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Summary. An alfalfa genomic clone and three eDNA clones for 
ENOD40 (MsENOD40) have been isolated and characterized. At 
the nucleotide level, the MsENOD40 clones exhibit ca. 79% identity 
to a soybean (GmENOD40) eDNA clone. The alfalfa eDNA clones 
lack an AUG translational start codon and potentially encode a 
polypeptide no longer than 46 amino acids. There is only 39% ho- 
mology between the putative polypeptides of GmENOD40 and 
MsENOD40, suggesting that these two proteins may have different 
functions. However, MsENOD40 transcripts showed a pattern of 
localization similar to that of GmENOD40 transcripts in that 
mRNAs were detected by in situ hybridization in the pericycle of 
inoculated roots, in the nodule primordium, and in stem cells ad- 
jacent to the secondary phloem, i.e., the cells of the procambium. 
In addition, we detected MsENOD40 transcripts in other meriste- 
matic cells of the plant, including the nodule meristem, pre-emergent 
lateral root tips, and the margins of young leaf primordia. The 
location of MsENOD40 transcripts in dividing cells suggests that 
the ENOD40 gene product may play a role in mitosis or in associated 
processes, such as protein synthesis. However, because transcripts 
were associated with monosomes rather than polysomes, it is likely 
that MsENOD40 RNA is not translated into protein. Therefore, the 
RNA itself may have a function in developmental processes. 
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Introduction 

Nodule development commences when soil bacteria of 
the family Rhizobiaceae encounter the roots of a com- 
patible legume. In the Rhizobium meliloti-alfalfa inter- 
action, as in other rhizobia-legume associations, the 
establishment of the symbiosis begins by an exchange 
of signal molecules. Flavonoids secreted by alfalfa, in- 
teracting with the regulatory protein NodD, induce R. 
meliloti nod genes (for a review, see Schlaman et al. 
1992). The nod gene products synthesize a number of 
Nod metabolites, including NodRm(IV)S, a tetraglu- 
cosamine with a C 16 acryl group on the non-reducing 
end and a sulfate on the reducing end (Lerouge et al. 
1990). Addition of Nod factor alone to alfalfa roots 
results in the depolarization of root hair cell membranes 
(Ehrhardt et al. 1992), and the induction of root hair 
deformation and cortical cell divisions (Truchet et al. 
1991). When rhizobia are present, the root hairs curl 
360 ~ to form "shepherd's crooks", and the rhizobia are 
taken into the root hair cell via specialized ingrowths 
of the plant cell wall known as infection threads. These 
serve as the means of entry of the rhizobia into the 
internal cells of the root. Root cortical cells divide in 
advance of the invading infection thread and establish 
the nodule primordium. Eventually, both the bacteria 
and the plant cells differentiate to their final state - 
the rhizobia elongating to form nitrogen-fixing bac- 
teroids, and the nodule primordium developing into a 
nodule, a unique plant organ composed of a variety of 
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distinct cell types (for review, see Hirsch 1992). In the 
process, both partners express genes that are specifi- 
cally associated with the interaction. 
Plant-encoded proteins that are differentially expressed 
in the nodule are known as nodulins (van Kammen 
1984), and have been divided into early and late groups 
based on the time of their appearance during nodu- 
lation (Govers et al. 1987). The proteins expressed prior 
to nitrogen fixation, during infection and nodule mor- 
phogenesis, are referred to as early nodulins, whereas 
proteins involved in nodule function and maintenance 
are known as late nodulins. The functions of many of 
the early nodulins are unknown, although predictions 
have been made based on their primary structure as 
well as spatial and temporal patterns of expression. For 
example, because they contain a putative signal peptide 
at the N-terminus followed by an amino acid sequence 
with repeating proline-rich motifs (Franssen et al. 1987, 
Scheres et al. 1990, L6bler and Hirsch 1993), ENOD2, 
ENOD12 and ENOD10 are presumed to be structural 
proteins that are deposited in cell walls. ENOD2 tran- 
scripts are detected in the nodule parenchyma (van de 
Wiel et al. 1990 a, b), and hence this early nodulin has 
been proposed to function as part of the oxygen barrier. 
On the other hand, ENOD12 and ENOD 10 transcripts 
are detected in the invasion zone of mature nodules 
(Scheres et al. 1990, L6bler and Hirsch 1993), suggest- 
ing that these nodulins may be involved in the infection 
process. However, ENOD12 and perhaps ENOD10 
may not be required for nodulation. An ENOD 12 hom- 
olog was not detected in soybean nodules (A. M. Hirsch 
and T. Bisseling unpubl, results), and Csanfidi et al. 
(1994) have shown that ENOD12 is not required for 
nodule formation and efficient nitrogen fixation in al- 
falfa. 
Another early nodulin cDNA, ENOD40, has been re- 
cently identified from libraries of soybean and pea, 
examples of legumes with determinate and indetermi- 
nate nodules, respectively (Kouchi and Hata 1993, 
Yang et al. 1993). ENOD40 does not exhibit homology 
to any proteins identified so far, although within the 
amino-terminal part, there are several consensus se- 
quences that have been identified as potential phos- 
phorylation sites for various protein kinases (Yang 
et  al. 1993). The soybean clone, GmENOD40, contains 
an open reading frame that could encode a 93 amino 
acid peptide containing no methionines (Yang etal. 
1993). However, Kouchi and Hata (1993) have iden- 
tified two similar cDNA clones, designated GmN #36a 
and GmN#36b. GmN#36a has an ORF (90 amino 

acids) that initiates with an AUG codon, whereas 
GmN#36b is identical to the Yang etal. (1993) 
GmENOD40 clone. Like GmENOD40, it lacks the 
AUG and potentially encodes a polypeptide of 93 
amino acids. These two GmN#36 clones are 95% ho- 
mologous to each other at the nucleotide level, but 
differ significantly at the level of deduced amino acid 
sequence. In situ hybridization analysis shows a com- 
plex spatial expression pattern in soybean. Transcripts 
of GmENOD40 have been localized to the pericycle of 
the determinate nodule vascular bundle and to the di- 
viding cortical cells that make up the nodule primor- 
dium (Yang etal. 1993, Kouchi and Hata 1993). In 
pea, 5 days after inoculation, ENOD40 mRNAs are 
detected in the cells of the nodule primordium and in 
the root pericycle. In mature pea nodules, the Ps- 
ENOD40 gene is expressed in the pericycle cells around 
the nodule vascular bundle, in boundary layer cells, 
and in uninfected interstitial cells in the central, infected 
zone (Yang et al. 1993). 
The objective of our study was to identify a homolog 
of ENOD40 in the indeterminate nodules of alfalfa, 
and to determine its spatial and temporal expression 
patterns during nodule development. We were also in- 
terested in determining whether ENOD40 gene expres- 
sion in alfalfa required either Rhizobium presence or 
infection for its expression. MsENOD2, another early 
nodulin that is expressed in both determinate and in- 
determinate nodules, requires neither Rhizobium pres- 
ence nor infection (Hirsch et al. 1989). To test whether 
these parameters were required for MsENOD40 gene 
expression, we inoculated plants with R. meliloti exo- 
polysaccharide (Exo-)  mutants and treated roots with 
the auxin transport inhibitor NPA to see whether tran- 
scripts were present in the bacteria-free nodules and 
pseudonodules. 
Here we describe the alfalfa ENOD40 homolog. 
MsENOD40 transcripts can be detected within 24h 
after R. meliloti infection and are found not only in 
the root pericycle cells and nodule primordia as re- 
ported for both soybean and pea ENOD40, but also 
in cells typically classed as meristems: the distal ends 
of nodules and developing lateral roots, the margins 
of young leaf primordia, and the procambial cells of 
the stem and root. Thus, although MsENOD40 cannot 
be described as a "true" nodulin, its localization in cells 
competent to divide and dividing cells suggests that it 
may play a role in cell division or associated activities 
such as protein synthesis, for example, as part of a 
ribonucleoprotein particle. 
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Materials and methods 

Plant and bacterial growth conditions 

Alfalfa (Medicago sativaL, cv. Iroquois) seeds were surface-sterilized 
and planted on a screen covered with cheesecloth in a dish pan 
(L6bler and Hirsch 1993) containing 21 nitrogen-free Jensen's me- 
dium (Vincent 1970). Prior to planting, the entire apparatus was 
autoclaved. In some experiments, the seedlings were inoculated 3 
days after sowing with Rm 1021 (wild-type R. meliloti; Su47 Star; 
Meade etal. 1982) or with R. meliloti exopolysaccharide mutants 
Rm7094 (exoB :: Tn5) or Rm7055 (exoF:: Tn5; Finan 1988), at ca. 
10 7 cells/ml. The bacteria were grown in Rhizobium Defined Medium 
(Vincent 1970) until an O.D.600 of 1.0 + 0.1 was reached. In other 
experiments, 2-week-old alfalfa seedlings were treated with NPA as 
described by Hirsch et al. (1989). The rhizobia-inoculated or NPA- 
treated plants were then transferred to a growth chamber where they 
were maintained under 16 h 21 ~ day/8 h 19 ~ night with a relative 
humidity of 80% and an irradiance of 315 mE/s/m 2. Sterile distilled 
water was used for watering the plants throughout the experimental 
period. Nodules and pseudonodules were harvested into liquid ni- 
trogen 3 or 4 weeks after the start of the treatments, and stored at 
-70 ~ until RNA was isolated. 

Screening of cDNA library 

A kgt 11 cDNA library, prepared from M. sativa cv. Iroquois nodule 
mRNA (L6bler and Hirsch 1993), was screened on nitrocellulose 
replicas by standard procedures (Sambrook et al. 1989) using a 450 
bp Eco RI fragment from plasmid pRGT, a cDNA clone of 
GmENOD40 (provided by Henk J. Franssen). The probe was labeled 
with c~[32p]dCTP using a random primer labeling kit (Pharmacia). 
Positive clones were plaque-purified, phage DNA was isolated, and 
cDNA inserts were subcloned into pBluescript II K S-  (Stratagene 
Inc.) or pUC19 by standard procedures (Sambrook eta1. 1989). 

the accession numbers L 32806 for the cDNA clone (MsENOD40- 
2) and L 32805 for the genomic clone. 

Southern hybridization 

Alfalfa genomic DNA was extracted from leaves of M. sativa cv. 
Iroquois, an out-crossing tetraploid, and M. sativa cv. CADL4, a 
diploid cultivar provided by Dr. E. T. Bingham (Bingham and Mc- 
Coy 1979), as described by Dellaporta etal. (1983). CADL4 DNA 
was digested with Eco RI, Hin dIII, or Barn HI, and Iroquois DNA 
was digested with Eco RI, Hin dIII, and Bgl II. 10 Ixg of the different 
restricted DNAs were loaded per lane and then fractionated on a 
1.0% agarose gel as described previously (L6bler and Hirsch 1993). 
DNA from the gel was transferred to GeneScreen nylon membrane 
(NEN) and probed with ct[32p]dCTP labeled Eco RI-Pst I fragment 
of MsENOD40-2 using standard procedures (Sambrook et al. 1989). 
A final wash in 0.2 x SSPE/0.2% SDS was done at 55 ~ and the 
dry filters were exposed to Kodak X-OMAT film for 6 to 7 days. 

RNA isolation and Northern hybridization 

To examine the temporal patterns of MsENOD40 gene expression, 
entire inoculated root systems were harvested at different time points 
after inoculation, frozen immediately in liquid nitrogen, and stored 
at - 7 0 ~  until use (L6bler and Hirsch 1993). Total RNA was 
isolated using RNA STAT-60 (Tel-Test "B", Inc., Friendswood, 
Texas) from roots harvested at each time point. The RNA was size- 
fractionated on formaldehyde agarose gels (Sambrook etal. 1989); 
10 to 20gg RNA were loaded per lane. After transfer to Nytran 
(Schleicher and Schuell) membranes, the blot was hybridized with 
a 580 bp Pst I fragment from the MsENOD40-2 cDNA clone. The 
blot was also hybridized with Msc27 (Kapros et al. 1992) as a control 
to check for equal loading. The hybridization signals were quantified 
using an UltroScan XL laser densitometer (Pharmacia). 

Isolation and characterization of genomic MsENOD40 DNA 

One million plaques of an alfalfa (M. sativacv. Chief) genomic library 
(Clontech) were screened with the 32p-radiolabeled MsENOD40 
cDNA (Sambrook etal. 1989). Five plaques that independently hy- 
bridized to the probe were isolated and the phage DNAs were pur- 
ified. Restriction mapping showed that two of the five clones were 
identical. The longest clones were chosen for further work. The 
coding region of the MsENOD40 genomic clones was identified and 
subcloned for DNA sequencing. 

DNA sequencing 

Both strands of the cDNA inserts were sequenced using the double- 
stranded dideoxy chain termination method (Sequenase kit version 
2; USB). A set of nested deletions from the 5' end of MsENOD40- 
2 was generated using the method of Henikoff (1984). 
An Spe I fragment of ca. 4 kb was subcloned from the genomic clone 
into plasmid pMOB1 (Gold Biotechnology). Using the TN1000 kit 
(Gold Biotechnology), a nested set of insertions of the 76 transposon 
into the subclone was selected as directed by the manufacturer, and 
sequenced using transposon end-specific primers. Accordingly, both 
strands of the genomic clone were sequenced over a 1328 bp segment 
spanning the region corresponding to the cDNA. 
Sequence analysis was performed on a VAX/VMS computer using 
the UWGCG software package. 
The nucleotide sequence data reported herein will appear in the 
EMBL, Genbank and DDBJ Nucleotide Sequence Databases under 

Preparation of polysome RNA 

Polysomes were prepared from 1 g of frozen mature nodules ac- 
cording to Jackson and Larkins (1976) except that 1% Triton X- 
100, 0.5% sodium deoxycholate, 1 mM spermidine HC1 and 5 mM 
[3-mercaptoethanol were incorporated into the extraction buffer. Po- 
lysomes were sedimented through a 5 ml linear 15-60% sucrose gra- 
dient and 0.75 ml fractions were collected after continuous moni- 
toring at 254 nm using an ISCO UA-5 monitor. The protein com- 
ponent was degraded by adding an equal volume of 1% proteinase 
K in 20 mM Tris (pH 7.6), 0.2 mM EDTA, 2% sodium lauroylsar- 
cosinate to each fraction, and incubating at room temperature for 
30 min. RNA was precipitated by the addition of 0.1 volume 3 M 
sodium acetate and 2 volumes cold 100% ethanol. The fractions 
were stored at - 2 0  ~ overnight, and the RNA was recovered by 
centrifugation at 12,000g for 30min at 40~ The pellets were re- 
suspended in 10 gl TE buffer, and subsequently, 3.3 gl aliquots were 
subjected to electrophoresis. The RNA was blotted onto Nytran 
membranes. The amount of RNA loaded per fraction was: fraction 
1, 3.21xg; fraction 2, 4.4gg; fraction 3, 4.2gg; fraction 4, 1.5gg; 
fraction 5, 2.4 gg; fraction 6, 0.8 gg; fraction 7, 0.1 gg. The probes 
used were either the MsENOD40-2 insert or A2ENOD2 (Dickstein 
etal. 1988). 

In situ hybridization 

Spot-inoculated (Dudley et al. 1987) roots and nodules resulting from 
flood-inoculation were collected varying times after inoculation, 
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fixed in FAA, and prepared as described in McKhann and Hirsch 
(1993). Shoot and root apical meristems were coiIected from un- 
inoculated plants and treated as described above. Some sections were 
hybridized with 35S-UTP (1000-1500 Ci/mmol; Amersham) labeled 
antisense or sense RNA probes according to a procedure derived 
from Cox and Goldberg (1988; see McKhann and Hirsch 1993). 
Sections were exposed for 2 to 5 weeks, developed photographically, 
and then stained with toluidine blue. 
Other sections were hybridized with non-radioactive (digoxigenin; 
Boehringer Mannheim) antisense or sense probes as described in 
McKhann and Hirsch (1993). Hybridizations took place overnight 
at 37 ~ and color development occurred for 2 to 16h. The sections 

Fig. 1. Autoradiograph of Southern blot of A M. sativa CADL4 
DNA restricted with Eco RI, Hin dIII, and Barn HI (1-3), and B M. 
sativa cv. Iroquois DNA restricted Eco RI, Hin dIII, and Bgl II (1- 
3). Molecular size markers are given for each blot. The blot was 
probed with a Pst I fragment of MsENOD40 

g 181 ATAATGAAAAAGAATGATACACACACCACTTTCATATATACTTCTCAACCATCACAAGTA 240 

8GAG... 

c 1 TGTGGAGCCCTTTAA 15 

g 241 TTTAAAACAATGATCAGAGACACCAACTTCCCCACTACCTTTCTA ............... 300 

18TCC... 

c 16 GCATCCTCTAAACCAATCCATCAAGACTTGAATCTTGTTTGTAATAAGGATGAAGCTTCT 75 

g 301 ............................................................ 360 

* N K H G E K C E R V 

C 76 TTGTTGC-CAAAAATCAATCCATGGTTCTTAAAACAAACATGGAGAGAAGTGTGAGAGGGT 135 

g 361 ............................................................ 420 

L N K N P T H S P S I F Q N S L L C A L 
C 136 ATTAAACAAAAACCCTACACACTCTCCCTCCATTTTCCAAAACAGTTTGCTTTGTGCTTT 195 

g 421 ........... G .......................... T ..................... 480 

A F G F S Y H K G I M L F S E * 
c 196 AGCTTTTGGCTTCTCATATCACAAAGGGATTATGCTTTTTTCTGAGTAGCAGAAGCAAAT 255 

g 481 ............... G ............................................ 540 

* A F F S K G S E A F V I A W Q T G K 
c 256 AATTAAC-CATTTTTCTCCAAAGGATCAGAAC-CTTTTGTTATAGCATC-GCAAACCGC-CAAG 315 

g 541 ............................................................ 600 

S Q K G N G F L F G V L M A M Y Q S L Y 

c 316 TCACAAAAAGGCAATGGATTCCTTTTTGGAGTCTTAATGGCTATGTATCAATCACTCTAT 375 

g 601 ............................................................ 660 

L C S T D T L D * R H V P C L C L C F I 

c 376 CTATGTAGCACTGACACTTTAGATTGAAGGCATGTCCCGTGTCTGTGTTTGTGCTTCATA 435 

g 66i ........... C ....... G ...... T..A.T ..... G .......... CA .......... 720 

D C Y S Y F L A V E C N N K H K D G V V 

c 436 GATTGTTATAGTTATTTTCTTGCAGTAGAATGTAATAATAAACATAAAGATGGTGTTGTC 495 

g 721 .... A ....................................................... 780 

F L * 

496 TTCCTTTGAGAAGTTC-CCAACTTTATGATGTACTTCGATTCACTCGATTTGCAC-CTGACT 555 

781 ............. G ...................... A ........ AG ............. 840 

556 AGAGTCTGTTCTTGTTTCAGTTTCTGCAGATGAGTAAGGTAGGTCACTGTTATCATTAAT 615 

841 ............................................ A ............... 900 

18AAA... 

616 TCATGTTCCTTTTCTTGTGT--TGTTCTCCTTTTCCTCATGAATGTTTC-CTTGTTTGTTT 673 

901 ................ C...GC ...... TT...C..A ......... A ............. 960 

8AAA... 

674 GTGTTAAGAGTTATTATGATCTTATGAGAAGTTAAAGAATGTTTCATGTCACACAAGTAA 733 

961 ............................................................ 1020 

798 

1021 TATGGACTCATAAAACTTAGTAATGTTTTACCCTATTATTCAATAGTTGATATGAATAAG 1080 

1081 GTTGTATTAGTCATGTTAAACATATACATTATTCGATCCAAGTTTGCTGGTACGAGTGTT 1140 

1141 TTC-CCTCTTGTCATTTAACCAAGGCCGTC-CATTCGATCCTCAAATATC-CAGTCACAGTTT 1200 

1201 AGGTGAATACTATACCACAACGAGCCGTCTGTTGCAAGTAGTTGCCCACCAAGGTCACCA 1260 

1261 TATATATTAGCTTAGAGTTAAGCTTTATTCAGGTTGAACTGAATAATAGTCAAAACAACC 1320 

1321 AAAGCCAC 1328 

Fig. 2. Comparison of genomic and cDNA 
sequences. Sequence of the cDNA clone 
MsENOD40-2 (c) is shown above the genomic 
clone (g). Identical bases are presented by pe- 
riods in the genomic sequence. The ends of 
the partially sequenced cDNA clones, Ms- 
ENOD40-8 and MsENOD40-18, are indi- 
cated by superscript numerals over the cDNA 
sequence. A putative TATA box is under- 
lined, and a putative polyadenylation signal 
is double-underlined. Putative translation 
products from three of the longest open read- 
ing frames are shown above the cDNA se- 
quence 
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were not counter-stained after the color treatment. Sections were 
examined under a Zeiss Axiophot microscope and photographed 
with either Kodak Tungsten 160 or Kodak Gold Plus 100 color film. 

Results 

Isolation and characterization of MsENOD40 clones 

Using GmENOD40 as a probe, we isolated fourteen 
independent positive plaques from a kgt 11 library made 
from RNA isolated from 21-day-old nodules. Three of 
these were chosen for further studies. Clones ENOD40- 
2, -8, and -18, contained inserts of approximately 830, 
760, and 700 bp, respectively. Restriction mapping with 
Hin dIII and Pst I indicated that these three clones were 
overlapping. Because MsENOD40-2 was the longest, 
it was studied in greater detail. 
On Southern blots containing Eco RI, HindlI I ,  and 
Barn HI-digested CADL4 DNA, the probe consisting 
of insert DNA from MsENOD40-2 hybridized to one 
or two fragments (Fig. 1 A). Except for the Hin dIII- 
digested DNA, a similar number of  fragments of Ir- 
oquois DNA hybridized to the probe, suggesting that 
a polymorphism exists between Iroquois and CADL4 
DNA (Fig. 1 B). The hybridization results suggest that 
the MsENOD40 gene exists as a single copy, or at most 
two copies, within the alfalfa genome. 

Nucleotide sequence of the MsENOD40 cDNA clones 

We sequenced MsENOD40-2 in its entirety and par- 
tially sequenced MsENOD40-8 and MsENOD40-18 
from each end. The insert of MsENOD40-2 was 798 
bp long, including a poly(A) stretch at the 3' end of 
67 bp (Fig. 2, line c), in good agreement with the size 
of the transcript (780 bp) as determined on the North- 
ern blot. However, the only potential polyadenylation 
signal (AATAAA) is located more than 250 bp 5' of  
the poly(A) tract. Nucleotide sequence comparison re- 
vealed that MsENOD40-2 has 79.2% sequence identity 
with the cDNA clone, GmN #36a (Fig. 3). 
MsENOD40-8 is 29 nt longer at the 5' end (SGAG), 
and is 99% identical to MsENOD40-2 over the next 
199 nt. It also has a poly(A) stretch, but it begins 53 
nt 5' of  the end of the MsENOD40-2 clone (SAAA). 
Over the last 202 nt, the MsENOD40-8 clone exhibits 
93.6% sequence identity to the MsENOD40-2 clone, 
but with a 2-nt insertion. MsENOD40-18 is 19 nt 
shorter at the 5' end (lsTCC) and shows 98.6% se- 
quence identity to MsENOD40-2 over the next 208 
nucleotides, having a 1-nt insertion. Its poly(A) tract 
begins 102 nt 5' of  the 3' end of MsENOD40-2 
(lSAAA). Over the last 122 bp, MsENOD40-18 exhibits 

74 CTTTGTTGGCAAAAATCAATCCATGGTTCTTAAAACAAACATGGAGAGAA 123 
lltillllllill Ill IIIIIIIIIIIII II II lillllil II 

25 CTTTGTTGGCAAACATCCATCCATGGTTCTT.GAAGAAGCATGGAGATAA 73 

124 .... GTGTGAGAC-C,43TATTAAACAAAAACCCTACACACTCTCCCTCCATT 169 
lllllillilil I r If II il lllili i 

74 A~TGTGAGAGGGTCCTCACCACTCACACT .......... CCTCCACT 113 

170 TTCCAAAACAGTTTGCTTTGTC-CTTTAGCTTTTGGCTTCTCATATCACAA 219 
I IIlllllrlll II [I lilli [II[IIIIIII IIII I 

114 T...AAAACAGTTTG..TTTTGC4~TTAGC.TTTGGCTTCTCTAATCAACA 157 

220 AGGGAT ...... TATC-CTTTTTTC.TGAGTAGCAGAAC-CAAATAATTAAG 262 
JJllll II [l I lJ [Jill lllll[lll ill I 

158 AGG(3ATGTGTTCTAACATTCTCTCTTGAGTC~AGAAGCAGATATC-CA.. 205 

263 CATTTTTCTCCAAAC-,GATCAGAAGCTTTTGTTATAGCATC-C.-CAAACCGC4~ 312 
IIIIIIII[III lii iIlll i il III IIIIIIIIIIII 

206 ..... TTCTCCAAAGGAGGAGAGGCTTTGGCTACAGCCTC-GCAAACCGGC 250 

313 AAGTCACAAAAAC.-C4~AATGGATTCCTTTTTGGAGTCTTAATGC.-CTATGTA 362 
Illllil llillllllllll iil IIII IIII IIllllll II 

251 AAGTCACGAAAAGGCAATGGACTCC..ATTGGGGTCTCTATGGCTATCTA 298 

363 TCAATCKCTCTATCTATGTAGCACTGACACTTTAGATTGAAGCq~ATGTCC 412 
I li llllllilil 

299 TTGCTC ..... ATCTATGTAG ............................. 314 

413 CGTGTCTGTGTTTGTGCTTCATAGATTGTTATAGTTATTTTCTTC-CAGTA 462 
I lllJlJl III 

315 .................................... TTCTTCTTGCTGTA 328 

463 GAATGTAATAATAAACATAAAGATGGTGTTGTCTTCCTTTGAGAAGTTC-C 512 
lllJlJill JR I ll[l II I IlllllllllllJlll I 

329 GA3.TGTAAT .... AAAACAAAGTTG ..... GCCTTCCTTTGAGAAGTTAC 369 

513 CAACTTTATGATGTACTTCGATTCACTCGATTTGCAGCTGACTAGAGT.. 560 
lllllll II i ] I I I[I] lllill}llll[lllll I 

370 CAACTTT .... TGCTGTCCAAATTACTCAATTTGCAGCTGACTAGAATTC 415 

561 .CTGTTCTTGTTTCAGTTTCTGCAGATGAGTAAGGTAGGTCACTGTTATC 609 
I III illllllllllllllllll lilllll 

416 CTTTCTCTCTGATCAGTTTCTGCAGATGAGT.AGGTAGG ........... 453 

610 ATTAATTCATGTTCCTTTTCTTGTGTTGTTCTCCTTTTCCTCATGAATGT 659 
IIIII II II i III II I II I I I I I 

454 ..TAATTTGTGATCACTCCCTTCCCTTCATGTCTGTGTTCCC ...... TT 495 

660 TTGCTTGTTTGTTTGTGTTAAGAGTTATTATGATCTTATGAGAAGTTAAA 709 
II I II llllIIIllll II fill I lllllIII I I Ill 

496 TTCCATGCTTGTTTGTGTTGTTAG...TTATAACCTTATGAGGAATAAAA 542 

710 GAATGTTTCATGTC 723 
IIII i II li 

543 GAATAGTACAATTC 556 

Fig. 3. Comparison of MsENOD40 (upper) and the GmENOD40 
(lower) clone, GmN#36a. Sequences were aligned using the 
UWGCG program Bestfit. The GmENOD40 cDNA sequence is 
numbered according to Kouchi and Hata (1993). The overall se- 
quence identity is 79.2% 

96.7% sequence identity to MsENOD40-2 and 99.2% 
sequence identity to MsENOD40-8. Thus, these two 
cDNA clones may represent alleles of the gene repre- 
sented by MsENOD40-2. 
The longest open reading frame (ORF) in the Ms- 
ENOD40-2 clone is 46 amino acids (from nt 262 to nt 
399) and lacks an A U G  translational start codon 
(Figs. 2 and 3). Numerous stop codons in the Ms- 
ENOD40-2 sequence result in ORFs shorter than 46 
amino acids, but none are longer than this. Very few 
of  the ORFs contain methionine, and if we assume 
standard usage of methionine as a start codon, then 
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the longest peptide that could be translated from the 
alfalfa cDNA would be 27 amino acids (beginning at 
nt 300 and ending at nt 380). 
Nevertheless, despite an overall 79.2% identity between 
the GmENOD40 and MsENOD40 cDNA clones, the 
putative peptide products of the genes show very little 
similarity (Fig. 3). The longest alfalfa ORF shows only 
17% identity to the longest soybean ORF of 90 amino 
acids from GmN #36a (Kouchi and Hata 1993). There 
is a small region of identity to the longest ORF from 
GmENOD40 (Yang et al. 1993) giving an overall amino 
acid identity of 42%. A 45 amino acid ORF in the 
alfalfa cDNA (from nt 107 to 241) has 26% and 34% 
identity to the longest ORFs from the two soybean 
clones. A third ORF of 41 amino acids (from nt 258 
to 380) also has 26% identity to a region of the longest 
soybean ORF, but 59% identity (over 22 amino acids) 
to a 37 amino acid ORF from the same soybean cDNA. 
In general, despite short amino acid sequence identities 
that jump from reading frame to reading frame between 
the alfalfa and soybean cDNAs, there are no significant 
common peptides found in the ENOD40 cDNAs of 
these two species. There is an overall homology of 39% 
between the putative polypeptides of MsENOD40 and 
GmN#36a.  Data base searches did not identify sig- 
nificant homology with any proteins other than those 
corresponding to GmENOD40.  

of  other ORFs, and a potential TATA box is found 
71 nt 5' of  the MsENOD40-2 and 43 nt 5' of  the 
MsENOD40-8 cDNA clones (Fig. 2). 

Temporal and spatial expression patterns 

The temporal pattern of MsENOD40 gene expression 
was analyzed by probing Northern blots containing 
total RNA isolated from whole alfalfa root systems 
following inoculation with Rml021. Low levels of 
MsENOD40 transcripts were detected in uninoculated 
roots at time 0 in some Northern blots (Fig. 4). How- 
ever, 24 h after inoculation, MsENOD40 transcript lev- 
els increased almost two-fold, indicating that expres- 
sion of the MsENOD40 gene is symbiotically enhanced. 
MsENOD40 mRNA levels increased steadily from 1 
to 22 days after inoculation. 
MsENOD40-hybridizing transcripts were found at 
high levels in RNA of nodules induced by wild-type 
R. meliloti and lesser amounts were detected in RNA 
of  nodules elicited by R. meliloti exoF mutants. How- 
ever, very low levels were detected in RNA isolated 
from stems and flowers (Fig. 5A), indicating that 
MsENOD40 is not a nodulin in the strict sense. Sim- 
ilarly, GmENOD40 is not a true nodulin (Kouchi and 

Genomic clone 

To characterize the structure of the MsENOD40 clone 
further, we isolated four independent clones from an 
alfalfa genomic library. Two of  these were subcloned 
and 1328 bp of one was completely sequenced. The 
sequence from nt 181 to nt 1328 is presented in Fig. 2 
(line g). The genomic sequence exhibits 96.7% identity 
to the MsENOD40-2 cDNA clone. The other two 
cDNA clones are more similar to the genomic clone 
than is the fully sequenced cDNA clone. Clone Ms- 
ENOD40-18 is 100% identical to the genomic clone 
from nt 304 to nt 512, with a 1-nt insertion. From nt 
795 to nt 917, it is 99.2% identical to the genomic 
clone. Clone MsENOD40-8 is 100% identical to the 
genomic clone from nt 257 to nt 456 with a 2-nt in- 
sertion. It is 100% identical from nt 763 to nt 965. 
There are no introns present in the gene and the se- 
quence shows only minor differences in the ORFs as 
deduced from the cDNA clone. A loss of one stop 
codon in the genomic sequence forms a 27-amino acid 
ORF as opposed to 12- and 14-amino acid ORFs in 
the cDNA. Additional stop codons result in truncation 

Days after inoculation 

Fig. 4. RNA transfer blot of total RNA isolated from alfalfa roots 
varying times after inoculation with wild-type R. melilotL N Mature 
nodules. A transcript of 780 bp hybridized to the MsENOD40 probe. 
20 gg of total RNA were loaded per lane 

Fig. 5. A RNA transfer blot of total RNA isolated from alfalfa stems 
(S), mature leaves (L), flowers (~, nodules elicited by Rm7055 
(exoF :: TnS) (E), and Rml021-(wild-type) derived nodules (3]). 10 gg 
of total RNA were loaded per lane. B RNA isolated from Rm1021- 
(wild-type) derived nodules (N) and NPA-indueed pseudonodules 
(NPA). A transcript of 780 bp hybridized to the MsENOD40 probe. 
20 I~g of total RNA were loaded per lane 
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Hata  1993, Yang et al. 1993). Mature leaves, however, 
lacked MsENOD40-hybridizing transcripts. 

When legume roots are grown in the presence of  
10-  5 M NPA, small nodule-like structures form on the 
roots. These have been shown to contain transcripts 
for several early nodulin genes, including ENOD2 and 
ENOD12 (Hirsch et al. 1989, Scheres et al. 1992). Fig- 
ure 5 B shows that the NPA-induced pseudonodules 
contained transcripts for MsENOD40,  but at reduced 
levels compared to wild-type Rml021-induced nodules 
and even more reduced levels when compared to 
Rm7094-induced nodules. 
In situ hybridization analysis was used to determine 
the localization patterns of  MsENOD40 gene expres- 
sion. Spot inoculations were performed to ascertain the 
location of MsENOD40 gene expression soon after 
inoculation. Because 35S-labeled antisense probes were 

not sensitive enough to determine the exact location 
of MsENOD40 transcript localization in roots before 
nodule primordia became obvious, we utilized digox- 
igenin-labeled probes. Antisense ENOD40 probes hy- 
bridized to transcripts in cells within the confines of  
the endodermis in the vicinity of  the inoculation drop 
which had been spotted onto the root 24 to 48 h pre- 

viously. The cells that hybridize to the probe appear 
to be pericycle cells but also include procambial  cells 
positioned between the xylem and the phloem 
(Fig. 6 A). In some roots, nuclei of  epidermal and cor- 
tical cells adjacent to the site of  inoculation hybridized 
to the antisense probe (Fig. 6A). Uninoculated roots 
and sense controls (Fig. 6 B) did not exhibit any hy- 
bridization to the MsENOD40 probes. 
Nodule primordia formed 6 days after inoculation with 
Rml021 contained high levels of  MsENOD40-hybrid-  
izing m R N A  (Fig. 6C). No distinct zonation of 
MsENOD40 transcript localization was observed; the 
entire nodule pr imordium was labeled. A similar result 
has been found for soybean and pea nodule primordia 

(Kouchi and Ha ta  1993, Yang eta1. 1993). Nodule 
primordia hybridized to the sense probes lacked label 
(not shown). In 10-day-old nodules, MsENOD40 tran- 

scripts were restricted to the nodule meristem (Fig. 6 D, 
E) and to cells surrounding the vascular bundle (not 
shown). 
In mature (21-day or older) nodules, MsENOD40 tran- 
scripts were localized to the cells of  the meristem and 
immediately adjacent to it, with the intensity of  label 
decreasing in the invasion zone and older parts of  the 
nodule (Fig. 6 F, G). In addition, MsENOD40 tran- 
scripts were localized to cells surrounding the nodule 
vascular bundle, most  likely cells of  the pericycle 
(Fig. 6 F) (Kouchi and Ha ta  1993, Yang et al. 1993). 
MsENOD40 transcripts were more difficult to detect 
in nodules elicited by R. meliloti exo mutants  due to 
the lower levels of  transcript accumulation compared 
to wild-type R. meliloti-induced nodules (cf. Fig. 5 A). 
However, in some nodules (two of ten examined), silver 
grains were detected in both the pericyele cells that 
surround the peripheral vascular bundles and in the 
small-diameter, densely cytoplasmic cells positioned at 
the distal end of the nodule and along the periphery 
- cells at the boundary of the nodule cortex and central 

nodule region (Fig. 6 H, I). In the other nodules (eight 
of  ten examined), only the pericycle cells contained 
MsENOD40 transcripts (not shown). 

In alfalfa stems, label was concentrated over small, 
densely cytoplasmic cells surrounding the phloem, es- 
pecially over the cells between the phloem and the 
xylem; we interpret these cells as being part  of  the 
procambium (Fig. 7 A, B). A similar location was found 
by Kouchi and Hata  (1993) for soybean seedling stems, 
who described these cells as being adjacent to the sec- 
ondary phloem. Yang etal. (1993) described Gm-  
ENOD40 gene expression in stems as being restricted 
to the phloem. 
Although Northern blot analysis demonstrated that the 

Fig. 6 A-I. In situ hybridizations of Rhizobium-inoculated alfalfa roots. A Root spot-inoculated for 24 h with Rml021 and hybridized with 
a digoxigenin-labeled antisense probe. Transcripts (as evidenced by the blue color) are present in nuclei within and surrounding the stele 
(arrowheads) and within cortical and epidermal cells (arrows). B A spot-inoculated (ink marker is visible) root like A but hybridized to a 
sense probe. Bar: for A-C, 20 gm. C Root spot-inoculated with Rml021 for 6 days and hybridized with a digoxigenin-labeled antisense 
probe. Transcripts (as evidenced by the blue color in nuclei) are present in the entire nodule primordium. D 10-day-old Rm1021-inoculated 
nodule with a distal meristem (m) hybridized with an 35S antisense probe. Bright field. Bar: for D and E, 40 gm. E Dark field micrograph 
of D. The MsENOD40 transcripts as evidenced by the silver grains, here shown as white spots, are compartmentalized to the nodule meristem 
(m). F Mature (21-day-old) Rml021-inoculated nodule hybridized with an 35S antisense probe. Bright field. Silver grains, here shown as dark 
spots, are deposited over the nodule meristem (m) and the nodule vascular bundle (vb). Bar: for F and G, 40 gm. G MsENOD40 transcripts 
in the meristem (m) of a different mature nodule. Dark field. H Nodule elicited by Rm7094 (exoB :: Tn5) and hybridized with an 35S antisense 
probe. Silver grains are deposited over the small diameter, dividing cells at the distal end of the nodule (arrowhead) and over the nodule 
vascular bundle (vb). Bar: for H and I, 20 gm. I Dark field of H 
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MsENOD40 gene is expressed in flowers, we were un- 
able to detect MsENOD40 transcripts by in situ hy- 
bridization in expanded flowers or floral buds (15 of 
15 examined) (not shown). However, when we exam- 
ined vegetative shoot apical meristems, we found that 
leaf primordia, particularly the margins consisting of 
developing leaflets, contained transcripts that hybrid- 
ized to the antisense MsENOD40 probe (five of five 
examined) (Fig. 7 C, D). The shoot apical meristem, in 
contrast, was faintly labeled by the antisense probe 
(Fig. 7 D). Sense controls were devoid of label (not 
shown). 
Pre-emergent lateral root primordia (five of five ex- 
amined) were also highly labeled with the MsENOD40 
antisense probe (Fig. 7 E). In contrast, emergent roots 
gave variable results. Some (two of five examined) root 
tips were labeled, but only in a region that appeared 
to be equivalent to the distal and proximal meristems 
of the root apex (Torrey and Feldman 1976). However, 
the remaining root tips exhibited no or very little hy- 
bridization to the MsENOD40 antisense probe. Sense 
controls were completely devoid of label (not shown). 

MsENOD40 transcripts are found on alfalfa 

monosomes 

Because the longest ORF in the MsENOD40 cDNA 
that begins with an AUG encodes a potential poly- 
peptide of only 27 amino acids, we wanted to determine 
whether MsENOD40 transcripts were translated into 
protein. Polyribosomes isolated from alfalfa nodules 
were fractionated on a sucrose density gradient 
(Fig. 8 A). RNA extracted from these fractions was run 
on an agarose gel and sequentially transferred to a 
nylon filter. The filter was probed first with the 
MsENOD40 probe and then with the A2ENOD2 
probe. 
ENOD2 mRNAs were abundant in the fractions con- 
taining polysomes (Fig. 8 B, lanes 5 and 6) and even 
more abundant in these fractions than in the total RNA 
(Fig. 8 B, lane 8). In contrast, the MsENOD40 probe 
predominantly hybridized to the monosome fraction 
(Fig. 8 C, lanes 2 and 3), and was reduced in signal 
intensity compared to total RNA (Fig. 8 C, lane 8). 

Discussion 

MsENOD40 like GmENOD40 lacks an AUG 
translational start codon 

In this paper, we have described the isolation and char- 
acterization of three cDNA clones and one genomic 

clone of the alfalfa early nodulin MsENOD40. There 
are some sequence differences among the three cDNA 
clones, most likely because they represent alleles of one 
or two different ENOD40 genes in alfalfa. The Ms- 
ENOD40 cDNA clones are ca. 78% identical to the 
cDNA clone, GmN#36a, described by Kouchi and 
Hata (1993). Unlike GmN#36a, none of the three al- 
falfa eDNA clones has a conventional AUG start co- 
don that could serve as a translational start site at the 
beginning of a long ORF. Similarly, the other Gm- 
ENOD40 cDNAs lack an AUG start codon. The long- 
est ORF of the GmENOD40 eDNA described by Yang 
et al. (1993) encodes a polypeptide of 93 amino acids. 
These authors (1993) speculated that a GUG codon 
could encode the N-terminal amino acid of the 
GmENOD40 protein. Gordon et al. (1992) have tested 
the efficiency of translation at codons other than AUG, 
and found that CUG, GUG, and ACG initiated trans- 
lation with efficiencies of 30%, 15%, and 15%, re- 
spectively, with respect to AUG. We did not find any 
CUG, GUG, or ACG codons that could serve as sites 
of initiation of translation. 
We sequenced the MsENOD40-2 clone repeatedly and 
other MsENOD40 cDNA clones to verify the sequenc- 
ing, and found the same result: AUG codons that might 
serve as start codons were followed by stop codons, 
and so there were only very short potential ORFs. This 
result was confirmed by sequencing the genomic clone 
of MsENOD40. The three MsENOD40 cDNA clones 
have quite different polyadenylation sites, which are 
located 155, 201, and 255 nt downstream from the only 
canonical (AAUAAA) polyadenylation signal (double 
underline in Fig. 2). This is unusual because there is 
generally a minimum (10 nt) and a maximum (ca. 30 
nt) distance between the AAUAAA sequence and the 
cleavage-polyadenylation site. Manen and Simon 
(1993) attempted to explain multiple polyadenylation 
sites in transcripts coding for a winged-bean leghemo- 
globin by a potential hairpin structure in the RNA. 
We have found no potential hairpin structure in the 
MsENOD40 cDNA clones that would account for the 
multiple polyadenylation sites. It may be significant, 
however, that when possible secondary structures in 
the MsENOD40 RNA are examined by the method of 
Zucker and Stiegler (1981), the AAUAAA site is almost 
always in an unpaired loop (not shown). 

Putative ENOD40 polypeptides 

Yang etal. (1993) suggested that a putative protein 
could be synthesized from the GmENOD40 mRNA in 
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spite of the lack of an AUG codon. However, they 
were able to show translation from GmENOD40 only 
when a translational fusion was made to CAMV PI; 
GmENOD40 mRNA by itself did not give an in vitro 
translation product (Yang et al. 1993). 
Our data based on an analysis of polysomes is incon- 
clusive as to whether a polypeptide is synthesized or 
not. Although monosomes are generally considered in- 
active, translation ofmRNA can occur on monosomes. 
However, the sequence comparison of MsENOD40 
and GmENOD40 cDNA clones argues against trans- 
lation of these RNAs. There are no significant common 
peptides (as predicted by the deduced amino acid se- 
quences) between the soybean clones and any of the 
alfalfa ENOD40 clones, making it difficult to envision 
a mechanism whereby the ENOD40 gene products per- 
form the same function (as deduced from the temporal 
and spatial expression patterns). Stretches of identity 
between the soybean and alfalfa amino acid sequences 
are found in every reading frame from the beginning 
of the soybean cDNA to ca. nt 560. This sort of se- 
quence conservative among the various ORFs is dif- 
ficult to explain if only a small portion of the mRNA 
is being translated. 

The M s E N O D 4 0  gene may exist in two copies 

Yang et al. (1993) described GmENOD40 gene expres- 
sion as being separated in time and space. Expression 
that occurs early in the interaction does not require the 
presence of intracellular bacteria or infection threads, 
whereas transcription of the GmENOD40 gene in the 
pericycle of the nodule vascular bundle requires infec- 
tion. This difference in temporal and spatial expression 
patterns may be reflective of two different genes. Two 
GmENOD40 cDNA clones, designated GmN#36a 
and GmN#36b, were found (Kouchi and Hata 1993), 
suggesting that there might be two ENOD40 genes in 
soybean. 
From Southern analysis of alfalfa Iroquois (a tetra- 
ploid) and CADL4 (a diploid) DNA, we conclude that 
there are one to two copies of ENOD40 in alfalfa. From 
our screen of the genomic library, we have preliminary 
evidence that suggests that alfalfa may have two dif- 
ferent genes (Y. Fang and A. M. Hirsch unpubl, re- 
sults). However, genomic reconstruction experiments 
have not been performed. The expression patterns sug- 
gest that there may be two MsENOD40 genes: one 
which is expressed in a number of meristematic cell 
types and one whose expression is symbiotically en- 
hanced. However, it is also possible that there is only 

one gene, the expression of which is up-regulated in 
the presence of Rhizobium. 

M s E N O D 4 0  is not a true nodulin, it is expressed 

in dividing cells 

The MsENOD40 gene, like that from soybean, is not 
specifically expressed in nodules. It is expressed in 
stems, as is the GmENOD40 gene, but also in leaf 
primordia, lateral root tips, and flowers. However, al- 
though we were able to localize transcripts in most of 
these organs by using in situ hybridization, we were 
unable to find MsENOD40 transcripts in a specific 
floral organ or tissue. In stems, MsENOD40 transcripts 
were localized to the procambium and, to a lesser ex- 
tent, to meristematic cortical cells just outside the 
phloem. These dividing cells are the precursors of the 
vascular and cork cambia, both of which are activated 
in alfalfa stems as they mature. 
MsENOD40 transcripts were also detected at extremely 
low levels in uninoculated alfalfa roots. Similarly, Ko- 
uchi and Hata (1993) found GmN#36 transcripts in 
uninoculated roots using reverse transcriptase-PCR. 
Yang etal. (1993) were unable to detect GmENOD40 
transcripts in root or shoot meristems, but did observe 
transcripts in stem tissue. We were able to detect 
MsENOD40 mRNA in whole root systems using 
Northern analysis most likely because it is expressed 
in developing lateral roots. However, 24 h after inoc- 
ulation, MsENOD40 gene expression was elevated al- 
most 100% compared to uninoculated roots demon- 
strating that MsENOD40 gene expression is aug- 
mented after inoculation with rhizobia. 
Nevertheless, neither rhizobial penetration nor pres- 
ence is required for the enhanced expression of the 
MsENOD40 gene. To determine whether an infection 
event was required to induce MsENOD40 gene expres- 
sion, we inoculated alfalfa roots with R. meliloti exo 

mutants. These mutants induce nodules that are un- 
invaded by rhizobia; infection aborts in the peripheral 
cells of the nodule (Yang etal. 1992). Northern blot 
analysis showed that RNA isolated from these bacteria- 
free nodules contained MsENOD40 transcripts at lev- 
els approximately 25 to 33% the level of wild-type 
Rml021-induced nodules. These transcripts were lo- 
calized to cells around the vascular bundle and to the 
densely cytoplasmic, meristematic cells at the distal end 
of the nodule, the same locations as in mature nitrogen- 
fixing nodules. Thus, bacterial infection is not required 
for triggering MsENOD40 gene expression. Ms- 
ENOD40 transcripts were also detected in pseudono- 
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dules elicited by the auxin transport inhibitor NPA, 
albeit at very low levels. However, 5-week-old NPA- 
induced pseudonodules also contain few dividing cells. 
This is in contrast to the bacteria-free nodules elicited 

by R. meliloti exopolysaccharide mutants. There is no 
defined apical meristem at the distal end of the pseu- 
donodules (Hirsch etal. 1989). 
Kouchi and Hata  (1993) and Yang etal. (1993) have 
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Fig. 8. Association of MsENOD40 and MsENOD2 RNA with po- 
lysomes. A Sedimentation of nodule polysomes. Fractions: 1 small 
ribosomal subunits; 2 large ribosomal subunits and monosomes; 3 
7 polysomes with progressively higher numbers of ribosomes. B RNA 
blot probed with the ENOD2 probe. 1-7 1/3 of the RNA collected 
from the correspondingly numbered sedimentation gradient fraction. 
8 10 lag of total nodule RNA. C The same blot as in B, but probed 
with the MsENOD40-2 insert. The blot was probed first with 
MsENOD40-2 and then with A2ENOD2 

commented on the location of MsENOD40 transcripts 
in pericycle cells and nodule primordia and speculate 
on the potential function of the MsENOD40 gene prod- 
uct based on this location. Because the uninfected cells 

of  a soybean nodule form a connected network and 
also because pericycle cells may be involved in phloem 
loading and unloading, Yang et al. (1993) suggest that 
G m E N O D 4 0  could play a role in a t ransport  process. 
Similarly, Kouchi and Ha ta  (1993) consider the pos- 
sibility that G m N # 3 6  (GmENOD40)  is involved in 
morphogenesis and/or functions of  the nodule vascular 
system. Specifically, they believe that the protein en- 
coded by this gene plays an essential role in transporting 

photosynthate into nodule tissues and/or its degrada- 
tion. Neither Yang et al. (1993) nor Kouchi and Ha ta  

(1993) comment  about  a potential role for Gm-  
ENOD40 in processes associated with cell division or 
as an indicator of  the cell cycle. However, Yang et al. 
(1993) note that this gene is a good candidate for study- 
ing nodulin gene expression and Vijn et al. (1993) have 
found that ENOD40, like E N O D I 2  and ENOD5,  
genes can be induced by adding purified Nod  factors. 
Our in situ hybridization data indicate that Ms- 
ENOD40 gene expression is characteristic of  cells com- 
petent for mitosis as well as actively dividing cells. Also, 
we have determined that Nod  factor application trig- 
gers MsENOD40 gene expression in alfalfa roots (Y. 
Fang and A. M. Hirsch unpubl, results). Adding pur- 
ified Nod  factor to legume roots most  likely triggers a 
change in the cell cycle. Differentiated cortical cells are 
induced to dedifferentiate and divide. Equally inter- 
esting is the finding that cytokinin application also 
induces MsENOD40 gene expression (Y. Fang and A. 
M. Hirsch unpubl, results). This suggests that the ad- 
dition of either Nod  factor or cytokinin brings about  
the endogenous physiological conditions required for 

the expression of this gene. 
We believe that the localization of  MsENOD40 in mer- 
istematic cells may provide a key to its function. For  
example, it may be an indicator of  a particular phase 
of the cell cycle. We have detected ENOD40 transcripts 
in cells that traditionally are considered meristems: the 
tips of developing lateral roots, the distal end of the 
nodule, cells of  the procambium, and the margins of  
the leaf primordia. In contrast, low levels of  Ms- 
ENOD40 transcripts are detected in the center of  shoot 
apical or root apical meristems. We speculate that the 
levels of  MsENOD40 transcripts are low here because 
these meristems are not undergoing much cell division 
except at their peripheries. The root is characterized 
by a quiescent center and it is likely that the shoot 
apical meristem has a region of  comparable mitotic 
inactivity (Steeves and Sussex 1989). The pericycle, too, 
is mitotically quiescent until it is activated to form a 
lateral root or participate in the formation of the nodule 

Fig. 7 A-E. In situ hybridizations of alfalfa organs other than nodules. A Transverse section of an alfalfa stem hybridized with an 35S antisense 
probe. Silver grains, here shown as white spots, are deposited over the procambium (pc). Bar: 40 lain. B Enlargement of the procambial region 
in an alfalfa stem. The blue-purple color (antisense digoxigenin probe) indicates the presence of MsENOD40 transcripts in the procambium 
(pc) between the xylem (x) and phloem (p). The phloem fibers (pJ) are adjacent to the phloem. Bar: 10 lam. C Longitudinal section of a shoot 
apical meristem (sa) hybridized with a digoxigenin-labeled antisense probe. Most of the MsENOD40 transcripts are detected in the leaf 
margins (trn). Bar: 40 gm. D Transverse section of young leaf primordia hybridized with a digoxigenin-labeled antisense probe. The blue 
color indicates a high concentration of MsENOD40 mRNA in the leaf margins (lira). Bar: 20 gin. E Transverse section of a root hybridized 
with a digoxigenin-labeled antisense probe. The lateral root (lr) contains MsENOD40 mRNA as evidenced by the color. Bar: 20 gm 
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p r i m o r d i a  at  which t ime M s E N O D 4 0  t ranscr ip ts  are  

detected.  Also,  bo th  pre -emergent  la tera l  r oo t  and  

emergent  nodule  mer is tems con ta in  high levels o f  

M s E N O D 4 0  transcr ipts .  A l t h o u g h  la tera l  roo ts  or- 

ganize a quiescent  center  before  they emerge f rom the 

pa ren t  root ,  they ini t ial ly lack such a region (Clowes 

1978). The high level o f  M s E N O D 4 0  t ranscr ip t  accu- 

mula t ion  in the la tera l  r oo t  p r imord i a l  mer i s tem m a y  

be reflective o f  the active, d iv id ing  state o f  these cells. 

I t  is not  k n o w n  whether  nodule  mer is tems exhibi t  a 

quiescent  center.  Based on the high level o f  E N O D 4 0  

t ranscr ip ts  in the nodule  meris tem,  this seems unlikely.  

The poss ibi l i ty  also exists tha t  M s E N O D 4 0  gene 

expression m a y  be involved in processes associa ted  with 

cell division,  such as p ro te in  synthesis. This gene is 

expressed very soon after  cells are s t imula ted  into mi- 

tosis, a t  which t ime pro te in  synthesis is also act ivated.  

In  con t ras t  to M s E N O D 2 ,  which is act ively t rans la ted  

on po lysomes  (Fig. 8), M s E N O D 4 0  t ranscr ip ts  are  as- 

socia ted  with the m o n o s o m e  fract ions,  which m a y  or  

m a y  not  indicate  tha t  the m R N A  is t ransla ted.  How-  

ever, based  on  small  O R F s  and  also on the homologies  

o f  the pu ta t ive  po lypep t ides  encoded  by the G m -  

E N O D 4 0  and  M s E N O D 4 0  genes, it  is diff icult  to en- 

vis ion how such small  and  d i spa ra te  pro te ins  would  

funct ion in p ro te in  synthesis.  This  would  suggest tha t  

the M s E N O D 4 0  R N A  itself  m a y  have a funct ion.  

Such an idea  is no t  wi thou t  precedent .  The  H19 gene 

encodes a large (2332 nt) R N A  tha t  is expressed spe- 

cifically dur ing  embryon ic  and fetal stages o f  mouse  

deve lopmen t  (Brannan  et al. 1990). A l t h o u g h  it is t ran-  

scribed by  R N A  Pol  I I  and  is spliced and  po lyadeny-  

lated,  the H19 R N A  lacks any long O R F s ,  and  more -  

over,  there  are no pept ides  within the O R F  in c o m m o n  

with a highly h o m o l o g o u s  h u m a n  gene. Like Ms-  

E N O D 4 0 ,  H 19 R N A  is cytoplasmic ,  and  no t  associa ted  

with polysomes.  Ins tead,  it associates  with a par t ic le  

o f  app rox ima te ly  28S. Therefore ,  it  is crucial  to deter-  

mine whether  a p ro te in  is indeed t rans la ted  f rom the 

M s E N O D 4 0  m R N A  or  whether  the E N O D 4 0  R N A  

has a funct ion in vivo. 
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