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Sequential Induction of Nodulin Gene Expression in the
Developing Pea Nodule
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A set of cDNA clones have been characterized that represent early nodulin mRNAs from pea root nodules. By RNA
transfer blot analyses, the different early nodulin mRNAs were found to vary in time course of appearance during
the development of the indeterminate pea root nodule. In situ hybridization studies demonstrated that the transcripts
were located in different zones, representing subsequent steps in development of the central tissue of the root
nodule. ENOD12 transcripts were present in every cell of the invasion zone, whereas ENOD5, ENOD3, and ENOD14
transcripts were restricted to the infected cells in successive but partially overlapping zones of the central tissue.
We conclude that the corresponding nodulin genes are expressed at subsequent developmental stages. The amino
acid sequence derived from the nucleotide sequences of the cDNAs, in combination with the localization data,
showed that ENODS is an arabinogalactan-like protein involved in the infection process, whereas ENOD3 and
ENOD14 have a cysteine cluster suggesting that these are metal-binding proteins. Furthermore, we showed that
there is a clear difference in the way Rhizobium induced the infection-related early nodulin genes ENOD5 and
ENOD12. A factor acting over a long distance induced the ENOD12 gene, whereas a factor acting over a short

distance activated the ENOD5 gene.

INTRODUCTION

The formation of nodules on roots of leguminous plants
induced by Rhizobium bacteria proceeds according to
Vincent (1980) as a “multistage sequence of interdepend-
ent steps.” Based on cytological examinations of nodule
development and the observation that this development
can be blocked at discrete stages using plant or Rhizobium
mutants, root nodule formation has been divided into three
main stages, each of which can be further subdivided into
several steps (Vincent, 1980). First, in the so-called prein-
fection stage (stage 1), rhizobia attach to the root hairs
and root hair deformation occurs. Next, in the infection
and nodule formation stage (stage 2), infection threads
containing rhizobia penetrate into roots, a nodule structure
is formed, and bacteria are then released in piant cells and
develop into bacteroids. Finally, in the nodule function
stage (stage 3), the root nodule becomes a functional,
nitrogen-fixing organ.

As has been shown by genetic studies, plant genes are
involved in each defined step of root nodule formation (for
an overview, see Vincent, 1980). However, none of the
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genes concerned has been cloned and, as a consequence,
the characteristics of these genes and the encoded pro-
teins remain unknown. On the other hand, nodule-specific
plant proteins, nodulins, have been described (van Kam-
men, 1984) and are studied extensively. They have been
divided into early and late nodulins. Late nodulin genes are
first expressed during stage 3 of nodule development,
when infection of the roots by bacteria has taken place
and a nodule structure has been formed. Hence, the
expression of these genes is not related to the first two
stages of nodule development. On the other hand, early
nodulin genes are expressed during stages 1 and 2 of root
nodule formation (Govers et al., 1985; Gloudemans et al.,
1987). Late nodulin mRNAs have been cloned from several
legumes, including pea (Govers et al., 1987). cDNA clones
representing early nodulins have been obtained from soy-
bean (Franssen et al., 1987, 1988), alfalfa (Dickstein et al.,
1988), and pea (Scheres et al., 1990; van de Wiel et al.,
1990). The pea early nodulin cDNA clone pPSENOD?2 is
homologous to the soybean pGMENOD2, and the product
it codes for has been shown to be involved in the formation
of the nodule parenchyma (inner cortex) surrounding the
central nodule tissue (van de Wiel et al., 1990). The pea
ENOD12 early nodulin is involved in the infection process



688 The Plant Cell

(Scheres et al., 1990). Both ENOD2 and ENOD12 are
proline-rich proteins composed of repeating pentapeptide
units containing two (hydroxy-) prolines and are thought
to be cell wall proteins.

The aim of this study was to obtain a set of pea early
nodulin cDNA clones representing genes involved in the
second stage of nodule development, when infection and
nodule development take place. Both processes occur in
pea nodules of 10-day-old pea plants when late nodulin
mRNAs are not yet present (Govers et al., 1985). There-
fore, we screened a nodule cDNA library with cDNA probes
of RNA from nodules of 10-day-old plants and uninfected
roots, respectively. In this paper we describe the charac-
terization of three early nodulin cDNA clones, pPSENODS,
pPsENOD3, and pPSENOD14, and compare the spatial
distribution of the corresponding mRNAs in the developing
pea nodule with that of the pPSENOD2 and pPSENOD12
mRNAs by in situ hybridization. The results show that we
now have a series of cDNA clones corresponding to no-
dulin genes that are expressed in a sequential order and
are related to different steps in the second stage of root
nodule formation.

RESULTS

Isolation and Characterization of Early Nodulin cDNA
Clones

We differentially screened a nodule cDNA library with
cDNA probes prepared from mRNA of roots of 8-day-old
uninoculated pea plants and nodules of 10-day-old plants.
In this way we obtained three early nodulin cDNA clones,
pPsENOD5, pPsENOD3, and pPsENOD14. The charac-
teristics of these cDNA clones were determined and com-
pared with those of the previously studied cDNA clones
pPSENOD12 (van de Wiel et al., 1990) and pPSENOD12
(Scheres et al., 1990).

The time course of appearance of the various early
nodulin mRNAs during nodule development was studied
by RNA transfer blot analyses. Identical blots containing
total RNA from roots of 8-day-old uninoculated plants, root
segments of 8-day-old inoculated plants, and nodules of
10-, 13-, and 17-day-old plants were hybridized to the
inserts of the three newly isolated early nodulin clones and
the inserts of pPSENOD2 and pPSENOD12, as shown in
Figure 1. ENOD12 mRNA was already detectable in root
segments of 8-day-old inoculated plants, then accumu-
lated to maximum amounts from days 10 to 13 and, after
that, decreased in concentration. ENOD5 mRNA was first
detectable at day 10, reached a maximum level around
day 13, and subsequently decreased in concentration. The
ENOD2 mRNA was first detectable at day 10 on these
RNA blots and increased in concentration during the next
7 days. The accumulation patterns of both ENOD3 and
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Figure 1. RNA Transfer Blot Analysis of RNA from Roots and
Nodules.

RNA transfer blots contain 10 ug of total RNA from uninoculated
roots of 8-day-old plants (R), and nodules 8 days, 10 days, 13
days, and 17 days after sowing and inoculation, as indicated.
Similar blots were probed with pPSENOD12, pPSENODS5, pPs-
ENOD2, pPsENOD14, and pPsLb inserts, respectively. The meas-
ured sizes of the detected transcripts are 700 nt, 700 nt, 1400
nt, 500 nt, and 650 nt, respectively.



ENOD14 mRNAs during nodule development were similar.
Both transcripts (only hybridization to ENOD14 is shown)
were first detectable at day 10. The transcripts reached
their maximum concentration around day 13 and main-
tained this concentration thereafter. Leghemoglobin (Lb)
mRNA was included in the experiment as a typical example
of a late nodulin transcript. Lb mRNA was first detectable
at day 13 and the concentration of the transcript increased
thereupon. None of the (early) nodulin mRNAs was de-
tectable in uninoculated pea roots (Figure 1), neither in
hypocotyl, epicotyl, plumule, stem, leaf, nor flower tissue
(data not shown), with the exception of ENOD12 mRNA.
As was reported previously (Scheres et al., 1990),
ENOD12 transcripts are detectable at low levels in stem
and flower tissue.

To examine whether the identified early nodulin genes
are specifically expressed during the symbiotic interaction
of Rhizobium and legumes but not during pathogenic
interactions of microorganisms and pea roots, we studied
whether early nodulin genes are expressed during infection
of pea roots with the pathogenic fungus Fusarium oxys-
porum f.sp. pisi. Earlier we established that during this
pathogenic interaction, the ENOD12 early nodulin gene,
which is involved in the bacterial infection process, is not
expressed (Scheres et al.,, 1990). Similar experiments
showed that ENOD5, ENOD3, and ENOD14 transcripts
are equally not detectable in pea roots upon inoculation
with F. oxysporum (data not shown). Therefore, the accu-
mulation of these early nodulin transcripts during nodule
formation cannot be attributed to a general defense
response.

Hybrid-released translation of mMRNA, selected with the
inserts of pPSENODS5, pPSENOD3, and pPSENOD14, was
performed to determine the size of the corresponding
primary translation products. The insert of pPSENOD5
selected an mRNA that upon translation produced a 14-
kD polypeptide, whereas the ENOD3 and ENOD14
mRNAs both encoded a 6-kD polypeptide, as shown in
Figure 2. On a DNA gel blot containing pea genomic DNA
digested with EcoRIl, pPSENODS hybridized to a single
6.5-kb fragment, pPSENODS3 to a single 6.0-kb fragment,
and pPsENOD14 to fragments of 15 kb and 6.7 kb, and
also, with lower intensity, to fragments of 7.5 kb and 2.5
kb. None of the cloned cDNAs hybridized to Rhizobium
DNA (data not shown). In conclusion, pPSENODS and
pPsENODS appear to represent single or low copy plant
genes, whereas pPSENOD14 might represent a member
of a small gene family.

Sequence Analysis of pPSENOD5, pPSENOD3, and
pPsENOD14

Further information about the nature of the early nodulins
encoded by the different cDNA clones was obtained by
determining the nucleotide sequence of the inserts of
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pPsENODS5, pPsENOD3, and pPsENOD14. The cDNA
insert of pPSENODS is 553 bp in length and has a polyA
stretch at the 3" end of the sequence, whereas the corre-
sponding mRNA has a size of 700 nucleotides (nt), as
determined on an RNA transfer blot. By direct RNA se-
quencing, the sequence of 20 nucleotides from the 5" end
of the mRNA missing in the cDNA clone was determined,
indicated by lowercase letters in Figure 3. The full se-
quence contained one large open reading frame that pre-
sumably starts with the first in-frame ATG codon at posi-
tion —5, as the sequences surrounding this ATG meet the
requirements for the start codon consensus in plants
(Lutcke et al., 1987). The encoded protein of 135 amino
acids had a calculated molecular weight of 14 kD, which
matched exactly the value of the apparent molecular
weight of the polypeptide produced upon hybrid released
translation. The protein sequence is characterized by hy-
drophobic domains at the amino, as well as at the carboxy,
terminus (overlined). The N-terminal hydrophobic domain

Figure 2. In Vitro Translation Products of Hybrid Selected Early
Nodulin mRNAs.

Early nodulin mRNAs were selected from total nodule RNA and
translated in vitro in the presence of **S-methionine as radioactive
amino acid. Filters used for hybrid selection contained pBR322
(C), the inserts of pPSENODS3 (3), pPSENOD14 (14), and pPs-
ENODS (5), and pPSENOD12 (12). In lanes C, 3, and 14, total
RNA from nodules of 20-day-old plants was used; in lanes 5 and
12, total RNA from nodules of 13-day-old plants was used. The
size (in kilodaltons) of the in vitro translation products as deter-
mined by comparison with size markers is indicated at the right.
A shorter exposure of lanes 3 and 14 did not reveal the presence
of multiple bands.
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pPSENODS

M A
nnnnnngtcntcaatatgget
-20 -10 0

5§ 5 s s P 1 F L M1 I F $ M WL L F S Y
TCTTCTTCTTCTCCAATATTTTTGATGATCATTTTCTCAATGTGGCTTCTATTTTCCTAC
* 10 20 30 40 50 60

$ E $ T E Y L V R D S E N S W K V N F P
TCAGAATCCACAGAATATCTTGTTAGAGATAGTGAGAATTCATGGAAGGTTAATTTTCCA
70 80 90 100 110 120

S R DAL NIRWV TRHCQCULTTIMHDTI
TCACGAGATGCACTCAACCGTTGGGTCACTAGACACCAACTCACAATCCACGATACTATC
130 140 150 160 170 180

D VVDEDU DT CNTETIIRSEKULG G DF
GATGTAGTGGATGAGGATGACTGTAATACAGAGATTCGTTCCAAGCTAGGTGGTGATTTC
190 200 210 220 230 240

vV vV T KRU®P LV L PP LI T L P L S P S
GTTGTTACAAAGAGGCCTCTGGTTCTTCCACCTCTAATTACATTGCCACTGTCACCTTCA
250 260 270 280 290 300

P AP AP S L S G A A A GHGVF I V W L
CCCGCACCGGCACCGAGTTTGTCCGGCGCTGCGGCTGGCCATGGATTCATCGTGTGGTTG
310 320 330 340 350 360

G A S L P ML M F L I W L *
GGAGCTTCGTTACCTATGTTGATGT TCTTAATTTGGCTATAGAAGCTTTGTGACTACATA
370 380 390 400 410 420

CATAAACAAACATATGCAATTTTTGTGTGTGTGGTGAAGGTCAATTACAGTCTTATTTTG
430 440 450 460 470 480

TTTTTAAGTTTCCTTCATTTTTATTTTTATGGACAATAAAAGGTTGTTGTTAGTTTAAAA
490 500 510 520 530 540

AAAAAAAAAAA
550
Figure 3. Nucleotide Sequences and the Deduced Amino Acid
Sequences of the Inserts of pPsSENOD5, pPsENOD3, and
pPsENOD14.

The amino acid sequences of the only long open reading frames
present in the nucleotide sequences of the inserts of pPsENODS,
pPsENOD3, and pPsENOD14 are depicted over the nucleotide
sequences. In pPSENODS and pPSENOD3 the sequence from the
5’ end of the mRNA to the first base present in the cDNA clone
(numbered 1) is indicated in lowercase letters. Putative signal
peptide cleavage sites are marked with arrows. In the pPSENOD5S
sequence hydrophobic regions are overlined. Termination codons
ending the reading frames are marked with an asterisk.

can be the core of a signal peptide of which the putative
cleavage site (indicated by an arrow) can be predicted if
the rules of Von Heijne (1983) are applied. Between amino
acids 88 and 108 the polypeptide has a high proline
content, and in that part of the sequence prolines are
alternated by either serines or alanines. A computer search
of the National Biomedical Research Foundation data base
revealed no significant homology to other proteins. The
high percentage of Pro, Ser, Ala, and Gly residues in the
ENODS5 protein is reminiscent of the amino acid composi-
tion of arabinogalactan proteins (van Holst et al., 1981), of
which, however, no sequences have been published so
far. The small size of the ENODS protein is also consistent
with the low protein content of arabinogalactan proteins
(Fincher et al., 1983).

pPsENOD3

M
nnnnnagtaaaaaagaaaatcatatg
-20 -10 0

A X I L XK F VF AITILFVF S LF L L S8
GCTAAAATTCTCAAGT TTGTTTTTGCTATAATT TTATTTTTCTCTCTATTTCTTCTTTCA
10 20 30 40 50 60

M E A *E P L L P CETUDGDCCP L K P I
ATGGAAGCTGAACCACTTTTGCCATGTGAAACTGATGGAGATTGTCCGTTGAAACCAATT
70 80 920 100 110 120

I E T T ?P?P M I S L HY M C I DIKECV L
ATCGAAACGACACCAATGATATCATTACATTATATGTGTAT TGACAAAGAATGTGTACTG
130 140 150 160 170 180

F R E V L QT P *
TTTAGAGAGGTTTTACAAACACCATAGTTGCAAGTAATATACCTTTCAGTAAACATTTTC
190 200 210 220 230 240

TTAAGCTTCCATTTAAGATTTATGT TTTCCACCAATAATTGTATTTTTTACATATTTATT
250 260 270 280 290 300

TCGTTTCGTAATTTCATTTTCATAATTTCATTT TCATAAGCTTCCTTTTAATGTTGATGT
310 320 330 340 350 360

ATACCTTTCCTTCTACGTTCTCTATATCAATAAACAATTTGAGT TATAATAAAAAAAAAA
370 380 390 400 410 420

AAAARAA

pPsENOD14

\

s L K F V Y A I I L L L S L F L L 8§ MG
TCCCTCAAGTTTGTTTATGCTATAATTTTACTTCTCTCCCTATTTCTCCTTTCAATGGGA
10 20 30 40 50 60

N I P L VP CETDDUDTCPMEMMSTIP
AATATACCGCTTGTGCCATGTGAAACTGATGACGATTGTCCAATGGAAATGAGTATCCCA
70 80 90 100 110 120

S I P N K L L F F M CWUEIZKETGCV Y RR
TCGATCCCAAATAAATTACTCTTTTTTATGTGT TGGGAAAAAGAATGTGTATATCGCAGA

130 140 150 160 170 180
W oox
TGGTAATATTTCATGAATTTCCATTTAAGATTTATGTTTCCCACCAATAATTGTATTTTT

190 200 210 220 230 240

TACATATTTATGTCGTTTTGTAATTTCATTTTCTCTTAATGTTTGATGTATACATTGGCT
250 260 270 280 290 300

TCGAGGTTCTCCAAATARATAAAGAATTTGAGCTATAATTAAAAAAAAAA
310 320 330 340 350

The cDNA insert of pPSENOD3 is 430 bp in length and
has a poly(A) stretch at the 3’ end of its sequence. The
corresponding mRNA appears as 550 nucleotides on an
RNA transfer blot. The sequence of 25 nucleotides from
the 5’ end of the mRNA, missing in the cDNA clone, was
again determined by direct RNA sequencing (Figure 3,
lowercase letters). The final cDNA sequence reveals a
single large open reading frame starting with the ATG
codon at position —2 (Figure 3) that conforms to the rules
for initiation codons in plants (Lutcke et al., 1987). The
calculated molecular weight of the encoded protein is 8
kD, slightly larger than the size determined for the poly-
peptide produced upon hybrid released translation. The
protein has a putative signal peptide at the N terminus, for
which the predicted cleavage site in the amino acid se-



quence (Von Heijne, 1983) is marked with an arrow. A
remarkable feature of the protein sequence is the presence
of 4 cysteines (bold typeface) arranged in two pairs in such
a way that they might be capable of binding a metal ion
(Berg, 1986).

pPsENOD14 has an insert of 350 bp with a poly(A)
stretch at the 3’ end of its sequence. Although the mRNA
was estimated to measure 500 nt on an RNA transfer blot,
primer extension analysis showed that 29 nt from the 5’
end of the mRNA are missing in the cloned cDNA (data
not shown). The only long open reading frame in the cDNA
sequence starts at the 5’ end and runs up to nucleotide
181, encoding an amino acid sequence of 61 amino acids.
The ENOD14 and the ENOD3 cDNA sequences are 65%
homologous. The homology is found in the coding as well
as in the noncoding regions, as can be seen in Figure 4A.
The amino acid sequences of ENOD3 and ENOD14 are
55% homologous (Figure 4B), which is lower than the 65%
homology between ENOD3 and ENOD14 on the DNA
sequence level. This discrepancy is due to a large number
of single base substitutions leading to amino acid substi-
tutions. The N termini of ENOD3 and ENOD14 are 70%
homologous. Therefore, we assume that, like ENOD3,
ENOD14 will also have a signal peptide. The predicted
signal peptide cleavage site (Von Heijne, 1983), assuming
that the hydrophobic regions in the ENOD3 and ENOD14
N termini have a similar size, is indicated with an arrow in
Figure 3. Just like the ENOD3 sequence, the amino acid
sequence of the ENOD14 protein contains two cysteine
pairs (bold typeface) and the distance between them is the
same in both proteins. Although the amino acids surround-
ing the cysteines are well conserved, the region between
the two cysteine pairs shows substantial variation among
the ENOD3 and ENOD14 proteins (Figure 4B). Neither
ENOD3 nor ENOD14 is homologous to late nodulins in
soybean that contain cysteines with a similar spacing
(Jacobs et al., 1987; Sandal et al., 1987). Both proteins do
not have the characteristics of DNA-binding proteins with
zinc fingers, containing similarly spaced cysteines (Berg,
1986). Furthermore, searching the National Biomedical
Research Foundation data base did not reveal any other
proteins with significant amino acid sequence homology to
ENOD3 and ENOD14.

Spatial Distribution of Early Nodulin Transcripts in Pea
Root Nodules

The distribution of the different early nodulin transcripts
over the nodule tissue was studied in serial sections of
nodules from 10-day-old and 16-day-old pea plants. Be-
cause pea nodules have a persistent meristem, the nodule
tissues are of graded age from the apical meristem up to
the root attachment point. A single longitudinal nodule
section thus comprises various successive developmental
stages of each particular cell type. The left panels of
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Figures 5 and 6 show longitudinal sections of a nodule
from 10-day-old and 16-day-old plants, respectively. The
central part of the nodule can be divided into several zones
(Newcomb, 1976). The meristem (M) is present at the
apex. Adjacent to the meristem is the invasion zone (1Z),
where infection thread growth and release of rhizobia
occur. This zone is followed by the early symbiotic zone
(ES) where the infected cells, containing bacteria, and the
uninfected cells can first be distinguished and bacterial
proliferation and cell enlargement occur. The zone with
fully elongated cells containing bacteroids, which are able
to fix nitrogen, is the late symbiotic zone (8). This tissue
is still lacking in nodules from 10-day-old plants but is
clearly visible in sections of nodules from 16-day-old plants
(compare Figure 5 and Figure 6). Several other tissues
surrounding the central part of the nodule are also derived
from the apical meristem: the cortex (previously outer
cortex, van de Wiel et al., 1990), the endodermis, the
nodule parenchyma (previously inner cortex, van de Wiel
et al., 1990), and the vascular tissue. Sections were ana-
lyzed by in situ hybridization using **S-labeled antisense
and sense RNA probes transcribed from the inserts of
pPsSENOD12, pPsENODS, pPSENOD3, pPsENOD14, and
pPsLb101 (Govers et al., 1985), the latter representing the
late nodulin leghemoglobin. Whereas none of the sense

ENOD3 CCTAAMTTCTCAAGTTTGTTTTTGCTATMTTTTATTTTTCTCTCTATTTCTI‘CT‘ITCAATGGMGCTG

ENOD14  ----- 'X'I'CCCTCAAGTHG‘KTTATGCX'ATAATTTTACTKCTCTL‘CCTATTTCTCCTITCAATGGGMATA
1 65

71
ENOD3 MCCAC'l'TTTGCCATGTGAMCTGATGGAGATTGTCCK,TTGAAACCMTTATCGAMCGACACCMTGAT

ENOD14 TACCGCTTGTGCCATGTGAMCTGATGACGATTGTCCMTGGAMTGAGTATCCCATCGATCCCMATM
135

210
ENOD3 ArCATTM‘J\TTATATGTGTATTGACMAGAATGTGTAC‘IG'n‘TAGAGAGGTTTTACAAACACCATAG'HG

ENOD14 ATTACTC'XTTTITATGTGTTGGGAAMAGAATGTGX‘AT —————————————————————— ATCGCAGATG
136 183

280
ENOD 3 CAAGTMTATACCTl'TCAGTAAACATX‘TTCTTAAGCTTCCATTTAAGATTTATGTT’X‘TCCACCAATAATT

ENOD14 ---GTAATAT~--—---——-—-—====== TTCATGAATTTCCATTTAAGATTTATGTTTCCCACCAATAATT
184 233

350
ENOD3 GTATTTTTX‘ACATATTTATTTCGTTTCGTAATTTCATTTTCRTMTTTCATTTTCATAAGCTTCCTTTTA

ENOD14  GTATTTTTTACATATTTATGTCGTTTTGTAATTTCATTITC TCTTAATGTT
234

284

351
ENOD3 ATGTTGATGTATACCTTTCCTTCTACGTTCTCTATATCAATAAACAATTTGAGTTATAAT- (A) n

ENOD14 —~--TGATGTATACATTGGCT TCGAGGTTCTCCAAATAAATAAAGAATTTGAGCTATAATT - (A)n
285 341

ENOD3 MAKI[LKF 5i{? 333 AEP PILXP I VLIQTP
ENOD14 SHLKE VA THLY. IS SMGNIP SIPPK

Figure 4. Alignment of ENOD3 and ENOD14 Nucleotide and
Amino Acid Sequences.

(A) Alignment of the nucleotide sequences of the pPSENOD3 and
pPsENOD14 cDNA inserts. Dots mark homologous bases.

(B) Alignment of the ENOD3 and ENOD14 amino acid sequences.
Homologous amino acids are boxed.
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Figure 5. Localization of ENOD12, ENOD5, and ENODS Transcripts in Nodules from 10-Day-Old Pea Plants.

The left panel is a bright-field micrograph of a longitudinal section of a nodule from a 10-day-old pea plant. The position of different zones
in the central part of the nodule from top to basis is depicted to the left: meristem (M), invasion zone (IZ), and early symbiotic zone (ES).
The dark panels are aligned epipolarization micrograph montages from longitudinal serial sections of the same 10-day-old nodule shown
in the left panel. Silver grains representing hybridization signal are visible as white spots. Sections were hybridized with **S-labeled
antisense RNA probes transcribed from the inserts of pPSENOD12, pPsENODS, and pPsENODS, respectively. The zones where the
different transcripts are located in the center of the nodule are aligned to the left of the figure: 12 = ENOD12, 5 = ENOD5, 3 = ENOD3.
Unbroken lines, high amount of transcript; dashed lines, low amount of transcript. Magnification x33.

RNA probes hybridized to the sections at detectable levels
(data not shown), the antisense probes hybridized with
RNA present in different regions of the central tissue of
the nodule, with the exception of the ENOD2 probe.
ENOD2 mRNA has been detected in the nodule paren-
chyma as described in a recent paper by van de Wiel et
al. (1990). In situ hybridizations with the ENOD12 transcript
were included in these studies to allow direct comparison
of the zones in the central tissue in which the various early
nodulin genes are expressed.

In nodules from 10-day-old plants, ENOD12 transcript
was present in the invasion zone (Figure 5). The cells of
the invasion zone directly adjacent to the meristem con-
tained the largest proportion of the ENOD12 transcripts,
whereas in the early symbiotic zone the amount of
ENOD12 transcripts was falling off. This decrease of
ENOD12 mRNA in the early symbiotic zone was also
observed in sections from nodules of 16-day-old plants
shown in Figure 6. ENOD12 mRNA was absent in the
older part of the early symbiotic zone and in the symbiotic
zone. The occurrence of ENOD12 transcript in the invasion
zone containing growing infection threads, together with
its presence in root hairs and root cortex cells through
which infection threads pass, have led to the conclusion
that this early nodulin is involved in the infection process
(Scheres et al., 1990).

Low amounts of ENOD5 transcripts were detected in
the youngest cells of the invasion zone directly adjacent
to the apical meristem in nodules from 10-day-old plants.
The largest amount of ENOD5 mRNA was present in the
early symbiotic zone, in which bacterial proliferation and
enlargement of the infected cells occur (Newcomb, 1976,
and Figure 5). In nodules from 16-day-old plants it can be
seen that after reaching its maximum concentration in the

early symbiotic zone, the amount of ENODS transcript
decreased rapidly in the late symbiotic zone, where it
remained at a constant low level (Figure 6).

The location of ENOD3 and ENOD14 transcripts was
found to be the same and, therefore, only pictures of the
localization of ENOD3 mRNA are shown. In nodules from
10-day-old plants ENOD3 mRNA was present in the older
part of the early symbiotic zone, where cells had already
substantially enlarged and in which ENOD12 transcript
was no longer detected (Figure 5). The ENOD3 and
ENOD14 transcripts were thus first detectable at a later
stage of development than the ENOD12 and ENODS5
mRNAs. In nodules from 16-day-old plants ENOD3 tran-
script appeared to reach its maximum proportion in the
symbiotic zone, where the amount of ENOD5 mRNA was
decreasing (Figure 6). In nodules from 16-day-old plants
the oldest cells of the symbiotic zone showed a decrease
in ENOD3 mRNA. In such cells, where the ENOD3 mRNA
concentration diminished, the bacterial nifH mRNA encod-
ing nitrogenase is first detectable with in situ hybridization
(T. Bisseling, unpublished results). Maximum amounts of
ENOD3 transcript and of ENOD14 mRNA are present,
therefore, in the symbiotic zone just before the stage at
which the bacteria start to fix nitrogen.

In nodules from 16-day-old plants Lb transcripts were
first detectable in cells of the late symbiotic zone, where
the level of ENOD3 mRNA is maximal (Figure 6). Therefore,
the Lb mRNA concentration reached its maximum amount
at a later stage than ENOD3 mRNA and remained at a
high level in older parts of the symbiotic zone.

The central tissue of the nodule contains both the in-
fected and the uninfected cell type. The data obtained with
9S-labeled probes clearly showed that all different early
nodulin transcripts were present in the infected celi type.
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16 days

ENODS ENOD3 Lb

Figure 6. Localization of ENOD12, ENOD5, ENOD3, and Leghemoglobin Transcripts in Root Nodules from 16-Day-Old Pea Plants.

The left pane! is a bright-field micrograph of a longitudinal section of a nodule from a 16-day-old pea plant. The position of zones in the
central part of the nodule is depicted to the left: meristem (M), invasion zone (1Z), early symbiotic zone (ES), and late symbiotic zone (S).
The dark panels are aligned epipolarization micrograph montages from longitudinal serial sections of the 16-day-old nodule shown in the
left panel. Silver grains representing hybridization signal are visible as white spots. Sections were hybridized with **S-labeled antisense
RNA probes translated from the inserts of pPSENOD12, pPSENODS5, pPsENOD3, and pPsLb1, respectively. The zones where the different
transcripts are located in the center of the nodule are aligned to the left of the figure: 12 = ENOD12, 5 = ENODS5, 3 = ENODS3, Lb =

leghemoglobin. Magnification x36.

On the other hand, it was not possible to exclude that
transcripts were also present in the highly vacuolated,
uninfected cells using **S-labeled probes. Therefore, we
also hybridized sections from nodules of 16-day-old plants
with *H-labeled probes, which allow more accurate local-
ization. Figures 7A and 7B show that ENOD12 transcripts
appeared to be present in all cells of the invasion zone,
regardless of whether they developed into infected or
uninfected cells. The ENOD5, ENOD3, and Lb transcripts
all appeared to be detectable in the infected cells, but not
in the thin layer of cytoplasm lining the cell wall of the
highly vacuolated noninfected cells, which can be observed
in Figures 7C, 7D, and Figure 8.

Localization of ENOD5 and ENOD 12 Transcripts at
Early Stages of Root Nodule Development

ENODS5 and ENOD12 transcripts were both detected in
the youngest cells of the invasion zone, but whereas the
ENOD12 transcript was present in these cells at maximum
concentration, the ENOD5 mRNA was present at low
concentration, and this transcript reached its maximum
concentration later in the early symbiotic zone. These data
suggest that the ENODS5 gene is induced at a later stage
of root nodule development than the ENOD12 gene. To
test this assumption, we hybridized **S-labeled ENOD5
and ENOD12 antisense RNA to sections of pea roots
containing earlier stages of nodule development. In the
root inner cortex of 6-day-old plants, inoculated 3 days
after sowing, the penetrating infection thread was visible
in the outer root cortex, as indicated by the arrows in
Figures 9A and 9C, whereas the nodule primordium was

developing in the inner cortex. ENOD5 transcript was only
detectable in root cortex cells containing the infection
thread tip and in the cells through which the infection
thread had just passed, and not in the nodule primordium
(Figure 9B). On the other hand, ENOD12 mRNA was
present in the cells carrying the invading infection thread
and also in the nodule primordium (Figure 9D). In 8-day-
old plants the infection thread had reached the nodule
primordium (Figures 9E and 9G). At that stage ENOD5
transcript was detected in cells in the center of the pri-
mordium (Figure 9F). Analyses at higher magnifications
showed that these cells contain branches of the infection
thread (data not shown). The ENOD12 mRNA was present
in all cells of the nodule primordium (Figure 9H). Hence,
ENOD5 and ENOD12 genes appear to be expressed at
the same stage of the Rhizobium-pea interaction. There
is, however, a major difference in accumulation of the
transcripts during early stages of root nodule development:
the ENODS transcript is restricted to the cells containing
the actively growing infection thread, whereas ENOD12
mRNA is present well in advance of the growing thread.

DISCUSSION

Early Nodulin Transcripts Mark Successive Stages of
Root Nodule Development

Three early nodulin transcripts that are present in succes-
sive zones of the central tissue of the indeterminate pea
nodule were characterized. Together with the previously
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Figure 7. Localization of ENOD12 and ENOD5 Transcripts Using *H-Labeled Probes.

The lower panels show epipolarization micrographs corresponding with the bright-field micrographs in the upper panels.

(A) and (B) Longitudinal section through the meristem (M) and invasion zone (1Z) of a nodule from a 16-day-old pea plant.

(C) and (D) Longitudinal section through a nodule from a 16-day-old pea plant showing a part of the symbiotic zone. Infected cells (IC)
contain bacteria, and uninfected cells (UC) possess large vacuoles and cytoplasm with amyloplasts containing large starch grains that line

the cell walls.

Sections were hybridized with *H-labeled antisense RNA probes translated from the inserts of pPSENOD12 [(B)] and pPSENOD5 [(D)],

respectively. Bar = 50 um.

described early nodulin transcript ENOD12 and the leg-
hemoglobin mRNA, they form a set of markers for succes-
sive developmental stages of the central tissue. Whereas
ENOD12 mRNA was present in both infected and unin-
fected cells of the invasion zone, the ENOD5, ENODS3,
ENOD14, and Lb transcripts were restricted to the infected
cell type. Therefore, all five transcripts mark different de-
velopmental stages of the infected cells, which are part of
the actual symbiotic tissue. The location of the different

mRNAs in the symbiotic tissue can be compared with the
cytological zones according to Newcomb (1976), as indi-
cated in Figures 5 and 6. ENOD12 transcript was mainly
present in the invasion zone, ENODS5 transcript in the
invasion zone and the early symbiotic zone, and Lb mRNA
in the late symbiotic zone. The location of these transcripts,
therefore, roughly coincides with one or more zones de-
scribed by cytological criteria. On the other hand, the
location of ENOD3 and ENOD14 mRNA does not mark a



Figure 8. Localization of ENOD3 and Leghemoglobin Transcripts
Using *H-Labeled Probes.

The lower panels show epipolarization micrographs correspond-
ing with the bright-field micrographs in the upper panels.

(A) and (C) Longitudinal sections through a nodule from a 16-
day-old pea plant showing a part of the symbiotic zone.

(B) ENOD3 mRNA localization in (A).

(D) Lb mRNA localization in (C).

Sections were hybridized with *H-labeled antisense RNA probes
translated from the inserts of pPSENOD3 [(B)] and pPsLb101
[(D)], respectively. IC, infected cell; UC, uninfected cell. Bar =
50 um.

cytologically distinct zone. The possibility to describe root
nodule development not only by cytological criteria but
also in molecular terms facilitates analysis of wild-type and
mutant root nodule development.

It has been recognized that nodulin genes are expressed
at different time stages of nodule development (Govers et
al., 1985; Gloudemans et al., 1987). This has led to the
division between early and late nodulins. The accumulation
of early nodulin transcripts in different zones of the pea
nodule as shown in this paper implies that Rhizobium
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causes induction of nodulin gene expression at various
timepoints. The division of nodulin genes into two classes
according to their timing of expression should not be
regarded as reflecting the actual existence of two main
timepoints at which Rhizobium induces plant gene expres-
sion. Rather, it forms an arbitrary division within a set of
genes induced by the bacterium in a sequential manner.

The accumulation patterns in time of different transcripts
within the early nodulin class were visualized on RNA
transfer blots, as can be seen in Figure 1, but were most
clearly reflected by the in situ hybridization data. The
apparent difference in time between the onset of ENOD12
and ENODS gene expression as deduced from RNA trans-
fer blot analyses appeared not to be true. The in situ
hybridization data showed that a few cells express the
ENODS gene at an early stage of bacterial infection, but
the amount of transcript is not sufficient to be seen on
blots containing RNA extracts. Furthermore, it was more
obvious from localization studies than from RNA transfer
blots that the ENODS gene is expressed at an earlier stage
of development than the ENOD3/14 genes. Finally, the
transient accumulation patterns of ENOD12 and ENOD5
transcripts on an RNA transfer blot appear to reflect a
decrease of the size of the zone in which the ENOD12 and
ENOD5 mRNAs are present, relative to the total size of
the nodule, rather than reflecting a decrease of the amount
of transcript in a particular tissue zone.

Possible Functions of Early Nodulins Located in the
Central Nodule Tissue

In nodules the ENOD12 gene is expressed in the invasion
zone, the zone in which active infection thread growth
occurs (Newcomb, 1976). In addition, ENOD12 gene
expression is induced in root hairs, in root cortical cells
through which the infection thread will migrate, and in the
nodule primordium. It is likely that the proline-rich ENOD12
early nodulin is a cell wall component involved in preparing
cells for the infection process, whereas the protein can
also have a function in the formation of the nodule primor-
dium (Scheres et al., 1990).

The ENOD5 gene was found to be expressed at early
stages in cortex cells containing the infection thread tip,
so expression of this gene is induced during the same
stage of development as the ENOD12 gene. ENODS gene
expression was detected in the invasion zone and not in
the meristem, which is consistent with a role for ENOD5S
in the infection process. However, the highest levels of the
ENODS5 transcript were present in infected cells of the
early symbiotic zone. Therefore, in the nodule the highest
level of the ENODS5 transcript does not coincide with the
zone where infection thread growth occurs. This might
indicate that the protein is functional both during infection
thread growth and bacterial proliferation. Cells containing
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Figure 9. Localization of ENOD5 and ENOD12 Transcripts in Pea Root Segments.

The (B), (D), (F), and (H) panels are dark-field micrographs corresponding with bright-field micrographs in the (A), (C), (E), and (G) panels,
respectively. In the dark-field micrographs silver grains are visible as white spots.

(A) Root transection of 6-day-old pea plant 3 days after inoculation.

(B) ENOD5 mRNA localization in this transection.

(C) Root transection of 6-day-old plant at similar developmental stage as (A).

(D) ENOD12 mRNA localization in this transection.

(E) Transection through a pea root of 8-day-old plants 5 days after inoculation.

(F) ENOD5 mRNA localization in this transection.

(G) Transection through a pea root of 8-day-old plants at similar developmental stage as (E).

(H) ENOD12 mRNA localization in this transection.

Sections were hybridized with **S-fabeled antisense ENOD5 and ENOD12 RNA. Bar = 50 um. X, xylem pole of central cylinder. NP,
nodule primordium. Infection thread is indicated with arrows. Branches from the infection thread in the nodule primordium are indicated
with arrowheads.



the infection thread tip and cells containing released bac-
teria share as a common property the presence of rhizobia
within the cell, only shielded from direct contact with the
cytoplasm by the membrane surrounding the open infec-
tion thread tip or the peribacteroid membrane, respectively.
The hydrophobic domains in the ENODS5 protein could
point to a location of the protein within such membranes.
On the other hand, the resemblance in amino acid com-
position of a central region of the ENODS5 protein to that
of arabinogalactan proteins (AGPs) might indicate that
ENOD5 is an extracellular protein present in both the
infection thread matrix and the peribacteroid space. The
functions of AGPs are as yet unknown (Fincher et al.,
1983) but they are widely distributed, and organ-specific
forms occur (Knox et al., 1989). In soybean nodules spe-
cific AGPs were detected, demonstrating that some no-
dulins can be AGPs (Cassab, 1986). We intend to establish
whether ENODS5 is a nodule-specific AGP or a membrane-
associated protein by immunological analyses with the aid
of antisera raised against ENOD5 peptides.

The inserts of pPSENOD3 and pPsENOD14 are 65%
homologous. However, on DNA gel blots these inserts do
not cross-hybridize under standard conditions (data not
shown). Therefore, we expect that also on nodule sections
the ENOD3 and ENOD14 probes hybridize predominantly
with their homologous RNAs. Because the ENOD3 and
ENOD14 probes hybridized in the same zone of the nodule,
it is very likely that these two early nodulin genes are
expressed in infected cells during the same stage of de-
velopment, when the bacteria have proliferated to a certain
extent. Remarkably, although the expression behavior of
the ENOD3 and ENOD14 genes is identical and the pro-
teins have similar features, close comparison of the amino
acid sequences reveals many amino acid substitutions,
indicating that the functions of the proteins might be similar
but not identical. The ENOD3 and ENOD14 proteins con-
sist of a signal peptide and a small polypeptide containing
4 cysteines that may bind a metal ion. Therefore, we
assume that these early nodulins have a metal ion trans-
port function. Because the bacteroids require high
amounts of molybdenum and iron for the synthesis of
nitrogenase (Ljones, 1974), it is tempting to speculate that
ENOD3 and ENOD14 have a role in the transport of these
metals over the peribacteroid membrane to the bacteroid.
Cysteine clusters and a putative signal peptide like in
ENOD3 and ENOD14 are also present in a set of soybean
nodulins, although there is no further sequence homology
among these proteins (Jacobs et al., 1987; Sandal et al.,
1987). One of these soybean proteins, N-23, is located in
the peribacteroid membrane (Jacobs et al., 1987) and,
hence, like ENOD3 and ENOD14, present in infected cells.
Nevertheless, it seems too early to speculate that these
soybean and pea nodulins have similar functions based on
the correlations mentioned above. The small size of the
ENOD12, ENOD5, ENOD3, and ENOD14 proteins sug-
gests that, in general, early nodulins are relatively small.
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Nevertheless, we think that it is a coincidence that the
clones described in this paper encode relatively small
proteins because other early nodulins, like ENOD2 (Frans-
sen et al., 1987) and N-40’ (Govers et al., 1985), have a
larger size.

Regulation of Early Nodulin Gene Expression by
Rhizobium

An intriguing question concerning the establishment of
symbiosis is whether Rhizobium needs to elicit only a few
or a multiplicity of signals to effect root nodule formation
and the accompanying expression of nodulin genes. The
availability of the set of cDNA clones described in this
paper, representing genes expressed at different stages
during nodule formation, adds to the possibility of exploring
this problem.

In a previous paper we demonstrated that the ENOD12
gene is expressed in nodule primordia and root cortex
cells that do not yet contain the infection thread, so a
diffusible compound from Rhizobium, involved in inducing
this early nodulin gene, seems to act over a rather large
distance (Scheres et al., 1990). This is consistent with the
finding that the ENOD12 gene is expressed not only in
nodule cells containing bacteria but also in all cells of the
invasion zone. The bacterial nodulation (nod) genes have
been shown to be essential for ENOD12 gene expression,
and soluble bacterial compounds are able to elicit ENOD12
gene expression in root hairs (Scheres et al., 1990).

Our studies of the distribution of ENOD5 mRNA during
nodule development indicate that bacterial compounds
inducing ENOD5 gene expression appear to be active only
in cells containing bacteria surrounded by either the infec-
tion thread tip membrane or the peribacteroid membrane.
Apparently, an intercellular barrier exists for the signal that
induces ENOD5 gene expression. Hence, there is a clear
difference in the way Rhizobium induces ENOD5 and
ENOD12 gene expression. While a factor acting over a
long range is inducing ENOD12 gene expression, most
likely another factor acting over a short distance is inducing
expression of the ENOD5 gene. The nature of the ENODS5-
inducing signal and the bacterial genes involved in produc-
ing it are still unknown. However, the low level of ENOD5
mRNA in the infected cells of the late symbiotic zone
shows that the presence of rhizobia in a cell is not sufficient
for the accumulation of the ENOD5 mRNA.

The observation that the amount of ENOD5 transcripts
in the infected cells is already declining while the amount
of ENOD3/14 transcript is maximal indicates that different
bacterial factors may be responsible for the induction of
ENOD5 and ENOD3/14 gene expression. In a similar way
different bacterial factors may induce ENOD3/14 and Lb
gene expression, respectively, because the amount of
ENOD3/14 transcript decreases in the zone where the
amount of leghemoglobin transcript becomes maximal.
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Alternatively, one bacterial signal, inducing a cascade of
developmental events, may lead to differential expression
of the ENOD5, ENOD3/14, and leghemoglobin nodulin
genes. The argument for considering induction of ENOD12
and ENOD5 gene expression to be caused by different
bacterial factors, namely the fact that one gene is induced
at a distance from infected cells and the other gene is not,
does not apply to the ENOD5, ENOD3/14, and Lb genes
because these are all expressed in infected cells. Geneti-
cally defined bacterial mutants that do not produce the
compounds necessary to invoke ENOD5, ENOD3/14, or
Lb gene expression may provide clues to resolve whether
one or more bacterial signals are involved in the induction
of expression of these genes. Moreover, these mutants
may be useful to elucidate the structure of different signal
molecules. In this regard, the bacterial release (bar) (De
Maagd et al., 1989) and bacteroid development (bad)
mutants are promising because these mutants affect nod-
ule development at the time that ENOD5 and ENOD3/14
genes are expressed.

METHODS

Plant Materials

Pea (Pisum sativum cv rondo or sparkle) plants were cultured and
inoculated with Rhizobium leguminosarum by viciae 248, as de-
scribed by Bisseling et al. (1978). Inoculation was performed
directly upon sowing, unless stated otherwise. Nodules were
excised from root tissue, except in the case of pea plants, 8 days
after inoculation, and 2.5-cm sections of the main root, where
nodules would appear, were harvested. Uninfected pea plants
were cultured in the same way, and pieces of the main root were
collected 8 days after sowing. Fusarium oxysporum mycelium was
inoculated in Czapek-dox medium and grown for 2 days at 30°C.
Pea plants were inoculated with this suspension 3 days after
sowing and cultured as above. Root tissue was harvested after
various incubation times. All plant tissues were frozen in liquid
nitrogen immediately after harvesting and stored at —70°C.

cDNA Cloning

A Agt11 cDNA library, prepared from P. sativumn cv sparkle lateral
root nodule RNA, 21 days after infection, was kindly provided by
Dr. G. Coruzzi (Tigney et al., 1987). Nitrocellulose replicas, con-
taining phage DNA of approximately 3000 plaques, were made
using standard procedures (Maniatis et al., 1982). **P-labeled
cDNA probes for differential screening were prepared from
poly(A)+ RNA of nodules 10 days after inoculation and of 8-day-
old uninfected roots. Replica filters were hybridized to either root
or nodule cDNA as described by Franssen et al. (1987). Plaques,
giving a nodule-specific signal, were purified using another differ-
ential screening. Phage DNA was isolated and cDNA inserts were
subcloned into pUC vectors using standard procedures (Maniatis
etal., 1982).

RNA Transfer Blot Analysis

Total RNA from nodules and other tissues was isolated by phenol
extraction and LiCl precipitation according to De Vries et al.
(1982). RNA concentrations were measured spectrophotometri-
cally, and equal amounts of total RNA were used for gel blot
analysis, as stated in the figure legends. RNA transfer blotting
was performed as described by Franssen et al. (1987) using
GeneScreen membranes and nick-translated ¢cDNA inserts or
antisense RNA probes.

Genomic DNA Isolation and Blotting

Genomic DNA from pea leaves was isolated using the cetyl-
trimethylammonium bromide method described by Rogers and
Bendich (1988). Restriction enzyme digestions were performed
under standard conditions. Digested DNA was transferred to
GeneScreen-Plus membranes using ammonium acetate transfer
(Rigaud et al., 1987). The blot was hybridized to nick-translated
cDNA insert probes in 1 M NaCl, 1% SDS, 10% dextran sulfate,
and 100 ug/mL denatured salmon sperm DNA at 65°C during 24
hr. Subsequently, blots were washed, 2 X 10 min in 2 X SSC and
2 X 20 min in 2 X SSC/1% SDS at 65°C.

Hybrid-Released Transiation

Selection of MRNA was done with inserts from the various cDNA
clones, bound on diazophenylthio (DPT) paper (Bio-Rad), as de-
scribed by Maniatis et al. (1982). Fifty micrograms of denatured
DNA was spotted on DPT discs of 0.5 cm?. Hybridization to 1 mg
of total nodule RNA from 12-day-old plants was done in 300 uL
containing 50% (v/v) formamide, 0.1% SDS, 0.6 M NaCl, 4 mM
EDTA, 80 mM Tris-HCI, pH 7.8. Hybridization was initiated at
50°C and temperature was decreased to 37°C over a 6-hr period.
Hybrid-selected mRNA was translated in a wheat germ extract
(Bethesda Research Laboratories) using **S-methionine (Du Pont-
New England Nuclear) as radioactive amino acid. Proteins were
separated on SDS-containing 25% acrylamide gels. Gels were
fluorographed to Kodak XAR-5 films.

DNA Sequencing

cDNA inserts were sequenced using the double-stranded dideoxy
chain termination procedure (Korneluk et al., 1985). Both strands
were sequenced entirely. In all cases two independently obtained
clones were sequenced to rule out the possibility of recombined
cDNAs. Sequence data were stored and analyzed using programs
written by R. Staden on VAX/VMS and microVAX/VMS
computers.

In Situ Hybridization

All cDNA inserts were cloned in pT7-6 (a kind gift of Dr. S. Tabor),
and antisense RNA probes were transcribed using T7 RNA polym-
erase (New England Biolabs) and **S-UTP (Du Pont-New England
Nuclear, 1000 to 1500 Ci/mmol) or *H-UTP (40 Ci/mmol) as the



radioactive nucleotide. The probes were partiaily degraded to an
average length of 150 nucleotides by heating at 60°C for 90 min
in 0.2 M Na;C03/0.2 M NaHCO;. In situ hybridization studies
were carried out by a method derived from the procedure de-
scribed by Cox and Goldberg (1988) (van de Wiel et al., 1990). in
brief, nodules, stems, and root sections were fixed with 3%
paraformaldehyde and 0.25% glutaraldehyde in 0.1 M sodium
phosphate buffer, pH 7.4. Dehydration was performed in graded
ethanol, and xylene series and tissues were embedded in para-
plast (Brunswick). Sections 7 um thick were attached to poly-L-
lysine-coated slides. Sections were deparaffinized with xylene and
rehydrated through a graded ethanol series. They were pretreated
with 1 ug/mL proteinase K in 100 mM Tris/HCI, pH 7.5, 50 mM
EDTA at 37°C for 30 min and 0.25% acetic anhydride in 0.1 M
triethanolamine, pH 8.0, at room temperature for 10 min. Subse-
quently, they were dehydrated in a graded ethanol series and air
dried. Sections were hybridized with RNA probes (10° cpm/mL)
in 50% formamide, 0.3 M NaCl, 10 mM Tris-HCI, pH 7.5, 1 mM
EDTA, 10% dextran sulfate, 1 X Denhardt’s solution, 500 pg/mL
polyA, 150 ng/mL yeast tRNA, and 70 mM DTT for 16 hr at 42°C.
Washing was performed in 4 X SSC, 5 mM DTT at room temper-
ature, followed by treatment with 20 ug/mL RNase A in 0.5 M
NaCl, 5 mM EDTA, 10 mM Tris-HCI, pH 7.5, at 37°C for 30 min,
and washed in the same buffer with 5 mM DTT at 37°C for 30
min. The final wash was twice 2 X SSC, 1 mM DTT at room
temperature (RT). Sections were dehydrated in 70% and 90%
ethanol (each with 300 mM ammonium acetate) and 100% ethanol
and air dried. Slides were coated with Kodak NBT2 nuclear
emulsion diluted with an equal volume 600 mM ammonium acetate
and exposed for 1 week to 4 weeks at 4°C. They were developed
in a Kodak D19 developer for 3 min and fixed in Kodak fix.
Sections were stained with 0.025% toluidine blue O for 5 min and
mounted with D.P.X. Sections were photographed with a Nikon
microscope equipped with dark-field and epipolarization optics.

Primer Extension Analysis and RNA Sequencing

Synthetic oligomers complementary to nucleotides 118 to 138 of
the pPSENODS insert, nucleotides 51 to 71 of the pPsENOD3
insert, and nucleotides 57 to 77 of the pPSENOD14 insert were
%2p-jabeled using T4 polynucleotide kinase (Pharmacia-LKB Bio-
technology Inc.). These primers (1 X 10° cpm) were coprecipitated
with 20 ug of total RNA. Nucleic acids were resuspended in 6.25
ul of annealing buffer (50 mM Tris-HCI, pH 8.2, 60 mM NaCl, 10
mM DTT), put at 68°C, and allowed to cool down to 35°C. RT
buffer (2.25 ul) (260 mM Tris-HCI, pH 8.2, 30 mM MgCl,, 500
mM NaCl, 50 mM DTT), 2.5 ul of deoxynucleotide triphosphate
(dNTP) mixture (2 mM), and 0.5 xL of avian myeloblastosis virus
(AMV) reverse transcriptase (Life Science, St. Petersburg, FL, 25
units/ul) were added, and primer extension was performed at
45°C for 20 min. Subsequently, 1 ul. of RNase A was added, and
incubation was prolonged for 15 min. The mixture was extracted
once with phenol/chloroform (1:1) and ethanol precipitated using
2 ug/mL tRNA as a carrier. Upon resuspension in 1.5 uL of H,0,
loading buffer was added, and after denaturation samples were
analyzed on a 6% polyacrylamide/8 M urea sequencing gel. For
RNA sequencing 5 x 10° cpm primer was coprecipitated with 80
ug of total RNA. The precipitate was resuspended in 12.5 ubL of
annealing buffer and annealed as described above. RT buffer (4.5
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ul), 5 uL of dNTP mixture (2 mM), and 25 units of AMV (RT) were
added. Four microliters of this solution was added to four separate
tubes containing 1 xL of one of the four dideoxy-NTPs (800 uM).
Extension was performed for 20 min at 45°C. Subsequently, 1
ub of the dNTP mixture was added for a chase reaction for 15
min at 45°C. Samples were extracted, precipitated, and subjected
to gel analysis as described above.
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