mRNA
also occurs in the root cortical cells containing the
infection thread (Fig. 3G, arrowhead). In con-
trast to the expression pattern of ENODI2 and
ENOD40 in the primordium, ENODS transcript is
only found in a small cluster of cells of the pri-
mordium (Fig. 3D). In this cluster infection
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Fig. 3. In situ localization of VsENODS, VsENODI2 and VsENOD40 in 4, 5- and 20-day old Rhizobium-induced Vicia sativa root
nodules. NP, nodule primordium; CT, central tissue; PE, pericycle, M, meristem; X, proto-xylem pole; ic, infected cells; uc,
uninfected cells; PF, prefixation zone II; IZ, interzone II-1II. A, B, C are bright-field micrographs; D, E, F, G, H, I, J, K and L
are dark-field micrographs were signals are represented by white dots. The sections were hybridized with ENODS5 (D, E, F),
ENODI12 (G, H, I) and ENOD40 (J, K, L) **S-labelled antisense RNA. A, D, G, J: Serial cross sections of a 4-day old root nodule
showing the nodule primordium (NP) formed in the inner root cortex. The sections were hybridized with ENODS (D), ENOD12
(G) and ENOD40 (J) **S-labelled antisense RNA, showing the expression of ENODI2 and ENOD40 in all cells of the nodule
primordium (NP), whereas ENODS mRNA is only detected in a small cluster of cells in the nodule primordium (NP). In addi-
tion ENOD40 mRNA is detected in the root pericycle (PE) near one of the xylem poles. Note that ENODI2 is also expressed
in the root cortical cells containing the infection thread (arrow). Bar = 80 um. B, E, H, K. Serial cross sections of a 5 day old root
nodule showing that at the distal part of the nodule a meristem (ME) is visible and at the proximal part infected cells (IC) are
present. The sections were hybridized with ENODS5 (E), ENOD12 (H) and ENOD40 (K) **S-labelled antisense RNA, showing
that all three early nodulin genes are expressed in the complete central tissue (CT), but not in the meristem (ME). Bar = 80 yum.
C, F, I and L. Serial cross sections of a 20 day old fully developed nodule. The section in C has been stained with a 0.2%, 1, —
2% KI solution to show the accumulation of amyloplasts in the uninfected cells. Amyloplasts are the purple stained material. The
sudden accumulation of amyloplasts in the uninfected cells marks the transition of prefixation zone II (PF) into interzone 1I-1I1



threads are present (data not shown). At day 5,
one day later, all three early nodulin genes are
now expressed in the complete central tissue, but
in the meristem none of these genes is active
(Fig. 3E, 3H and 3K).

The in situ expression patterns 4 and 5 days
after inoculation are in agreement with the in situ
hybridization studies in pea, which showed that
ENODI2 and ENOD40 are already induced in
nodule primordia cells before they become in-
fected by Rhizobium, whereas ENODS mRNA is
only present in infected cells [15, 16, 24].

In 20 day old root nodules of V. sativa plants
VsENODS is expressed in the complete prefix-
ation zone II, where it is only active in the in-
fected cells. Maximal accumulation of ENODS
mRNA occurred in the proximal part of this zone
(Fig. 3F). The level of VsENODS RNA suddenly
decreases to a lower level from one cell layer to
another at the transition of prefixation zone II
into interzone II-IIT and remains at this reduced
level in the fixation zone III. The patterns of VsE-
NODS expression is identical to that of PsSENODS
in pea nodules [16], although the ENODS
mRNA, in pea, drops to a lower level at the tran-
sition point.

VsENODI2 is in 20-day old nodules expressed
in the complete prefixation zone II as well and its
transcript is present at a similar level throughout
the whole zone. In the distal part of prefixation
zone I1 VsENODI?2 is probably expressed in all
cells, whereas in the more proximal part VsE-
NODI2 expression in only found in the infected
cells. VsENODI2 expression decreases to an un-
detectable level at the transition of prefixation
zone Il into interzone II-III (Fig. 31). So this drop
of ENODI2 expression exactly coincides with the
decrease of the level of ENOD5S RNA. The ex-
pression pattern of VsENODI2 in V. sativa nod-
ules is strikingly different from PsENODI2 ex-
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pression in pea nodules, where ENODI2 is only
expressed in the most distal part of prefixation
zone II [15]. In the distal part infection threads
grow and infect new meristematic cells and for
this reason it was proposed that ENODI2 expres-
sion correlates with the infection process [15]. In
the proximal part of the prefixation zone the bac-
teria, surrounded by a plant membrane, together
called the symbiosome, proliferate in the cyto-
plasm of the infected plant cells. This suggests
that at least in vetch, the function of ENODI2 is
not strictly linked to the infection process and
that ENOD12 might have an additional function
in the proliferation of the bacteria.

Like VsENODS5 and VsENODI2, VsENOD40
is in 20-day old nodules expressed in the complete
prefixation zone II. In the proximal part of this
zone ENOD40 mRNA is present in the infected
cells but not in the uninfected cells. At the tran-
sition of prefixation zone II into interzone II-II1
the level of VsENOD40 expression drops mark-
edly in the infected cells, and in the fixation zone
III expression of VsENOD4(0 is now induced in
the uninfected cells. In the proximal (older) part
of the fixation zone the expression of VsENOD40
is not detected anymore. In the pericycle of the
nodule vascular bundle VsENOD40 is expressed
at a high level (Fig. 3L). In both pea and vetch
nodules ENOD40 expression is maximal in the
pericycle of the nodule vascular bundle and the
gene is active in all infected cells of the prefixation
zone. However, in the fixation zone of pea nod-
ules ENOD40 expression is found in both the
infected and uninfected cells [13], whereas in
vetch ENOD40 is only expressed in the uninfected
cells in this zone.

We showed here that the expression pattern of
the Vicia ENODS, ENODI2 and ENOD40 genes
is largely similar to that of the pea counterparts.
The most striking differences are the expression

(IZ) (arrow). The sections were hybridized with ENODS (F), ENOD12 (I) and ENOD40 (C, L) **S-labelled antisense RNA. Note
that all three early nodulin genes are expressed in the whole prefixation zone and that their expression pattern is changing at the
transition from prefixation zone II (PF) into interzone II-III (IZ) (arrow); the level of ENODS mRNA decreases, ENODI2 ex-
pression drops to an undetectable level and the expression of ENODA40 drops in the infected cells and in the fixation zone III
ENOD40 expression is induced in the uninfected cells. ENOD40 mRNA is also detected in the pericycle (PE) of the nodule vascular

bundle {(arrowhead). Bar = 200 ym.
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of ENODI2 in the whole prefixation zone II in
Vicia, whereas in pea ENODI2 is only expressed
in the distal part of the zone and secondly the
expression of ENOD40 in the uninfected cells of
the interzone II-111 in Vicia, while in pea ENOD40
is expressed in both the infected and uninfected
cells of this zone. Like in pea ENODS5, ENODI2
and ENOD40 are induced in nodule primordia.
Most likely ENODS is first induced when primor-
dium cells are infected, while ENODI2 and
ENODA40 are probably already activated prior to
infection. Therefore these clones are useful tools
to study long- and short-distance signalling in
Nod factor-induced nodule formation.
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