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A gene (EGLI) encoding an endo-p-l,4-~-glucanase (EGase, EC 
3.2.1.4) of pea (Pisum sativum) has been cloned and characterized. 
EGL 1 encodes a 486-amino acid polypeptide, including a 24-mer 
putative signal peptide. The mature protein has a calculated molec- 
ular mas of 51.3 kD and an isoelectric point of 9.1. This pea ECase 
shares significant similarity with ECases from other plant species, 
but it appears to be distinct from the EGases associated with ab- 
scission and fruit ripening. Although EGL7 transcripts are detected 
in all parts of pea plants, they are relatively abundant in flowers and 
young pods undergoing rapid growth and most abundant in elon- 
gating epicotyls of etiolated seedlings. When epicotyl segments (6 
mm long, 4 mm from the apical hook) are incubated in a 5 p~ 
solution of the synthetic auxin analog 2,4-dichlorophenoxyacetic 
acid, the concentration of EGL7 mRNA increases about 1 O-fold 
when the segments elongate most rapidly. 

Plant cell walls are intimately involved in plant growth, 
development, differentiation, and defense against invading 
pathogens (McNeil et al., 1984; Varner and Lin, 1989; Car- 
pita and Gibeaut, 1993). The metabolism of cell walls par- 
ticipates in a number of physiological processes, including 
elongation and division of cells, abscission of leaves and 
flowers, and fruit ripening (Maclachlan and Carrington, 
1991). For example, considerable breakdown of wall poly- 
mers occurs during abscission and fruit ripening (Sexton 
and Roberts, 1982; Fischer and Bennett, 1991). On the other 
hand, it has been hypothesized but not proven that wall 
polymers are cleaved and perhaps rejoined during cell 
elongation and division (Albersheim, 1975; Carpita and 
Gibeaut, 1993; Cosgrove, 1993; Fry, 1993). Cell-wall poly- 
mer cleavage is also involved in the generation of oligo- 
saccharins, oligosaccharide signal molecules believed to be 
involved in regulating plant development, cell elongation, 
and defense reactions (reviewed by Darvill et al., 1992). 

Primary cell walls are composed of cellulose microfibrils 
embedded in a matrix of xyloglucans, arabinoxylans, pectic 
polysaccharides, and proteins (McNeil et al., 1984; Carpita 
and Gibeaut, 1993). It is generally believed that EGase, 
which cleaves the interna1 P-1,4-linkages of the glucosyl 
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backbone of xyloglucan and probably other glucans as 
well, plays a role in cell-wall metabolism (Hayashi, 1989; 
Maclachlan and Carrington, 1991). Indeed, EGases or their 
mRNAs have been associated with a variety of physiolog- 
ical processes, including fruit ripening of avocado and 
tomato (Christoffersen et al., 1984; Cass et al., 1990; Fischer 
and Bennett, 1991; Lashbrook et al., 1994) and abscission of 
Ieaves and floral organs (Tucker et al., 1988,1991; Bonghi et 
al., 1992; Kemmerer and Tucker, 1994; Lashbrook et al., 1994; 
Taylor et al., 1994). EGases are also expressed in young styles 
and anthers (De1 Campillo and Lewis, 1992), adventitious 
roots (Kemmerer and Tucker, 1994), drought-stressed tissues 
(Huberman et al., 19931, and cultured cells and tissues 
(Truelsen and Wyndaele, 1991; Nakamura and Hayashi, 1993; 
Yoshida and Komae, 1993). Those studies revealed the exis- 
tente of multiple forms of EGases with different molecular 
weights, pIs, and expression patterns (Byrne et al., 1975; 
Kanellis and Kalaitzis, 1992; Kemmerer and Tucker, 1994; 
Lashbrook et al., 1994). Sequence analysis of EGase cDNAs 
has established that plant EGases are encoded by a small gene 
family or families. EGases from different plant species are 
conserved within structural domains, although the degree of 
similarity varies (Tucker and Milligan, 1991; Kemmerer and 
Tucker, 1994; Lashbrook et al., 1994). Based on their expres- 
sion profiles, plant EGases may be divided into two divergent 
groups, one associated with fruit ripening and the other with 
abscission, although overlapping expression can sometimes 
be observed (Lashbrook et al., 1994). 

The possible involvement of EGase activity in auxin- 
stimulated cell enlargement was made evident in studies of 
etiolated epicotyls of pea (Pisum sativum) conducted more 
than 20 years ago by Maclachlan and his associates (Fan 
and Maclachlan, 1966, 1967; Verma et al., 1975). They pu- 
rified two EGases, a cell-wall-bound 75-kD protein and a 
Golgi-located 15-kD protein, from pea epicotyls that had 
been sprayed with a toxic concentration (5 mM) of 2,4-D 
(Byrne et al., 1975; Bal et al., 1976). The toxic leve1 of 2,4-D 
resulted in accelerated ethylene production and swelling of 
stem tissues. An extension of these studies by Hayashi and 
Ohsumi (1994) found a 51-kD EGase rather than the 15- and 
75-kD EGases. These efforts led to the conclusion that some 
EGases in etiolated pea seedlings are induced by auxin and 
function in the cleavage of xyloglucan (Hayashi et al., 1984; 
Hayashi, 1989; Hoson et al., 1993). Meanwhile, other stud- 

Abbreviations: EGase, endo-P-l,4-~-glucanase (EC 3.2.1.4); RT- 
PCR, reverse transcriptase-mediated PCR. 



Plant Physiol. Vol. 11 O, 1996 164 Wu et al. 

ies have demonstrated that in vitro generated xyloglucan 
oligosaccharides inhibit the 2,4-D-stimulated elongation of 
pea stems (York et al., 1984; Emmerling and Seitz, 1990; 
McDougall and Fry, 1990, 1991; Augur et al., 1992; Darvill 
et al., 1992; Fry, 1993). It has been theorized that xyloglucan 
fragments generated in vivo by EGase during auxin-stim- 
ulated cell elongation participate in the regulation of cell 
elongation (York et al., 1984; McDougall and Fry, 1991; 
Darvill et al., 1992; Fry, 1993). We now describe the cloning 
and characterization of an EGase gene obtained from pea. 
This EGase gene is predominantly expressed in elongating 
pea epicotyls and is induced by treating excised epicotyl 
segments with 2,4-D. 

MATERIALS A N D  METHODS 

Plant Materials 

Seeds of pea (Pisum sativum L. cv Alaska; Athens Seed 
Co., Athens, GA) were washed severa1 times and soaked in 
water for 36 h at 21°C in the dark before being planted in 
vermiculite. Pea plants were grown in a growth chamber at 
21°C with a RH of 65% and with 14 h of light and 10 h of 
dark. Leaves, tendrils, stems, and roots were harvested 
separately from 15-d-old green plants. Flower buds, flow- 
ers, seed pods at different developmental stages, and floral 
abscission zones were harvested from 20- to 50-d-old 
plants. Etiolated seedlings were harvested after 8 to 10 d of 
growth in total darkness at 21°C and 65% RH. 

Cloning of EGases from Pea 

Degenerate oligonucleotides, GGNGGNTAYTAYGAY- 
GCNGG and GGNGTRTCCATRTCYTCNGG, correspond- 
ing to two conserved domains of plant EGases (Tucker and 
Milligan, 1991; Lashbrook et al., 1994), were synthesized 
and used as a primer set to amplify by PCR an EGase- 
specific DNA fragment from pea genomic DNA. This PCR 
product was used as a DNA probe to screen for pea EGase 
genes from a genomic library constructed in the A vector, 
EMBL3, by Clontech Laboratories (Palo Alto, CA). The 
DNA inserts of positive clones were mapped by restriction 
endonucleases, subcloned into pBluescript I1 phagemid vec- 
tor (Stratagene), and sequenced from both strands by the 
University of Georgia Molecular Genetics Instrumentation 
Facility (Athens, GA). DNA sequences were analyzed and 
manipulated with Wisconsin Package, version 8, software 
(Genetics Computer Group, Madison, WI). 

Pea Stem Elongation Assay 

The pea stem elongation bioassay is a modification of the 
process described by York et al. (1984). Epicotyl segments 
(6 mm long starting 4 mm from the apical hook) were 
excised with razor blades from the third internode of 9-d- 
old etiolated pea seedlings. About 1000 stem segments 
were washed for 30 min in 200 mL of 5 mM potassium 
phosphate, pH 6.0. One hundred segments were then 
transferred to each of ten 45-mL Falcon tubes, five of which 
contained 20 mL of control buffer (5 mM potassium phos- 
phate, pH 6.0), and the other five contained an assay solu- 

tion (5 p~ 2,4-D in control buffer). The tubes were placed 
horizontally on a gyratory shaker (50 rpm at 21°C) for 
specified times. At each time (O,  5, 10, 15, and 20 h), one lot 
each of control and 2P-D-treated stem segments was re- 
moved from the shaker, drained through a double layer of 
cheesecloth, and rinsed twice with sterile water. Eighty of 
the 100 stem segments in each treatment were frozen in 
liquid nitrogen for RNA isolation, and the lengths of the 
remaining 20 were measured on a Nikon profile projector 
(model 6C). AI1 experimental manipulations were per- 
formed in a darkroom under dim red light. 

Total RNA lsolation 

Large-scale RNA samples were prepared from various or- 
gans of pea plants according to the method of Cathala et al. 
(1983). RNA minipreps from auxin-treated pea stem seg- 
ments were prepared as follows: 20 to 30 pea stem segments 
(approximately 0.5 g) were placed in a 13-mL polyethylene 
Falcon tube and 5 mL of lysis buffer (5 M guanidinium iso- 
thiocyanate, 0.1 M sodium acetate, pH 7.0,20 mM EDTA) were 
added. The stem segments were homogenized for 1 min at 
speed 8 with a Polytron homogenizer (Brinkmann). The ho- 
mogenate was transferred to a 40-mL polyethylene centrifuge 
tube containing 0.5 mL of 3 M sodium acetate, pH 4.0,5 mL of 
water-saturated phenol, and 1 mL of a mixture of chloroform: 
isoamyl alcohol (24:l). The suspension was vortexed for 2 
min, followed by centrifugation for 10 min at 10,000 rpm in a 
JA-20 rotor (Beckman). Total RNA in the clear aqueous phase 
was precipitated by mixing it with 5 mL of isopropanol. The 
RNA pellet was recovered by centrifugation, washed with 
70% ethanol, air dried, and dissolved in RNase-free water. 

First-Strand cDNA Synthesis 

First-strand cDNAs were synthesized from total RNA at 39°C 
for 1 h in a 50-pL reaction mixture containing 50 m~ Tris-HC1 
(pH 8.3),75 mM KCI, 10 m~ DlT, 1 m~ each of dATP, dCTP, 
dGTF', and dTTP, 2 PM universal oligo(dT) primer [5'-GCTC- 
GAGGGTCGACG(T),,J or a gene-specific primer, 8 units of 
RNase inhibitor (Boehringer Mannheim), and 300 units of Molo- 
ney murine leukemia vims reverse transcriptase (GIBCO-BRL). 

Cloning of Full-Length FGL1 cDNA 

Poly(A+) mRNA, purified from 100 pg of total RNA from 
etiolated pea seedlings by Oligotex-dT chromatography (Qia- 
gen Inc., Chatsworth, CAI, was used as the RNA template for 
first-strand cDNA synthesis as described above. The hll-  
length cDNA of EGLl transcript was amplified by PCR as 
described by Wu et al. (1995). The EGL1-specific primers used 
in PCR amplifications were as follows: 
Primer I: 5'-CATGTTTAATGGTTGTGTTGTGTGTGACCC 
Primer 11: 5'-CACAGGATCCTTGGCTGTTGAAAATGTT- 
GAATGC 
Primer 111: 5'-CCTGCATCATAGTAGCCTCC 
Primer IV: 5'-CTCCGAATACCTTAAGATCC 
Primer V: 5'-GAACGACGGATTTCCGGATG 
Primer VI: 5'-CTGTCGACCCCTTAGTTGGGTATAGACG- 
AGTGAC 
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Mapping of 5' End of EGL1 mRNA

The 5' end of EGL1 mRNA was determined by rapid
amplification of cDNA ends and primer extension as de-
scribed by Wu et al. (1995). EGU-specific primer I (see
above), complementary to the sequence immediately up-
stream from the putative start codon, was used as the
extending primer.

RNA Quantitation

Quantitation of EGL1 mRNA was conducted by compet-
itive RT-PCR (Gilliland et al., 1990) with an added "hot
start" modification (Chou et al., 1992). First-strand cDNA
samples (5 /xL; see above) were added to 100-/xL master
reaction cocktails containing 5 X 10~u nmol cloned EGL1
genomic DNA fragment, 10 mM Tris-HCl, pH 8.3, 50 mM
KC1, 2.0 mM MgCl2, 0.001% (w/v) gelatin, 0.25 mM each
dATP, dCTP, dGTP, and dTTP, 0.2 MM each ECU -specific
primers IV and VI (see above), and 3 units of Taq DNA
polymerase (Perkin-Elmer Co.). PCR was performed for 30
repeated cycles at 94°C for 1 min, 60°C for 1 min, and 72°C
for 2 min. An aliquot (15 p,D of each PCR product was
subjected to electrophoresis on a 1.2% agarose gel. After
electrophoresis, the gel was stained in a 0.5-/ng/mL
ethidium bromide solution for 30 min and then photo-
graphed. The negative film (New Type 665; Polaroid Co.,
Cambridge, MA) was scanned, and DNA bands were quan-
titated on a personal densitometer (Molecular Dynamics,
Inc., Sunny vale, CA).

RESULTS

Isolation and Characterization of an EGase Gene from Pea

A 260-bp DNA fragment was synthesized by PCR from
pea genomic DNA based on two conserved domains,
GGYYDAG and PEDMDTP, present in EGases from avo-
cado, bean, and tomato (Tucker and Milligan, 1991; Lash-
brook et al., 1994). The 260-bp PCR product has an open
reading frame that encodes an 87-amino acid peptide pos-
sessing about 60% identity with the corresponding seg-
ments of other plant EGases (data not shown). This DNA
fragment was used to detect, in the pea genome, a multi-
gene EGase family consisting of about 10 sequences (Fig.
1). The same probe was used to isolate 11 positive clones
from a pea genomic library. One of the clones, EGL1,
encodes an intact EGase gene. The other clones are either
truncated EGase sequences or pseudogenes (data not
shown). Based on the DNA sequence of EGL1 (Fig. 2), the
full-length cDNA of EGL1 was amplified by RT-PCR and
sequenced (Fig. 2). The exons of EGL1 encode a protein
(EGL1) of 486 amino acids, including a 24-mer hydropho-
bic, signal peptide-like sequence (Fig. 3). The putative ma-
ture protein has a predicted molecular mass of 51.3 kD and
a pi of 9.1. EGL1 does not contain N-linked glycosylation
motifs (N-X-S/T).

Comparison of ECU with Other Plant EGases

EGL1 is similar to other plant EGases in that it possesses
their characteristic conserved domains (Fig. 3). However,

6.0-
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1.6-

1.0-

Figure 1. Samples of pea genomic DNA (10 ^tg) were cleaved by
restriction enzymes BamHI (B), EcoRI (E), or H/ndlll (H). The digested
DNA samples were separated in a 1% agarose gel and blotted onto
a Hybond-N filter (Amersham Life Science). The filter was probed
with the 260-bp EGase-specific PCR product under moderate strin-
gency (hybridization in 5X SSC at 55°C and wash in 0.5X SSC at
55°C).

the overall similarity varies sharply depending on the par-
ticular plant EGase EGL1 is being compared to. For exam-
ple, EGL1 has 76% identity with an Arabidopsis EGase
(clone p96), about 60% identity with EGases associated
with fruit ripening, but only about 50% identity with those
predominantly expressed in abscission zones. A phyloge-
netic tree constructed from a limited numbers of plant
EGases is shown in Figure 4. Based on this model, two
groups of EGases, exemplified by the bean abscission
EGase (BAC) and an avocado fruit EGase (Cell), were
probably derived from a common ancestor before the di-
vergence of dicotyledonous species. EGL1 and the Arabi-
dopsis EGase form a distinct branch within the group of
EGases associated with fruit ripening, implying that they
have a distinct expression profile and/or function.

Quantitation of EGL1 Transcripts

The relative concentration of EGL1 transcripts in various
parts of pea plants was determined by competitive RT-PCR
(Gilliland et al., 1990). In addition to its high sensitivity,
RT-PCR can be performed with high specificity by using
gene-specific PCR primers. The specificity provided by
RT-PCR is required to distinguish between the expression
patterns of different members of the pea EGase gene family
(Fig. 1). We chose primers IV and VI (Fig. 2) for the RT-PCR



166 Wu et al. Plant Physiol. Vol. 110, 1996 

-253  
-153  

-53  
4 8  

1 4 8  
2 4 8  
3 4 8  
4 4 8  
5 4 8  
6 4 8  
7 4 8  
8 4 8  
9 4 8  

1 0 4 8  
1 1 4 8  
1 2 4 8  
1 3 4 8  
1 4 4 8  
1 5 4 8  
1 6 4 8  

1 7 4 8  
1 8 4 8  
1 9 4 8  
2 0 4 8  
2 1 4 8  
2 2 4 8  
2 3 4 8  
2 4 4 8  
2 5 4 8  
2 6 4 8  
2 7 4 8  
2 8 4 8  
2 9 4 8  
3 0 4 8  
3 1 4 8  

3 2 4 8  
3 3 4 8  
3 4 4 8  

3 5 4 8  
3 6 4 8  

3 7 4 8  
3 8 4 8  

A T A A T A T A T T T A C A T T A A T A C A T A A A T A T A C A T A C T A T T A T A T T T T A T T A A  
TATGCCTGGAATCATCTAAAGTTATTTTGAAATGGAACAAGTACATAAGTTTTTTATAAT~TTCTTTGAGAAACCTTGATTTACG~AT 

T G A T A T T T T T T T T T C C ~ R T T A T A G C A C A T ~ C T C A T T T T G ~ T T ~ ~ ~ ~ ~ ~ ~ A T ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  
AGTGTTGATTCTGCAAAAGGGTCACACACAACACAACCAT TGAAAACTTCACTTCTTTTCTTGTTACTTATCATUCATGTTTGTTGGCTÇ 

Tn;AAAATGTTGAATGCAAACCAAATTACAGAGAAGCTTTGGC~TCTTTGCTGTTTTTTC~GGTCAGAGGTCAGGAAAACTCCCTCCTGATC~CA 
AATCAAAGTATATTGGAGATCCAATTCTGGTCTCTCTGA~GTCTTCAAGACAATgtaatgtacttctttttccttttcactctattaaggt:gtttttcttgttt 
ttcactcatattaaggttgtttttcttgtttttcactctattaaggttgtttttcattctattaaggttgttt:tcgctttgataattcgagttcaaatt 
tattgaaaatgagaatgatattcatttaaaaaaaaattcttcataaatgatagccattttgaaacggaaggaatattaagta:tgatattattccgttaa 
gaaaaacaagttatttatattatggcaatgttttaaaagtcaaatcaaattaatcggtttaatatgttacatcgaaaaactgaaaatttgtcaatttttt 
tgttatatttttttttaaaattattttttaaatattttttttgtttatgcaaagttttaaaatttggataggttgaataattgtggttcaacttgttttt 
tttaatattttaaaattattattatttattattattattttgttttcttagttat:tattg::catttggaatttatc:tatctaatacttgctatatt: 
gatttattatttaaatattgcaaaagtatgtttcttttggagccaaca:aataaatttgaaaa:tttgaa:gttgaaccaaaca:agcatgtatgtacc: 
tgctgaatctgttactttttgttgacttgtagtttttgtactcttctgtatatgatactacctagtttcttgagtcattttctcttggttg:tgagatgt 
tttttaatcacttttttaatgctttaaaatcaattatgttc:gaaatgattctgttctgtacattac:gaaagattccaattttacagtacagaataaag 
acaaaagtcaaataataaagttggattcagtctttttcttttgtcaatatttaaaaaattagaaaattcatattagtttgtgtttggctgtgacaaaaat 
tgatttaagtaaattgattatggagaatagtttctgattagaaagtgagttgaaaataaaattacttattttggatacatt:aagaaaaagtgagttgaa 
aattaaatttcaatataaaaattacgtttaaactcaaaaattataaattgtaatttaaaatataattagttatgaagatataatcaattctactttaaaa 
agtgaatatatcaaaatcaattctacttctctcagaagcttccaatccttgaaaaaaaacaaacttttcgtagttgtttataagttgtttccacaagt:: 
gtcaaaagtacttacagaaataagctgaaagaagattatagacataactaagttatttttataagtagataagt:caaataagtctttctaatttttgac 

I I1 

ttatattaaagtgctaagaCattgtttttgtttggcacagGTGGATTTAAG~GAGGC~TG~ GGAGACAATGTGAAATTCAATTTTCCAATG 

GCATTCACAACAACAATGCTATCATGGAGCACAATTGAATATGGT~GAA~GGACCTC~TGAAAGAAGCACGAGCCGCGATTCGCTACGCCGCCG 
ATTATTTCCTCAAGTGCGCACATCAACACCCGGAAGACTTTATGTCGGTGTCGGAGATCCAAAGTATATCGTCGATCAC~TGCTGGGAAAGACCGG~GATAT 
GGATACTGTTAGAACTGTTTATTATGTATCTTCGAAGAATCCCGGTTCTGATGTTGCTGCTGAAAC~CTGCAGCACTTGCTGCAGCTTCTATTGTTTTC 
AGAAAAGTTGATCCATCTTATTCTAAGCTTTTGTTGAGAACTTCACAGAAGGTTTATCAGTTTGCTTTGCAGTATCAAGGTTCATATAGTAATTCACTCG 
GTTCCGCTGCTTGTCCGTTTTATTGCTCATATTCCGGATTCAAGgtaaacttattttcaagttagtctcaactttcgaaagctaagttc::atgccatat 
caatgttgttaaatagtcgctataacggcgctataccattatagcatagtggaatttcgacaaaccgttattgttccgcaaaacactatttagtaatcgc 
gctatagcactatcgcatagcaggaactttaac:atctgcaattgacaacattgca:gcagctcataatatcggtcggtgacttgagactgaacgtc:ca 
aatcacacattcataaaatcaattttaaataatctcagccattgatttcgatcggttagtcgaaaccaataactgcgtgacc:gattag:gaatgtgtta 
ttctaataaggtttatttattttcagGATGAACTATTGTGGGGAGC~CATGGCTTTTTAGAGCAAC~ATGCAGTTTACTATTACA~TTGG~AAATC 
TTTGGGAGCTGATGATCAACCTGATATCTTCAGTTGGGACAAC~TATGCTGGTGCACATGTTCTTCTTTC~Ggtaagtttctcattgtaaaaaaaa 
aacaatttg:tagtcgaaacttcatctaactcactaggtttctacgattcttgttaatcgttactgcagAGAGCATTGTTGAATGGCGAT~GAACTTTG 
ACCAATATAGACAAGAAGCCGATAACTTTATGTGCAAGATCTTGCCTAACTCACCCTCTTC~CTACACAATATACACAAGgttcaaacaatcgttcttc 
t g a a t c a c g a c t t g a t a t c g a t t t t g a t a a c a a c ^ g t c a t ~ G C A A T C T  
CCAATATGTGACAGCTATAACATTCTTGCTTACAACCTATTCAAAGTATATGTATATGTCAGCAAC~ACACACATTTAGCTGCGGCAGCGTCTTCGTCA~ 
~TAGCGAAAAGAC~gtaaatcttattcattcgatcatatac:gacttcaatattctcttctcca:tttgttgataaatt:tgtt 

gtgaattttgaaatttcagGTAGACTACATATTAGGTGGAGGTCC~TCCTCTAAGAATGTCTTATATGGTAGGTTATGGTCCATACTTCCCTAAGAGGATTCAC 
CATAGAGGTTCTTCTTTGCCTTCACTATCGGTTCATCCAC~CCATAGGCTGTGATGGCGGTTTCAATCCGTTTTTCCATTC~TGAGCCCG~CCCTA 
ACATATTGGTTGGAGCCATAGTTGGAGGTCCGAGGTCCGAACCAQJiCGACGGATTT CCGGATGATCGCGGTGATTACAGTCATTCCGAACCGGCCACTTACATCAA 

T G G T G C T A T T G T T G G A C C T T T A G C A T A C T T T T C C G G A A A C A C T T C G A T A G C A A G G T T A A A A C G A A A C C T T G C T A T C G A A G T A T  
A G A T A T T C T A A  GGGATGTCCAG C A A C T C A A A A A T C A G A T G G T G A C T A T G A A G T G A T C A C T G A T T T T C A G T  

CTTCGATACAAAAAATATAACTTCTAGTAATCTTAAGTTTCATCCAACATGTTTACAATGTTTTACATTACATGGTTTTTTATGCACACAA~GACG 
GT 

I11 

IV 

V 

VI 

Figure 2. The nucleotide sequence of EGLl is  numbered from the transcription start site (arrow) to the 3’  end of the 
corresponding cDNA. The translation start and stop codons are in bold and italics, the intron sequences are printed in 
lowercase letters, and the CAAT- and TATA-like consensus sequences in the promoter region are in bold and boxed. Primer 
sequences designed for primer extension and RT-PCR are underlined and numbered. The nucleotide sequence of EGL 7 has 
been deposited in CenBank under the accession No. L41046. 

analysis because primer IV resides in a poorly conserved 
region of plant EGases (Fig. 3)  and primer VI is located in 
the nonconserved 3’ untranslated region of EGLl (Fig. 2). 
The IV/VI primer pair amplifies a 457-bp product (cEGLZ) 
from the target EGLZ cDNA and a 546-bp product (gEGLZ) 
from the added EGLZ genomic competitor (Fig. 5A). Also, 
as shown in Figure 5A, lane S, both the 457-bp and the 
546-bp fragments hybridize to the interna1 oligonucleotide 
probe V (Fig. 2), confirming that they were amplified, 
respectively, from complementary and genomic DNAs of 
EGLl . 

Distribution of EGLl Transcripts in Pea 

EGLZ transcripts are more or less evenly distributed 
throughout the leaves, tendrils, stems, and roots of pea 
plants (Fig. 5). EGLl transcripts are in higher abundance in 
flower buds, and the content of the transcripts continues to 
increase when the flowers open 1 d later. The increase in 
EGLZ mRNA leve1 continues during the emergence and 
rapid growth of seed pods. However, the concentration of 
EGLZ transcripts declines rapidly in pods 6 DAF, í.e. when 

the pods are about 5.5 cm long and are no longer elongat- 
ing. The concentration of EGLZ transcripts remains low 
throughout pod maturation (15 d postflowering). EGLl 
transcripts are barely detectable in the abscission zone of 
floral pedicels. A significant abundance of EGLZ mRNA is 
present in etiolated pea seedlings (Fig. 5). 

EGLl 1s lnduced by 2,4-D in Elongating Epicotyls 

Since EGLZ is highly expressed in etiolated pea seed- 
lings, which are largely dominated by elongating epicotyls 
(Fig. 5), we wondered whether there is a correlation be- 
tween the rate of stem elongation and EGLZ mRNA accu- 
mulation. The synthetic auxin 2,4-D, which mimics the 
action of the plant auxin IAA by inducing EGase expres- 
sion (Fan and Maclachlan, 1966, 1967; Byrne et al., 1975; 
Verma et al., 1975; Hayashi and Ohsumi, 1994) and stem 
elongation of etiolated seedlings (York et al., 1984), was 
used to examine this question. Indeed, a 5 PM solution of 
2,4-D stimulates, for more than 10 h, the elongation of the 
stem segments (Fig. 6A). After 10 h, the elongation contin- 
ues at a much slower pace and almost ceases after 20 h (Fig. 
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Figure 3. Plant ECase sequences were manipulated and compared to 
ECLl using the programs of the Wisconsin Package (Genetics Com- 
puter Group, Madison, WI). ldentical amino acid residues are shown 
in black and conserved ones in gray backgrounds. Cell is an EGase 
from avocado fruit (Cass et al., 1990) and BAC i s  an EGase from the 
bean abscission zone (Tucker and Milligan, 1991). The vertical 
arrowhead points at the putative cleavage site of the signal peptide. 

6A). The stem segments, after being placed in 5 PM 2,4-D, 
exhibit a 10-fold increase of EGLZ transcripts in 5 h, a 
12-fold increase in 10 h, and a 13-fold increase in 15 h. The 
abundance of EGLl transcripts declines thereafter (Fig. 6B). 
Segments incubated in the absence of added 2,4-D elongate 
at about half the rate of those treated with exogenous 2,4-D, 
indicating the presence of endogenous growth regulator(s). 
The concentration of EGLl transcripts does not change 
significantly during growth in the absence of 2,4-D 
(Fig. 68). 

DlSCUSSlON 

We have described the cloning and characterization of 
EGL1, an EGase from pea. EGLl has significant similarity 
with a11 of the plant EGases cloned to date (Fig. 3), is auxin 

inducible (Fig. 6), and is presumably an extracellular or 
cell-wall-bound protein being targeted by a putative signal 
peptide (Fig. 3). EGLl is closely related to a known pea 
EGase purified by Hayashi and Ohsumi (1994) from etio- 
lated epicotyls that had been sprayed with 2,4-D. The first 
10 amino acids in the N terminus of mature EGLl are 
nearly identical with those of the purified EGase, differing 
only in that EGLl has a Lys rather than a Ser as the 
N-terminal amino acid (Fig. 3; Hayashi and Ohsumi, 1994). 

The amino acid sequence of EGLl differs considerably 
from abscission zone-associated EGases (Fig. 4). Indeed, 
EGLZ transcripts are barely detectable in the abscission 
zones of floral pedicels and are 2,4-D induced, whereas 
abscission-related EGases are most abundant in abscission 
zones and are auxin suppressed (Tucker et al., 1988). EGLl 
is phylogenetically closer to fruit ripening-associated than 
abscission zone-associated EGases. However, EGLl also 
differs from fruit-ripening EGases in severa1 respects, in- 
cluding significant phylogenetic differences (Fig. 4). For 
example, EGLZ differs in number and size of introns from 
those of the avocado fruit EGase gene; the avocado EGase 
gene has two more introns than EGLZ (Cass et al., 1990). 
Whereas the tomato fruit EGase contains one potential 
N-linked glycosylation site and the avocado fruit EGase 
has two, EGLl does not possess any. Furthermore, the 
expression profile of EGLZ differs from that of fruit 
ripening EGases, namely, EGLl is predominantly ex- 

Cell2-T 

-Cm Abscission 

Cell-T 

Figure 4. Plant ECase sequences retrieved from CenBank were ed- 
ited, before evaluation, to exclude the phylogenetically illegitimate 
signal peptides and truncated sequences. The evolutionary relation- 
ships of the ECases were calculated pairwise using the Kimura 
method (Kimura, 1983). The illustrated phylogenetic tree was con- 
structed by the neighbor-joining method (Swofford and Olsen, 1990). 
In addition to the €Cases shown in Figure 3, the following sequences 
were used for the phylogenetic analysis: p96 of Arabidopsis (Gen- 
Bank entry No. U17888, submitted by R. J. Ferl, Horticultural Sci- 
ences, University of Florida, Gainesville), Cell-T and Cel2-T of 
tomato (Lashbrook et al., 1994), and JET1 of common elder (Taylor et 
al., 1994). The descriptions "Fru i t  Ripening" and "Abscission" were 
assigned to the upper and the lower main branches of the tree 
because ECases included in these two branches, except ECLl and 
p96, had been shown to be overwelmingly expressed in ripening 
fruits and in abscission zones, respectively (see the introduction and 
"Results"). The expression pattern and function of the subbranch that 
includes ECLl and the Arabidopsis EGase are unknown; thus this 
subbranch was labeled with a question mark. 
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Figure 5. A, Agarose gel electrophoresis of competitive RT-PCR
products. RNA samples used in these experiments were treated with
RNase-free DNase (Ambion, Inc., Austin, TX) for 30 min at 37°C to
eliminate possible genomic DNA contamination, followed by inac-
tivating the DNase at 95°C for 10 min. First-strand cDNA was
synthesized from the DMA-free RNA samples (20 ju.g) using EG/. 7-
specific primer VI. One-tenth (5 jul) of the cDNA sample was used as
a target DNA template in a 100-ju.L PCR reaction. A constant amount
(5 X 10~n nmol), which is approximately 100 times less than the
amount required to reach the PCR plateau (data not shown), of the
EGLl genomic clone (Fig. 2) was added to each reaction as a
competitive template. The quantitative PCR reactions were carried
out for 30 thermal cycles. Contents of lanes are as in C; lane S, gel
blot analysis of lane 13 with the 32P-labeled primer V (see Fig. 2) as
a probe. B, Northern blot analysis of 5 îg of total RNA samples as in
A with a 32P-labeled /3-tubulin (TUB) cDNA of pea (Liaud et al.,
1992) as a probe. The results indicated that the concentration of the
RNA templates used in the competitive RT-PCR experiments were
correctly measured, since the overall content of /3-tubulin mRNAs is
known to be constant in various tissues (Cleveland and Sullivan,
1985). Contents of lanes are as in C. C, The ECU PCR products
shown in A were scanned and quantified on a densitometer, and the
density ratio of the cDNA-derived product (cECL 1) over the genomic
DNA-derived product (gECLD was plotted. Lane 0, Blank control;
lane 1, leaf; lane 2, tendril; lane 3, stem; lane 4, root; lane 5, floral
bud 1 d prior to opening; lane 6, flower; lanes 7 to 11, seed pods 2,
4, 6, 10, and 15 DAF; lane 12, floral abscission zone including
flanking pedicel segments (about 3 mm from both sides harvested
approximately 20 DAF); and lane 13, aerial portion of etiolated pea
seedling.

pressed in elongating epicotyls, whereas fruit ripening
EGase genes are most abundantly expressed in ripening
fruit. Thus, EGL1 is likely the first representative of a
third class of EGase genes whose function has yet to be
defined.

The synthetic auxin 2,4-D induces both pea epicotyl elon-
gation and the expression of ECL1 (Fig. 6). The data do not

establish a cause-and-effect relationship between EGL1 ex-
pression and the rate of stem elongation. Furthermore, we
did not observe an obvious increase in EGL1 transcripts
throughout the 20-h incubation period in the control stem
segments, although these control segments exhibited sig-
nificant elongation with kinetics similar to those treated
with 2,4-D (Fig. 6). However, in favor of a relationship
between EGL1 and elongation growth, the concentration of
EGLl mRNAs does increase during the rapid elongation of
seed pods and decreases when the longitudinal growth of
the pods stops (Fig. 5).

The exact function of EGases in plants is unknown, al-
though plant EGases characterized so far are always asso-
ciated with physiological processes in which cell walls are
markedly degraded, such as fruit ripening, abscission, and
pith autolysis (Fischer and Bennett, 1991; Tucker et al.,
1991; Huberman et al., 1993). It has been suggested that
auxin-induced EGases may be involved in the regulation of
cell elongation by generating xyloglucan oligosaccharins or
by cleaving xyloglucan chains that cross-link cellulose mi-
crofibrils (Albersheim, 1975; Hayashi, 1989; Maclachlan
and Carrington, 1991; Darvill et al., 1992; Fry, 1993; Hoson
et al., 1993). Whether EGLl belongs to such an EGase gene
family is largely unknown. Nevertheless, that EGLl is ex-
pressed most abundantly in tissues undergoing rapid elon-
gation and is quickly induced following exposure to 2,4-D
supports the hypothesis that EGLl is associated with a

Incubation Time (h)
Figure 6. A, Segments (20 per sample) of etiolated pea epicotyls
were incubated in assay solutions for 0, 5, 10, 15, and 20 h. The
lengths of stem segments were measured at each time. •, 5 JIM 2,4-D
solution; O, control buffer. SDS (n = 20) are as indicated at each
point. B, Competitive RT-PCR and quantitation of EGLl transcripts
are as described in Figure 5, except that the templates for RT-PCR
contained 5 p.g rather than 20 /xg of total RNA samples. Symbols are
as in A.
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developmental process different from other cloned plant 
EGases. Construction of transgenic pea plants with effec- 
tor-controlled reduction or  elevation of EGLZ expression 
should provide information about the role of EGLl in 
elongation. 
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