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Modification of Phytohormone Response 
by a Peptide Encoded by €NOD40 of Legumes 

and a Nonlegume 
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The gene ENOD40 is expressed during early stages of legume nodule development. A 
homolog was isolated from tobacco, which, as does ENOD40 from legumes, encodes 
an oligopeptide of about 10 amino acids. In tobacco protoplasts, these peptides change 
the response to auxin at concentrations as low as 10-'" to 10-l6 M. The peptides 
encoded by ENOD40 appear to act as plant growth regulators. 

Legume nodule organogenesis is initiated 
by local dedifferentiation of root cortical 
cells activated by rhizobial Nod factors ( 1 ,  
2) .  Nod factors probably trigger cell divi- 
sions by inducing a local change of the 
a~~xinlcvtokinin ratio 13 ). The exvression of , , ~, 

a few nodule-specific plant (nodulin) genes 
1s induced by Nod factors (4,  5). One of 
these genes, ENOD40, is first expressed in 
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the root pericycle opposite to the nodule 
prilnordi~l~n (4,  6-8). Expression precedes 
the induction of cortical cell divisions (8),  
which suggests that ENOD40 may play a 
role in changing the response to phytohor- 
mones. To test this, we used tobacco as a 
model system. 

To investigate ENOD40 action, we 
transformed tobacco plants (9)  with the 
construct 40-211-448, representing 448 base 
pairs (bp) of soybean GmENOD40-2 under 
the control of the cauliflower mosaic virus 
(CaMV) 35s promoter (Fig. 1)  (10, 1 1  ). 
Thirty percent of transgenic F1 plants had 
one or two adventitious shoots at the base 
of the main shoot, as compared with none 
in untransformed tobacco plants (Fig. 2A). 
This suggests reduced apical dominance, 
raising the possibility that the transgenic 
plants were changed in terms of auxin me- 
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tabolism or perception. One homozygous 
plant line, 1 IS-F2, containing a single copy 
of the GmENOD40 transgene and display- 
ing a similar phenotype, was used for further 
studies. 

Checking the effect of GmENOD40 ex- 
pression at the cellular level, we found that 
at a 5.5 pM concentration of 1-naphtalene 
acetic acid (NAA), 11s-F3 pmtoplasts di- 

Fig. 1. Effect of tran- PhunidtmWecw 
sient expression of dii- 

vided at a frequency similar to that of wild- 
type protoplasts (50 to 60%). However, at 
higher concentrations of auxin, at which 
the division frequencies of wild-type proto- 
plasts declined (to 20 to 25%), 11s-F3 pro- 
toplasts displayed undiminished division 
frequencies (50 to 60%) (Fig. 3A). Thii 
tolerance of high auxin concentrations was 
also observed when wild-type protoplasts 

ferent ENOD40 con- - 
structs on tobacco me- 53f5 17f7 

sophy~~ protoplast cell pMMool 
ELXI RI 

52f2 23f 10 
division. ENOD40 ex- MI- A. - lU 

I 5 0 f 3  48f3 
~ression vectors 40-2/ 448 

1-656 and Nt40/1-470 40-2n-448 A. 
m I 60f 9 

contain full-sized cDNA 
clones (10). The con- 40-2/1-90 a 48f 2 
sewed regions 1 and 2 
are denoted as whiie 40-m-9OAAG a 50f 0 
boxes. The Hind Il l  and 4i2191658 Eco RI restriction sites 
are indicated. Transient 
expression assays were 40-m1-448 

performed as described 
(19). Wild-type (SR1) to- 40-2/44M56 
bacco protoplasts were Nt4(Y1 -470 
cultured in 0.9 uM kine- + 

were transfected with GmENOD40 linked 
to the CaMV 35s promoter. 

The fact that GmENOD40 is active in 
tobacco, a nonlegume, prompted us to iso- 
late a tobacco homolog by polymerase 
chain reaction (PCR) (10). Primers repre- 
senting two conserved regions of legume 
ENOWO (4, 6, 7, 12-14) were used to 
obtain a tobacco ENOD40 fragment from 
which a full-length cDNA was produced 
(Nt40/1-470) (Fig. 1) (1 0). A correspond- 
ing genomic sequence identical to the 
cDNA was also isolated. When transfected 
into tobacco protoplasts, 35s-NtENOD40 
conferred tolerance of high auxin concen- 
trations in a manner similar to to that of 
35s-GmENOD40 (Fig. 1). 

Sequence comparison of the tobacco 
and legume ENOD40 clones revealed two 
conserved areas. The area at the 5' end of 
all cDNAs (region 1) contained a highly 
conserved small oven reading frame (OW), 
starting with the-first ~ ~ ~ l a v a i l a b l e ,  en- 
coding a peptide of 10 (tobacco), 12 (soy- 
bean), or 13 (pea, alfalfa, and vetch) amino 
acids (Fig. 3B). The second conserved se- 
quence (region 2), located in the central 
part of E N O M ,  lacked a conserved ORF. 

We tested whether the small ORF of 
tin and 5.5 or i3.8 pM ~~-70 - =, 49 region 1 was actually translated in proto- 
NAA, respectively, and plasts by making a translational fusion be- 
division frequencies were scored in three independent experiments. The percent of protoplasts tween the ORF of GmENOD40 and green 
dividing is given with the standard deviation. fluorescent protein (GFP) (15) (Fig. 2E). 

sophyH protoplasts. One day after tramfedi, ex- 
pression of GFP was scored with a Leica DMBR 
microscope with the use of a Chromatechnology 
4101 4 GFP filter. Photographs were taken under a 
bright field (left panels) and with a GFP filter (right 
panels). (B) Protoplasts tranwed with pMON- 
GFP; (C) protoplasts transfected with pMQN40- 
GFPAM; and (D) protopkc& transkded with 
pMON40-GXbaGFPAM. About 20% of protcplasts 
transfected with the in-frame pMON-40-GFPAM 
construct showed fluorescence (C) and fluores- 
cence was detectable in none of the protoplasts 
tmsfected with the out-of-frame construct (D). (E) 
Sequences of vectors pMON40-GFPAM and 
pMON40-GXbaGFPAM, representing in-frame and 
out-of-frame translational fusions of the peptide- 
encoding part of GmWOD40-2 and GFP (15,21, 
22) used for transfectii into tobacco protoplasts. 
(In the out-of-frame construct, a new ATG has 
been introduced into the GFP ORF). pMON-GFP 
was used as a poslt i  control. E 
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Protoplasts transfected nrith this construct 
sho.ived s i ~ u ~ l a r  amounts of GFP activity as 
lvas seen nit11 a GFP construct containing 
its own translatiol~al start (15) (Fig. 2E). A n  
out-of-frame G,nEiqOD4@-GFP construct 
lvith a ne.ix7 A T G  in frame nit11 the GFP 
ORF (Fig. 2E) was inactive. Thus, the Gn- 
ENOD40 ORF is indeed translated in pro- 
toplasts with its A T G  and 5' ~~ntransla ted 

region f~unctioning as a start site. This ob- 
servation .ix7as extended by the finding that a 
subclone containing the ORF (40-2/1-90) 
induced tolerance of high a ~ ~ x i n  concentra- 
tions in transfected protoplasts, .ivlnereas a 
clone in ~vhicln tlne A T G  .ix7as replaced by 
A A G  (40-2/1-90 A A G )  did not (Fig. 1) .  

In  vitro-synthesized GmENOD40-2 
and NtENOD40 peptides conferred toler- 

B GmENOC4 0 - 2  M . ELC!!LTTIHGS - P s E N O D 4  0 FIK?LC!'!QKSIHGS 
MsENOD4 0 MKLLCP!QKSIHGS 
N t E N O D 4  0 FI. . . Q!'!DEkIHGS 

30 5sT C 

0  

NAA (r*M) 

Fig. 3. (A) Tobacco lnesophyl protopast division 
frequences of wild-type (SRI) and 11 S-F3 plants, 
respectvey, In percent of protopasts dvldng after 
5 days of cult~vat~on, dependng on the NAA con- 
centration Protoplasts were lsolated (19) froln 
leaves of wd-type SRl and transformed (1 1 S-F3) 
tobacco plants, respect~vely They were cultured 
wlth 0.9 LM cyloklnn (kinein) and wlth different . . 
co~icentrations of auxn (NAA. 0 to 13.8 FM). Cell log M [peptide] 
division frequency was scored microscopically 5 
days after isolation in three independent experiments. The variation between samples from different 
repeats was below 1 0°6. The values from one representative experment are glven. (B) Sequence allgn- 
lnent of the ENOD40 encoded peptides froln soybean (4), pea (4), alfalfa (13). and tobacco plants (23). A 
comparison of ENOD40 sequences froln soybean, pea, alfalfa, and tobacco is available on the World Wide 
Web at http://gcg.tran.wau.nl/MolBio/ENOD40,html. (C) Division frequencies of tobacco mesophyl pro- 
toplasts in high auxin concentrations, in the presence of different concentrations of ENOD40 peptides. 
Filter-sterilized peptides (synthesized by Research Genetics without the NH,-terminal methionine resi- 
dues) were added to freshly isolated wild-type tobacco protoplasts. Division frequency was scored 
microscopically after 5 days of incubation in the presence of 13.8 p.M N M .  Averages of three independent 
experiments are given. Black bars, tobacco peptide; striped bars. soybean peptide; white bar. back- 
ground (H,O). With control peptides MELMFATTARAT and RYLEYEAPTPEDCGSLVIAHGGK (22), only 
background amounts of cell divison were found (49 ? 2% at 5.5 FM NAAand 22 ? 4% at 13.8 FM N M ) .  

ance of high auxin concentrations in Lvild- 
type tobacco protoplasts .ivhen added ex- 
ogenously (Fig. 3 C ) .  Half-maximal activ- 
ity was reached at approximately 10-" h1 
concentratioln nrith the  soybean peptide as 
connpared with 10-'%1 with the  tobacco 
peptide. Control peptides were inactive 
(Fig. 3C). 

T h e  high freq~~ency of transfected proto- 
plast division at high auxin concentrations 
\\,as suggestive of the release of a compo~und 
conferring tolerance to .ivild-type protoplasts. 
This compound is chymotrypsin-sensitive 
(8), anii an enzyme-linked immunosorbent 
assay (ELISA) .ivitln an antibody against Gm-  
ENOD40 peptide dennonstrated the presence 
of GmENOD40 peptide in the medium of 
11s-F3 but not of wild-type protoplasts. Fur- 
thermore, the GmENOD40 peptide is found 
in nodules but not in the roots of soybeans 
(Fig. 4).  This delnonstrates that tlne 
ENOD40 peptide is forlned in tobacco pro- 
toplasts and root nodules, n~hicln is consis- 
tent .ivith the occurrence of ENOD40 R N A  
In nlonosolnes of pea (8)  and alfalfa root 
nodules ( 1 3 ). Because EhrOD4C is expressed 
in dlvlding cort~cal cells during leg~l~nle nod- 
ule forrnatlon, and the induction of 
ENOD40 expression in the pericycle pre- 
cedes the mitotlc activation of cort~cal cells, 
~t 1s probable that the ENOD40 pept~de 
plays a role in the start of nodule organogen- 
esis (4 ,  6-8). T h e  accumulation of Gm- 
ENOD40 in the mecli~unn tempts one to spec- 
ulate that it is involved in cell-to-cell com- 
munication betn7een pericycle and cortex. 
T o  a n ~ r \ ~ e r  the question of how ENOD40 
alters the response of root cells to auxin, it 
will be essential to correlate the in situ ex- 
pression pattern of ENOD40 and its effect 
on the distribution of active auxin species in 
the different root cell types when cortical 
cells become mitotically activated. 

Several groups have previously reported 
the absence of a long ORF in ENOD40. 
This, as well as colnpllter analyses predicting 
that ENOD40 R N A  has a tendency to forin 
secondary structures such as ~lntranslated re- 
gions of inRNAs, led to the hypothesis that 
ENOD40 is active as an R N A  (7, 12, i3) .  
Our finding that the ENOD40 ORF is trans- 
lated and the corresponding peptide is f~lnc-  
tional in causing tolerance of high auxin 
concentrations eliminates the basis for this 
hypothesis. Nevertheless, seqilence coinpar- 
ison of different ENOD40 clones shon,s the 
lnost conservqtion in region 2, which is 
located at the 3' ~lntranslated part of 
ENOD40 mRNAs. This suggests that this 
part of the lnRNAs might have a function. 
Ci~nstructs derived from GmENOD40-2, 
containing region 1 (40-2/1-90), region 2 
(40.219 1-448 and 40-2/9 1-656), and the 
nonconserved 3' end (40-21449-656), and 
from the tobacco homolog containing re- 

Fig. 4. Results of ELSA to detect GmENOD40-2 pep- T 
tide. A lnouse polyclona antibody against Gm- 

~ O O T  
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ENOD40-2 peptide coupled to keyhole limpet hemocy- 
anin (KLH) was obtained (Eurogentec. Belgium). The 
specificity of this antibody for GmENOD40-2 peptide 60 .- 801 
specific for the soybean ENOD40 peptide (compare 1  2  3 4 ' 5 6  7 ' 8 ' 9 ' 1 0  
samples 1.  2. and 3). The presence of antigen in the Sample number 
lnediuln of 40-2/1-448-transfected protopasts (sam- 
ple 4) (Fig. 1) and of 1 IS-F3 (sample 5) and wild-type (sample 6) protopasts grown at high auxin 
concentration was determined In a competition ELISA, In a comparable ELISA. the absence of a 
competitive antigen In the medium of protoplasts transfected with 40-2191 -448 (sample 7) (Fig. 1) or 
40-2191 -656 (sample 8) (Fig. 1) was proven. The rate of competition was determined by assay of the 
conversion ofp-nitropheny phosphate by alkaline phosphatase at 405 nm in an ELISA reader (SLT 340 
ATTC). Values are corrected for KLH binding to the antibody and are means of three independent 
experments. Preitnlnune seruln did not recognize the antigen (20). The GmENOD40 peptide was 
shown to be present in extracts of 15-day-old soybean nodules (sample 9) but not in roots (sample 10). 

was determined in an ELSA using KLH, KLH coupled ,E 
to GmENOD40-2 peptide. synthetic GmENOD40-2 40- 
(sample 1. 25 ng; sample 2. 100 ng). and NtENOD40 % , 
(sample 3) peptides in a competltion assay for binding O 20.- 
of the alltibody to antigen (GmENOD40 peptide cou- 
pled to KLH)-coated microtiter plates. The antibody is 0 ~  ' ' m  



gion 2 (Nt40198-470) were tested in proto- fied. Systemin is formed as a precursor and is cession number X98716). For ampfy ing the 
genomlc clone, we used prmers 5'-GACTAGCTT- plasts. Of these, only the GmENOD40-2 involved in the systemic induction of pro- GTCTCAAGAAC-3, and 5,-ATGACAATCTTAAC- 

construct lacking regions 1 and 2 did not teinase inhihitor genes (1 8 ) .  Our studies AACTCT-3'. The qenomic fraqment was cloned in 
stimulate cell divisions at 13.8 FM N A A  
(Fig. 1). So an RNA lacking region 1 hut 
containing the untranslated region 2 causes 
a similar response in transfected protoplasts 
as does the ENOD40 peptide. 

It is plausible that region 2 mediates its 
effect by stimulating the synthesis of the 
endogenous tobacco ENOD40 peptide. This 
idea is supported hy the observation that the 
conditioned medium of protoplasts trans- 
fected with Gm40-2191-448 contains a chy- 
motrypsi~~-sensitive comuound that confers , . 
tolerance of high auxin concentration to 
n,ild-type tobacco protoplasts (8). This corn- 
p o ~ ~ n d  was not recognized by the antiserum 
to GmENOD40, in contrast to the protein- 
aceous colnpound accumulating in the me- 
dium of Gm40-211-448-transfected proto- 
plasts (Fig. 4 ) .  Because the tobacco 
ENOD40 peptide is not recognized by this 
antiserum (Fie. 4 ) ,  it seems likelv that this . -  , 

peptide acculnulates in the medium upon 
transfection wit11 the Gm40-2191-448 con- 
struct. The molecular ~nechanism by which 
region 2 lnav be active remains to be solved. - 
Thus, perhaps the 3' untranslated region has 
the ability to stimulate expression of the 
endogenous NtENOD40 gene, but a more 
probable explanation could be that region 2 
is a translational regulating sequence. Stud- 
ies on the Drosophila morphogen BICOID 
showed that it represses the translation of 
caudal mRNA by binding to a 3' untrans- 
lated sequence (16). Thus, in protoplasts 
transfected with region 2,  the RNA might 
titrate out a translational inhibitor that 
hinds to the tobacco ENOD40 mRNA. 

show that ENOD@ encodes a peptide that 
modulates the action of auxin. Because of its 
proteinaceous nature and the lon, concen- 
tration at which it is active, ENOD40 could 
be considered as a plant growth regulator 
that alters phytohorlnone responses and oc- 
curs 111 legunles as well as nonlegumes. 
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