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The ability of Erwinia chrysanthemi to cause soft-rot diseases involving tissue maceration in many plants has
been linked to the production of endo-pectate lyase. E. chrysanthemi EC16 mutant UM1005, however, contains
deletions in the pel genes that encode the known endopectate lyases, yet still macerates plant tissues. In an
attempt to identify the remaining macerating factor(s), a gene library of UM1005 was constructed in
Escherichia coli and screened for pectolytic activity. A clone (pPNL5) was identified in this library that
contained the structural gene for an exopolygalacturonate lyase (ExoPL). The gene for ExoPL was localized on
a 3.3-kb EcoRV fragment which contained an open reading frame for a 79,500-Da polypeptide. ExoPL was
purified to apparent homogeneity from Escherichia coli DH5a(pPNL5) and found to have an apparent
molecular weight of 76,000 with an isoelectric point of 8.6. Purified ExoPL had optimal activity between pH 7.5
and 8.0 and could utilize pectate, citrus pectin, and highly methyl-esterified Link pectin as substrates. A PL-
ExoPL- mutant of EC16 was constructed that exhibited reduced growth on pectate, but retained pathogenicity
on chrysanthemum equivalent to that of UM1005. The results indicate that ExoPL does not contribute to the
residual macerating activity of UM1005.

The major symptom of the bacterial soft rot caused by
Erwinia chrysanthemi is the maceration of plant tissue that
results from the destruction of the middle lamella and
primary cell walls in colonized tissue (11, 26). The ability of
E. chrysanthemi to macerate plant tissue has been linked to
its ability to produce enzymes that degrade pectic polysac-
charides, such as pectate lyase (PL; EC 4.2.2.2), pectin lyase
(PNL), and exo-poly-ot-D-galacturonosidase (ExoPG) (11,
26). PL appears to be the major pectolytic enzyme produced
by this bacterium (11, 26). PL randomly cleaves the (x-1,4-
glycosidic bonds of unmethylated pectate by a-elimination
to yield a series of oligomers that are 4,5-unsaturated at the
nonreducing end. In contrast, hydrolytic enzymes, such as
ExoPG, generate a saturated product. E. chrysanthemi
EC16 produces four isozymes of PL: one acidic (PLa), two
neutral (PLb and PLc), and one alkaline (PLe) (3). To
establish the role of the individual PL isozymes in E.
chrysanthemi EC16 pathogenesis, a series of mutants were
constructed in which some or all of the pel genes encoding
the known PL isozymes were deleted (35, 40). The virulence
ofE. chrysanthemi mutants lacking certain PL isozymes was
reduced relative to the wild-type strain, but a mutant defi-
cient in all four isozymes still retained the ability to cause
significant maceration of plant tissues.

E. chrysanthemi, therefore, appears to produce additional
factors that cause tissue maceration. In this paper, we
present the first report of the molecular cloning from E.
chrysanthemi of the structural gene for an exopolygalact-
uronate lyase (ExoPL), the characterization of the pelX gene
and its enzymatic product, and construction and analysis of
a pelX mutant. Preliminary reports of this work have been
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presented (10, 12; A. D. Brooks, A. Collmer, and S. W.
Hutcheson, Phytopathology 79:1211, 1989).

MATERIALS AND METHODS
Bacterial strains, plasmids, and culture conditions. Bacte-

rial strains and plasmids are listed in Table 1. The nalidixic
acid-resistant derivative of E. chrysanthemi EC16, AC4150,
was used in these experiments. Erwinia and Escherichia coli
strains were grown in King's medium B (KB) (25) except
when noted. Growth rates with pectate as the sole carbon
source were determined by using M9 broth (28) supplemented
with 0.2% (wt/vol) pectate and 10mM HEPES (N-2-hydroxy-
ethylpiperazine-N'-2-ethanesulfonic acid) buffer, pH 7.5, but
lacking NaCl (M9 pectate). Pectate semisolid agar (44) was
used to determine the pectolytic ability of transformants.
When indicated, antibiotics were added to the growth me-
dium at the following concentrations: ampicillin (Ap), 100;
chloramphenicol (Cm), 10; kanamycin (Kn), 50; nalidixic
acid (Nx), 50 (20 for broth); and tetracycline (Tc), 20 ptg/ml.

General DNA manipulations. Plasmid DNA was isolated
and manipulated by using standard techniques (2, 28). Re-
striction enzymes, T4 DNA ligase, mung bean nuclease, and
related reagents were purchased from Bethesda Research
Laboratories, Gaithersburg, Md., and used according to the
manufacturer's instructions. Calf intestine alkaline phos-
phatase was purchased from Boehringer Mannheim, India-
napolis, Ind.

Construction of genomic library of E. chrysanthemi
UM1005. E. chrysanthemi UM1005 chromosomal DNA was
partially digested with Sau3A, and 2- to 10-kb fragments
were isolated by fractionation in a sucrose step gradient by
the method of Silhavy et al. (43). The sized chromosomal
DNA fragments were ligated into BamHI-digested, calf
intestine alkaline phosphatase-treated pUC19 and trans-
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TABLE 1. Bacterial strains and plasmids

Designation Relevant characteristics Origin (reference)

Escherichia coli
HB101 leu proA2 thi recAl3 hsdS20 28
DH5a F- 480dlacZAM15A(lacZYA argF)U169 recAl endAI hsdRl7 (rK MK+) Bethesda Research Laboratories,

supE44 X- thi-1 gyrA96 relAl Gaithersburg, Md.
Erwinia chrysanthemi
AC4150 Nxr derivative of EC16 7
UM1005 A(pelB pelC)::28bp 40

A&(pelA pelE)::nptl
CUCPB5006 A(pelB pelC)::28bp 19

A(pelA pelE)
CUCPB5007 A(pelB pelC)::28bp This work

A(pelA pelE)
peiX: :nptI-sacB-sacR

CUCPB5010 A(pelB pelC)::28bp This work
A&(pelA pelE)
A(pelX) A4bp

Plasmid
pBR322 Apr Tcr 5
pUC19 Apr 49
pPR328 Cmr 36
pUM24 pUC4K derivative containing nptI-sacB-sacR cartridge, Apr Knr 39
pUM24CM pPR328 derivative containing nptI-sacB-sacR cartridge from pUM24, Cmr Apr This work
pPNL5 pUC19 derivative containing cloned peiX This work
pPNL5CM pPR328 derivative of pPNL5 containing pelX on an EcoRV fragment in the This work

SmaI site, Cmr
pPNL5B pBR322 derivative of pPNL5 containing the entire insert in the EcoRI and This work

SphI sites, Apr
pPNL5BK Derivative of pPNL5B with pelX::nptI-sacB-sacR This work
pPNL5B-4H pPNL5 deletion derivative, HindIII site deleted This work

formed into Escherichia coli HB101. To test for library
completeness, transformants were screened on KB plates
containing kanamycin to detect the presence of the nptl
gene.

Sequence analysis of the peiX locus. Exonuclease III dele-
tions were made from both ends of the insert of pPNL5 to
localize the gene on the smallest DNA fragment. This
resulted in a ca. 3.2-kb fragment that directed ExoPL
activity by Escherichia coli DH5a cells on polypectate
plates. Since the intact reading frame interfered with prepa-
ration of single-stranded DNA in Escherichia coli when
oriented downstream of a vector promotor, the 3.2-kb DNA
fragment was divided in half at the internal HindIII site (see
Fig. 3). Additional exoIllI deletions were then performed and
overlapping deletion clones were sequenced by methods
published previously (47). Single-strand DNA was produced
from most of the deletion clones for sequencing, but double-
strand DNA was sequenced in some instances. Data were
confirmed by sequencing both strands. An oligonucleotide
was prepared to the complement of the sequence from bases
1629 to 1644 to confirm the sequence at the HindIII site at
position 1546 (see Fig. 3).
Marker exchange mutagenesis of the peiX gene in E. chry-

santhemi CUCPB5006. To facilitate mobilization into E.
chrysanthemi, the insert DNA of pPNL5 was excised by
SmaI and SphI digestion and ligated into pBR322 to create
pPNL5B. The peiX gene in pPNL5B was insertionally
inactivated by ligating an nptI-sacB-sacR cartridge (39) into
the HindIII site internal to the mapped peiX gene. The nptI-
sacB-sacR cartridge was obtained from BamHI-digested
pUM24CM. This cartridge confers sensitivity to sucrose.
The cartridge was treated with mung bean nuclease prior to
ligation into HindIII-, mung bean nuclease-, calf intestine
alkaline phosphatase-treated pPNL5B. The ligation mixture
was transformed into Escherichia coli DH5a and transfor-

mants were selected on KB plates containing kanamycin and
ampicillin. The resulting plasmid, pPNL5BK, was mobilized
into E. chrysanthemi CUCPB5006 as described previously
(42). Transconjugates were selected on KB agar containing
kanamycin and nalidixic acid. Loss of pPNL5BK was in-
duced by growth for 5 days in phosphate-deficient medium
(42). One of the resulting Knr Aps sucrose-sensitive mutants
was selected and designated CUCPB5007.
To construct an E. chrysanthemi mutant with an unmarked

mutation in the peiX gene, HindIII-digested, mung bean
nuclease-treated pPNL5B was religated to create a deletion
derivative. The resulting plasmid was designated pPNL5B-
4H. Plasmid pPNL5-4H was mol3ilized into CUCPB5007 by
conjugation as described above, except that ampicillin selec-
tion was used. Marker eviction mutant selection was then
performed (39). One of the resulting Kn' Aps sucrose-
tolerant mutants was selected and designated CUCPB5010.
Mutagenesis was confirmed by Southern blot analysis.

Pectic enzyme assays. PL activity in extracts was deter-
mined by monitoring the formation of the unsaturated prod-
uct spectrophotometrically (13). The reaction mixture con-
tained 0.07% (wt/vol) pectate (polygalacturonic acid;
product P21750 from Pfaltz and Bauer, Waterbury, Conn.),
30mM Tris hydrochloride (pH 8.5), 0.1 mM CaCl2, and 1.7%
(vol/vol) enzyme sample, and product formed was estimated
from the A232. ExoPG activity was estimated by using the
arsenomolybdate method of Nelson (33) to determine the
increase in reducing groups generated by the hydrolytic
activity of this enzyme (14). The assay reaction mixture was
similar to that for the PL assay, except that 5.0 mM EDTA
was added and CaCl2 was omitted to inhibit any contaminat-
ing PLs. The activity of PNL, which acts specifically on
methyl-esterified pectin, was estimated from the A232 of a
reaction mixture containing 0.15% (wt/vol) citrus pectin
(67% methyl esterified; Sigma Chemical Co., St. Louis,

VOL. 172, 1990



6952 BROOKS ET AL.

Mo.), 30 mM HEPES (pH 8.5), 1 mM EDTA, and 0.33 to
6.7% (vol/vol) enzyme sample (50). PNL activity was con-
firmed by substituting 0.15% (wt/vol) Link pectin (>98%
methyl esterified) for the citrus pectin in the above assay
(48). Link pectin was prepared in acidified methanol by the
method of Morell (31, 32). ExoPL activity was determined
by monitoring the A232 of a reaction mixture containing
0.15% (wt/vol) Tris pectate (pectate titrated with Tris base to
pH 7.5), 70 mM NaCl, 0.075 mM CaCl2, and 0.1 mM MnCl2
(17).

All spectrophotometric assays used a computer-assisted
Hewlett-Packard model 8254A diode array spectrophotom-
eter. One unit of activity was defined as the amount of
enzyme required to produce 1 pimol of product per min and
was calculated by using the extinction coefficient of the
expected products as follows: PL and ExoPL, 4,600 M-1
cm-1; PNL, 5,550 M-1 cm-' (1, 13).

Virulence assay. The virulence of E. chrysanthemi
CUCPB5010 was tested by inoculation of 8- to 10-cm apical
stem cuttings of chrysanthemum (12). Surface-sterilized
cuttings of chrysanthemum cv. Pert were placed in water
suspensions containing 5 x 106 to 5 x 108 cells of the
indicated E. chrysanthemi strain per ml. The cuttings were
then transferred to tubes containing sterile distilled water
and incubated at 30'C in a humid environment. After 36 h,
stems were sectioned longitudinally and symptoms were
scored. Alternatively, stems were cut into 1-cm segments
and population levels were determined by dilution plating on
KB medium (4). Representative bacterial colonies on dilu-
tion plates were picked to media containing appropriate
antibiotics to confirm recovery of the inoculated strain.

Purification ofExoPL. Escherichia coli DH5a(pPNL5) was
grown in KB broth at 330C to stationary phase, and osmotic
shock fluid was prepared by the method of Osborn and
Munson (34). All subsequent steps were carried out at 40C.
Solid ammonium sulfate was added slowly to the shock fluid
to 30% saturation. The turbid suspension was centrifuged at
10,000 x g for 30 min. The supernatant was recovered and
solid ammonium sulfate was added to 95% saturation. After
1 h, the solution was centrifuged at 10,000 x g for 30 min.
The precipitate was resuspended in water and dialyzed for 18
h against three changes of 5 mM HEPES buffer (pH 7.5). The
dialysate was fractionated by preparative granulated bed
isoelectric focusing in a Bio-Phoresis horizontal electropho-
resis cell (Bio-Rad Laboratories, Richmond, Calif.) accord-
ing to the manufacturer's directions. After the isoelectric
focusing was complete, the polyacrylamide gel matrix was
sectioned with a 75-mm fractionating grid and each fraction
was suspended in 3.0 ml of distilled water. The suspensions
were filtered to remove the gel matrix and the pH was
determined. Each fraction was then dialyzed against 5 mM
HEPES buffer (pH 7.5) and ExoPL activity was determined.

Analytical procedures. Southern blot analysis was done
with Gene Screen Plus membrane (Dupont, NEN Research
Products, Wilmington, Del.) according to the manufacturer's
instructions, except that 0.4 M NaOH was used as the
carrier solvent and dextran sulfate was omitted from the
hybridization mixture. Probes were labeled with [ot-32P]ATP
(Amersham Corp., Arlington Heights, Ill.) by using a nick
translation kit obtained from Bethesda Research Laborato-
ries, Gaithersburg, Md. Autoradiographs were obtained by
exposing blots to Kodak XAR-5 film at -700C.

Thin-layer chromatography was performed as described
previously (50). Fifteen microliters of each sample was
applied to Chromagram cellulose sheets (catalog 13255;
Kodak, Rochester, N.Y.). The chromatogram was devel-

oped with a 5:3:2 mixture of n-butanol-water-glacial acetic
acid. The products were visualized by treating the dried
chromatograms with 0.05% (wt/vol) bromphenol blue in
ethanol.
The amino-terminal amino acid sequence was determined

by using an Applied Biosystems 470A Protein Sequencer.
Ampholytes were removed from the purified ExoPL prepa-
ration prior to sequence analysis by ultrafiltration in Centri-
con tubes (molecular weight cutoff, 10,000; Amicon Divi-
sion, W. R. Grace and Co.).

Protein concentrations were estimated by the method of
Bradford (6). Sodium dodecyl sulfate-polyacrylamide gel
electrophoresis was performed by the procedure of Laemmli
(27). Protein was visualized by silver staining by using the
method of Heukeshoven and Dernick (21).

RESULTS
Isolation of pPNL5 from an E. chrysanthemi UM1005 ge-

nomic library. To facilitate characterization of the remaining
macerating activity in E. chrysanthemi UM1005, a genomic
library containing an average insert of 7 kb was constructed
in pUC19 and screened for pectolytic activity. The library
appeared to be complete: the nptl gene, which was present
as a single copy in the UM1005 chromosome, was detected
in S of the 2,000 colonies screened. Pectolytic transformants
were identified on pectate semisolid agar plates. After incu-
bating for 2 weeks, eight colonies were observed to cause
pitting. Plasmids of each of these transformants were iso-
lated and mapped for HindIII, EcoRI, and PstI sites. The
inserts of three clones shared overlapping restriction pat-
terns. One, pPNL5, was chosen for further analysis.

Identification of ExoPL activity produced by clones contain-
ing pPNL5. To determine the nature of the pectolytic activity
associated with pPNL5, culture filtrates from Escherichia
coli DHSa(pPNLS) were screened for PL, PNL, and ExoPG
activity. Culture filtrates contained 2.54 U of PL activity per
ml, but exhibited PNL activity as well. PNL activity was
0.26 U/ml when Link pectin (97% methyl esterified) was
used as the substrate, whereas 0.75 U/ml of activity was
observed with citrus pectin (67% methyl esterified). No
exoPG activity could be detected in the culture filtrates of
Escherichia coli DHSa(pPNL5). PL activity in culture fil-
trates was dependent on culture age. Activity was highest in
culture filtrates of stationary-phase cultures (data not
shown).
To determine whether the enzyme was an exo- or an

endo-PL, the product of the enzyme was characterized by
thin-layer chromatography. A single product was produced
from purified polygalacturonate, irrespective of the enzyme
concentration and reaction time (Fig. 1).

Purification and physical properties of ExoPL. Culture
filtrates from E. chrysanthemi CUCPB5006 (a Kns
ApelABCE derivative of EC16) exhibited only low levels of
PL activity. E. chrysanthemi CUCPB5006 culture superna-
tants contained 4.0 x 10-' U of PL activity per ml with
specific activity of 0.25 U/mg of protein. Osmotic shock
fluids of Escherichia coli DH5a(pPNL5) contained 2.54 U of
PL activity per ml with a specific activity of 158 U/mg of
protein. Osmotic shock fluids ofDHSa(pPNL5) were used as
the source for purification of this enzyme. By a combination
of ammonium sulfate precipitation (30 to 95%) and prepara-
tive isoelectric focusing, ExoPL was purified to apparent
homogeneity. The resulting preparation was homogeneous
for a polypeptide with an apparent mass of 76,000 Da (data
not shown). The isoelectric point was determined by isoelec-
tric focusing to be 8.6 + 0.35.
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FIG. 1. Thin-layer chromatography of the product produced by
ExoPL activity on pectate. The reaction mixture contained 0.15%
(wt/vol) Tris-pectate, 70 mM NaCl, 0.075 mM CaCl2, and 0.1 mM
MnCl2. Osmotic shock fluids of Escherichia coli DH5a(pPNL5)
were used as the source of ExoPL. Reactions were continued for 30
min and stopped by the addition of 5 ,umol of EDTA. Thin-layer
chromatography was performed as described in Materials and
Methods. Lanes: 1, saturated digalacturonate; 2, saturated galact-
uronate; 3 to 6, 0, 0.005, 0.01, and 0.02 U of ExoPL added to the
reaction mixture, respectively; 7 to 10, 0.0025, 0.005, 0.01, and 0.02
U of PLc, an endo-PL, added to the reaction mixture, respectively.
Arrow, Unsaturated digalacturonate.

Enzymatic properties of ExoPL. The purified enzyme was

found to have optimal activity between pH 7.0 and 8.0 when
pectate was the substrate. A more alkaline pH optimum was

observed when pectin was the substrate. Optimal activity
was observed at pH 8.0 with citrus pectin, whereas the
optimum was pH 8.5 when Link pectin was used as the
substrate. The enzyme activity on pectate was enhanced by
the addition of Na+ and Ca2` (Fig. 2). ExoPL activity on

pectate was nearly completely inhibited by the addition of 1
mM ethyleneglycol-bis-(P-aminoethyl ether) N,N'-tetraace-
tic acid (EGTA), 1 mM EDTA, or 5 mM nitrilotriacetic acid

4.0
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N 1.0
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0 50 1w 10 200
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FIG. 2. Effect of Na+ and Ca2+ levels on ExoPL activity. The
reaction mixture contained 0.15% (wt/vol) Tris-pectate either alone
(triangles) or supplemented with 70 mM NaCl (circles) or 70 mM
NaCl and 1 mM EGTA (boxes). Assay conditions were as described
in Materials and Methods.

TABLE 2. Effect of chelating agents on ExoPL activitya

ExoPL activity (U/ml)
Chelator added

Link pectin Citrus pectin Pectate

None 0.09 0.75 3.70
EDTA, 1 mM 0.26 0.48 0.03
EGTA, 1 mM 0.15 0.90 0.14
NTA, 5 mM 0.26 0.64 0.04

a Assay conditions were as described in Materials and Methods, except that
the specified amount of each chelating agent was added to the substrate.
Enzyme purified from Escherichia coli DH5a(pPNL5) osmotic shock fluids
was used to initiate the reaction.

(NTA). Activity could be specifically restored by the addi-
tion of 0.2 mM CaCl2. Neither magnesium nor manganese
could substitute for calcium.

In contrast to activity observed on pectate, ExoPL activ-
ity on Link pectin was stimulated by EDTA, EGTA, and
NTA (Table 2). Maximal activity on Link pectin was ob-
served when either 5 mM NTA or 1 mM EDTA was present.
The same levels of chelating agents, however, had little
effect on the ExoPL activity on citrus pectin. The reason for
the different behavior of ExoPL on pectate and pectin has
not been established, but may be due to the interaction of
Ca2" with the substrate.
The ExoPL product, after digestion of pectate under

optimal conditions, was purified by ethanol precipitation,
followed by Cu2+-ethanol precipitation. The absorbance of
the isolated product was found to have a sharp peak at 232
nm, indicating the presence of an unsaturated residue that is
consistent with lyase activity. The purified product was
compared with the crude product by thin-layer chromatog-
raphy. Both preparations of the product exhibited the same
relative mobility and comigrated with unsaturated digalact-
uronic acid produced by complete digestion of pectate with
PLc (Fig. 1; unpublished observations).

Localization of the pelX gene and sequence analysis. Dele-
tion analysis of pPNL5 indicated that the pelX gene was
located on a 3.3-kb EcoRV fragment. Only pPNL5 deriva-
tives containing this EcoRV fragment conferred PL activity.
This 3.3-kb EcoRV fragment was subcloned to produce
pPNL5CM. Osmotic shock fluids of Escherichia coli DHSa
(pPNL5CM) exhibited ExoPL activity (data not shown).
A 3.2-kb DNA fragment internal to the above EcoRV

fragment was sequenced. A long open reading frame was
identified on one strand (Fig. 3), but no open reading frames
of significant size were identified on the other reading frames
on either strand. Compressions occurred on sequencing gels
at bases 203 to 206 which compromised sequence determi-
nation in this region. However, the deduced base sequence
constitutes a unique NarI restriction site whose presence
was confirmed by gel electrophoresis. Furthermore, the
deduced base sequence in this region was consistent with
subsequent peptide sequencing data, as discussed below.
Deletion of DNA upstream from the unique XmnI site at
position 575 destroyed ExoPL activity, but a deletion at the
unique AccI site at position 234 yielded ExoPL activity in
Escherichia coli cells when the resultant DNA fragment was
recloned into the ClaI site of pUC129. This construct,
however, may have generated a translational fusion protein
with the 5' end of the vector lacZ gene which retained PL
activity.
The best candidate for a translational initiation codon was

the ATG located at base 113, which was preceded by a
sequence that would be expected to function as a Shine-
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10 20 30 40 50

T GCTGTT TCA TTAGAT GAA TTT CAC CGC TCAGAT TGT GAA GCG AAC A1 j7 AGT

60 70 80 90 100 110

AQ I T OT GAC ATA ATA CGC CGT TCA AAA ACAAT MT OATGGG GAA AAC ATG
Met

120 130 140 150 160 170

AAA TAC GCT GCT TCGGGG CTGCTC TCT GTCGCC CTTAAT TCG CTT TTG CTT CTG GGC
Lys Tyr Ala AlaSerGly Lau Leu Ser Val Ala Lau AsnSer Lau Leu Lau Leu Gly

180 190 200 210 220
a a aNrI * a

TCCAAC CAA COT TTC GCT ACT CAGGATGTG GCC CCA GTC TGG CGT GGCATC GCG TTC
SerAsn Gln Arg Phe Ala1Thr GlnAsp Val Ala Pro Val TrP Arg Gly Ile Ala Phe

230 240 250 260 270 280
AccI * a * a a

GGC CAG TCT ACGGAT GTG AAT TTCGCC ACCAACGTA TTA CCG GAA AAG GTG GGC GTC
Gly Gln Ser Thr AsM Val AMn Pha Ala Thr Asn Val Lau Pro Glu Lys Val Gly Val

290 300 310 320 330 340

AAC GAC GTG ACC ATCAAC GGC AAG AAA CTG ACG GTCAACGATAAAGCC GAT CTG TCC
Asn Asp Val Thr Ile A n Gly Lys Lys Lau Thr Val AMnAsp Lys Ala Asp Lou Ser

350 360 370 380 390 400

GCA CCG ATT ACC ATC GAA AGC CGG GGC GGG AAA ATCGCCAAC ACT CAT GAC GGA TTG
Ala Pro Ile Thr Iae Glu SOr Arg Gly Gly Lys I1e Ala AMn Thr His Asp Gly Lau

410 420 430 440 450

ACC TTC TTC TAC ACT CAA TTG CCT GCC AAT GTAAMT TTC ACG CTG CAA TCT GAT GTG
Thr Phe Pha Tyr Thr Gln Lau Pro Ala AMn Val AMn Pha Thr Lau Gln Ser Asp Val

460 470 480 490 500 510

ACG GTC GAG CAG TTC GGC CCG GAA AGC GAT GCC AAA CCC AAC GCT CAG GAA GGT GCT
Thr Val Glu Gln Phe Gly Pro Glu Bar AMp Ala Lys Pro Asn Ala Gln Glu Gly Ala

520 530 540 050 560 570

GGC CTG CTG GTA CGC GAT ATT CTC GGT GTC CCC CGT CAG GAA CCG TTG AAA GAA GGA
Gly Leu Loeu Val Arg Asp Ile Lou Gly Val Pro Arg Gln Glu Pro Lau Lys Glu Gly

580 590 600 610 620
XmnI a a a a

TACGAA GAG TTT dCG GCG GCG TCG AAT ATG GTG ATG AAC GCC ATC ATG ACG CAG GAT
Tyr Glu Glu Phe Pro Ala Ala SOr Asn Het Val Het Asn Ala Ile Het Thr Gln Asp

630 640 650 660 670 680

AAA AAA TCG AAA ACC GAA GTG AAA ATG CAG CTC ATC AGC CGC AAT GGC GTG ACG CAG
Lys Lys Ser Lys Thr Glu Val Lys Met Gin Leu Ile Ser Arg Asn Gly Val Thr Gin

690 700 710 720 730 740

CCC TGG GGC AAT ACC AAC GCA GAA ATT ACC CGC ACC AGC TAC CAG GAA AAA ATT AAT
Pro Trp Gly Asn Thr Asn Ala Glu Ile Thr Arg Thr Ser Tyr Gln Glu Lys Ile Asn

750 760 770 780 790

CTG GAA CAG ACG CCA ACG TTC CGC CTG AAA CTO GAG CGT ACC AAT GAC GGT TTC ATC
Lou Glu Gln Thr Pro Thr Pha Arg Lau Lys Lou Glu Arg Thr AMn Asp Gly Pha Ile

800 810 820 830 840 850

ACC GCT TAC GCC CCT AAG GGC AGT GAC CAA TGG GTC AGC AAA ACC GTC AAA GGG GCG
Thr Ala Tyr Ala Pro Lys Gly SOr AMp Gln Trp Val Ser Lys Thr Val Lys Gly Ala

860 870 880 890 900 910

GAT TTA GTG ACC CAT CAG GAC AAG GAT CAC TAC TAT GTG GGG TTC TTC GCG TCA CGT
Asp Leu Val Thr His Gln AMp Lys Asp His Tyr Tyr Val Gly Phe Phe Ala Ser Arg

920 930 940 950 960 970

AAT GCG AMA ATA ACC ATC AGT AAC GCC AGT CTG ACC ACC AGC CCG GCG AAT ACC AAA
Asn Ala Lys Ile Thr I11 SOr Asn Ala Ser Lau Thr Thr Oar Pro Ala Asn Thr Lys

980 990 1000 1010 1020

CCT TCC GCG CCG TTC AAA GCA GAA ACC ACT GCG CCA CTG CTG CAA GTC GCA TCG TCT
Pro Ser Ala Pro Phe Lys Ala Glu Thr Thr Ala Pro Lau Lau Gln Val Ala Ser SOr
1030 1040 1050 1060 1070 1080

TCG CTT TCC ACC AGC GAC ACC TAT CCG GTA CAG GCG CGA GTG AAT TAC AAC GGC ACA
Ser Leu Ser Thr SOr Asp Thr Tyr Pro Val Gln Ala Arg Val AMn Tyr AMn Gly Thr

1090 1100 1110 1120 1130 1140

GTC GAA GTG TTC CAA AAC GGT AAA TCG CTG GGT AAA CCG CAA CGT OTT CGC GCC GGC
Val Glu Val Phe Gln Asn Gly Lys Ser Lau Gly Lys Pro Gln Arg Val Arg Ala Gly

1150 1160 1170 1180 1190

GAT GAT TTC TCT CTG ACC ACC AGG CTG ACC CAA CAA AAA TCA OAT TTC AAA CTG GTC
Asp Asp Pha Ser Lau Thr Thr Arg Lau Thr Gln Gln Lys Sor AMp Phe Lys Leu Val

1200 1210 1220 1230 1240 1250

TAT ATC CCA AGC GAG GGT GM OAT AAA ACG WCA AAA GAA ACC TCT TTC AGC GTA GAA
Tyr Ile Pro Ser Glu Gly Glu Asp Lys Thr Ala Lys Glu Thr Sar Phe Ser Val Glu

1260 1270 1280 1290 1300 1310

AMA ATT ACG CTG GCC GAC GCC AGA AAT CTC TAT GTC TCC CCG GAA G0C AAA GCG GGT
Lys Ile Thr Leu Ala Asp Ala Arg Asn Lau Tyr Val Ser Pro Glu Gly Lys Ala Gly

1320 1330 1340 1350 1360

AAC GAT GGT AGT AMA AAT GCA CCG CTG GAT ATT AAA ACC GCC ATC AAT GCG TTG CCG
Asn Asp Gly Ser Lys Asn Ala Pro Lau Asp Ise Lys Thr Ala hIs Asn Ala Loeu Pro

1370 1380 1390 1400 1410 1420

GGT GGC GGC ACA TTG TGG CTG ATO GAT GGC GAC TAC AGC GCC ACC GTT ATT CCT GTC
Gly Gly Gly Thr Leu Trp Lou Met Asp Gly Asp Tyr Ser Ala Thr Val Ise Pro Val

1430 1440 1450 1460 1470 1480
* * * * * *

AGC GCC ACG CAA CGC AAA GGC ATG AAA ACG TTG ATG CCT GTC GGC AAA AAA GCG GTA
Ser Ala Thr Gln Arg Lys Gly Nat Lys Thr Lou Hat Pro Val Gly Lys Lys Ala Val

1490 1500 1510 1520 1530 1540
* * * * * *

TTC CAC GGC CTC CAG CTC AAC CCC AGC TAT TGG AAA GTC AAA GGG ATT GAA ATC ACG
Phe His Gly Lau Gln Lou A n Ala Bar Tyr Trp Lys Val Lys Gly IIa Glu I1e Thr

1550 1560 1570 1580 1590
Hlnd. * a*

GAA AAA AGC TTC CGT ATT GAA GOT AGC CAC AAC CAG ATT GAA CGC CTC CTG GCG CAC
Glu Lys Sar Phe Arg Ila Glu Gly Sar His AMn Gln Ile Glu Arg Leu Leu Ala His

1600 1610 1620 1630 1640 1650
* * * * * *

CAC TGC GAC AAT ACC GGT ATT CAG GTG TCG TCC AGC GAT AAC GTA GGT CGC CCG TTG
His Cys Asp Asn Thr Gly Ile Gln Val Oar Oar Sar Asp Asn Val Gly Arg Pro Lau

1660 1670 1680 1690 1700 1710

TGG GCC AGC CAT AAC CTG ATT CTC AAT TCA GMA TCA CAC AGC AAT CAG CAC CCA AGC
Trp Ala Oar His Asn Lau Ile Lau Asn Bar Glu Oar His Sar AMn Gln His Pro Oar

1720 1730 1740 1750 1760

AAA AAA GAT GCC GAT GGT TTT GCA GTA AAA AT6 COT GTT GGC GAG GGT AAC GTC ATT
Lys Lys Asp Ala Asp Gly Phe Ala Val Lys Hat krg Val Gly Glu Gly Asn Val I1e

1770 1780 1790 1800 1810 1820

CGCC GOC GCA TTC TCC CAT GAC AAC GTT GAC GAC GCC TTC GAC CTG TTC AAC AAA ATT
Arg Gly Ala Phe Oar His Asp AMn Val Asp AMp Gly Ph- A p Lau Phe Asn Lys Ile

1830 1840 1850 1860 1870 1880
a a a * EcORI a a

GAG GAT GGC CCG AAT GGG GCT GTG ATG ATC GAG AAT TCC ATT TCA CTC AAC AAC ACC
Glu Asp Gly Pro Asn Gly Ala Val Het Ile Glu Asn Oar Ile Oar Lau Asn Asn Thr

1890 1900 1910 1920 1930
a DraI * a - a

AGC AAC GGC TTT AAM CTG GOC GGA GM GGC CAA CCC GTA GCG CAT CAG GTG AAA AAT
Ser Asn Gly Phe Lys Lau Gly Gly Glu Gly Gln Pro Val Ala His Gln Val Lys Asn

1940 1950 1960 1970 1980 1990

AGC ATT GCT ATC GGT AAC CAC ATG GAC GGG TTC AGC GAC AAC TTC AAC CCC GGC GCG
Sar Ile Ala Ile Gly Asn His Hat Asp Gly Phe Oar Asp AMn Phe Asn Pro Gly Ala

2000 2010 2020 2030 2040 2050

CTG CAA GTC TCC AAT AAC ATC GCG CTG GAT AAC GTT CGC TTC AAC TTT ATC TTC CGC
Leu Gln Val Oar Asn Asn Ile Ala Lau Asp Asn Val Arg Phe Asn Phe Ile Phe Arg

2060 2070 2080 2090 2100 2110
* * * * a *

CCA AGC CCT TAC TAT GGC TAT GAA AAA CAA GGG ATT TTC AAA AAC AAC GTT TCA CTG
Pro Ser Pro Tyr Tyr Gly Tyr Glu Lys Gln Gly Ile Phe Lys AMn Asn Val Oar Lau

2120 2130 2140 2150 2160
* * a *a

CGT ACC CAA CCC GGC AAG TAT GAC GAT GCC GTG GTA GGC CGG CTG GAC GCC AGC AAC
Arg Thr Gln Pro Gly Lys Tyr Asp Asp Ala Val Val Gly Arg Lau Asp Ala Oar Asn

2170 2180 2190 2200 2210 2220
* a * a a a

TAC TTC ATC AGG ATA ATC GAG CGG TCA ACT GTC AGG GTA AGG AAA TCA CGA CGG CGA
Tyr Phe Ile Arg Ile Ile Glu Arq Oar Thr Val Arg Val Arg Lys Oar Arg Arg Arg

2230 2240 2250 2260 2270 2280
* a a a *

ATT ACA AAT CCG TCG CGG TGC CAG CGG TCT TCA GCC GGG ATG AAA AAG GCA GCC TGC
Ile Thr Asn Pro Oar Arg Cys Gln Arg Oar Oar Ala Gly Hat Lys Lys Ala Ala Cys

2290 2300 2310 2320 2330
a P * * **tla

AAC TGG GTG ATT TOC TGC AGA AGA AGT AAC CGA CAT AAA ACC CAA AGG CAC CGA AAC
Asn Trp Val Ile Phe Cys Arg Arg Oar Asn Arg His Lys Thr Gln Arg His Arg Asn

2340 2350 2360 2370 2380 2390
* KpnI a

COG TAC CCA TCA ACA CCA GCC TGA CGC TCT GTC AGG CAT AAA AAA AGC CAG CTT GAA

Arg Tyr Pro Oar Thr Pro Ala ---

2400 2410 2420 2430 2440 2450
Pvul******

TCA GCT GGC TTT TTT ACA TCT GCA TGA TGG TTA CAT CTG CAT CTG TTA CAT CGC TmT

2460 2470 2480 2490 2500
* a a a a

TTT GGT CAG CTC GAT GAC ACG CAG TTT AGC CGA TGG CTT TCG CCA AAT CGG CAG AGG

2510 2520 2530 2540 2550 2560
* * a * a a

CTT GAG CAT AAT CCA CAT CAC CGT GTG AAT TAC GAA TAT GCT CTT CGG CTC TGC GCT

2570 2580 2590 2600 2610 2620

TCG CTT CCA TCG CAC GCG CTT CAT CAA GGT CCT GCC CAC GAA TGG CGG TAT CGC ACA

2630 2640 2650 2660 2670 2680
* * * a a a

GCA CGG TCA CCA TGT TCG GTT GTA CCT CAA GGA TAC CGC CGG ACA GGT AGA TAT ACT

2690 2700 2710 2720 2730

CTT CTT CGC CGT GOT GTT TAA CAA TGC GCA CCA TAC CAG GCT TAA TGG CCG TGA GCA

2740 2750 2760 2770 2780 2790
* a * a a a

GGG GGG CGT GGC CAG GAT AAA TTC CCA GTT CGC CGT CGC TAC CGG TCA CCT GGA TTT

2800 2810 2820 2830 2840 2850
* * a * * *

TCT GCA CCA GAC CGG AAA ACA TTG CCT GTT CCG CAC TAA CGA CAT CCA GAT GGT AAG

2860 2870 2880 2890 2900
* * *

A
*

TCA TAG CAG CCA TAT CAC COT COT ATC MAG GCG TTA CAG TT CTT 0CC Tm TTC CAC
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2910 2920 2930 2940 2950 2960

TAC TTC ATC AAT GGA ACC AAC CAT GTA GAA CGC CTG TTC CGG TAG GTG GTC GTA TTC

2970 2980 2990 3000 3010 3020

GCC GTC CAT AAT GCC TTT GAA GCC ACG GAT GGT GTC TTT CAA CGA CAC ATA TmT ACC

3030 3040 3050 3060 3070

CGG AGA ACC GGT AAA TAC TTC AGC TAC GAA GAA CGG CTG AGA CAG GAA GCG TTG GAT

3080 3090 3100 3110 3120 3130

CTT ACG CGC ACG GGA TAC CAC CAG CTT GTC TTC TTC AGA CAG CTC GTC CAT ACC CAG

3140 3150 3160 3170
EcoRt* * * PstI

AAT CGC GAT GAT ATC CO CAG TTC CTG ATA GCM CTO CAG

FIG. 3. DNA sequence of the pelX gene and flanking DNA from
E. chrysanthemi EC16. The putative KdgR binding site beginning at
base 49 is denoted by the boxes, and the potential promoter
sequences beginning at base 69 are indicated by overlining. A
putative Shine-Dalgarno sequence beginning at base 102 is under-
scored, and inverted repeats occurring after the translational stop
are denoted by arrows. The N-terminal sequence of the mature,
secreted protein is denoted by the double underlining, and the
deduced cleavage site of the preprotein is indicated with a vertical
arrow at base 190. Selected restriction enzyme sites are indicated.

Dalgarno box (Fig. 3). The amino terminus of the resulting
peptide shows strong resemblance to a signal peptide se-
quence. To test whether this was the case and to confirm the
translational initiation site, the N terminus of the secreted
ExoPL was sequenced. These data confirmed the deduced
peptide sequence shown in Fig. 3 and indicated that the
amino terminus of the secreted protein had been cleaved
between the alanine and threonine residues at position 190
(Fig. 3). These data accordingly confirmed the amino termi-
nus of the secreted peiX gene product and support the
localization of the translational start at base 113.

Occurrence of the translational stop at base 2360 was
supported by the finding that a deletion 3' at the PstI site at
2296 abolished ExoPL activity in Escherichia coli cells, but
full activity was exhibited by a 3' deletion to the PvuII site at
base 2397 (Fig. 3). The presence of a putative kdgR binding
site from bases 49 to 65 suggests that the expression of peiX
may be controlled by KdgR, a negative regulator of several
genes involved in pectate catabolism (37). Consensus pro-
moter sequences, TTGACA and AATAAT, begin at bases
69 and 95, respectively. This putative promoter is located
unusually close to the ribosome-binding site. Following the
translational stop was a G+C-rich inverted repeat sequence
at base 2385 followed by a poly(T) sequence. This region
may, therefore, function as a Rho-independent transcrip-
tional terminator. Several codons that would be considered
unusual in Escherichia coli were present, for example, five
AGG arginine codons (16). Codon usage was 52% G+C for
the coding region but 61% on the third position, again
somewhat unusual for genes in enteric bacteria.
The entire open reading frame of pelX contained 749

amino acids and yielded a computer-calculated molecular
weight of 82,200 and a pl of 10.3. The secreted peiX protein
contained 723 amino acids and yielded a computer calculated
molecular weight of 79,500 and a pl of 10.2. This molecular
weight was in good agreement with that determined by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
of the purified ExoPL, but the calculated pl was consider-
ably higher than that determined by electrofocusing of the
secreted enzyme. Data base searching in the PIR library did
not disclose significant homology of the deduced protein
product with known peptides.

Role of ExoPL in the virulence of E. chrysanthemi EC16 and

-9.4

* I -6.5

; -4 .3

-AB

-2.3

i ~ -2.0

A-
B.

1 2 3 4 5

FIG. 4. Southern blot analysis of the peiX gene in E. chrysan-
themi CUCPB5010. Genomic or plasmid DNA was digested with
EcoRV and HindIII and fractionated by electrophoresis in a 0.8%
agarose gel. DNA was transferred by capillary action to Gene
Screen Plus (DuPont) and hybridized with 32P-labeled pPNL5CM.
Lanes: 1, E. chrysanthemi UM1005 genomic DNA; 2, pPNL5; 3, E.
chrysanthemi CUCPB5006 genomic DNA; 4, pPNL5B-4H; 5, E.
chrysanthemi CUCPB5010 genomic DNA. Bands A and B represent
fragments containing portions of the wild-type peiX gene. Band AB
represents the pelX gene with the internal HindIII site deleted.

in pectate metabolism. To determine the role of ExoPL in E.
chrysanthemi pathogenicity, pelX mutants of E. chrysan-
themi were generated. Plasmids pPNL5BK and pPNL5B-4H
were used to create the marker exchange mutant CUCPB5007
and the deletion mutant, CUCPB5010, respectively. No
ExoPL activity could be detected from culture filtrates of
Escherichia coli DH5a containing either pPNL5BK or
pPNL5B-4H. Southern blot analysis revealed that this pro-
cedure had mutated the peiX gene (Fig. 4). CUCPB5010
chromosomal DNA had the same hybridization pattern as
the insert of pPNL5B-4H when both were digested with
HindIII and EcoRV. Both constructs lacked the internal
HindIII site of the pelX gene.
Growth of each strain on M9 pectate was monitored to

determine whether the mutation affected pectate metabo-
lism. E. chrysanthemi CUCPB5010 grew more slowly in M9
pectate than strain CUCPB5006. The doubling time for log
growth on M9 pectate was 2.4 h for CUCPB5006, while the
doubling time for CUCPB5010 was 4.4 h. Both strains grew
equally well in KB broth. This suggests that mutations in the
pelX gene adversely affect the ability of E. chrysanthemi to
use pectate as a carbon source.
To determine whether the pelX mutation affects the patho-

genicity of E. chrysanthemi, chrysanthemum cuttings were
inoculated with CUCPB5010 and CUCPB5006. Inocula of
>5 x 106 cells per ml caused visible tissue maceration within
48 h. Tissue maceration, however, was equivalent for both
strains. When the initial inoculum concentration was <5 X
106 per ml, both strains caused water soaking, but tissue
remained turgid and intact. Both bacterial strains multiplied
to the same levels in tissue. Recovery of both strains was 108
cells per ml at 3 cm from the base of the stem 36 h after
inoculation.
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DISCUSSION

The results presented here provide evidence that E. chry-
santhemi EC16 produces an ExoPL that contributes to
pectate catabolism but not to bacterial virulence. Digestion
of pectate by the enzyme encoded by the pelX gene yielded
a product with an absorbance peak at 232 nm, characteristic
of an unsaturated product and indicative of Iyase activity
rather than hydrolytic cleavage. Evidence that the pelX gene
product is an exo-cleaving lyase stems from the presence of
a single product in pectate digests, irrespective of the
enzyme concentration and reaction time. Multiple products
are observed during the digestion of polygalacturonate by
endo-cleaving PLs under these conditions. The inability of
the enzyme to completely degrade pectate (data not shown)
is also consistent with its identification as an ExoPL. ExoPL
activity had been reported previously in extracts of E.
chrysanthemi CUCPB1237, but the enzyme was not purified
or further characterized and its role in pathogenesis is
unknown (9).
The ExoPL of E. chrysanthemi EC16 is similar to the

ExoPL of E. carotovora in its activity on pectate. Like the
E. carotovora enzyme, E. chrysanthemi ExoPL requires an
alkaline pH and Na' for activity under these conditions (cf
references 18, 23, and 41). E. carotovora ExoPL activity on
pectate was strongly inhibited by EDTA and weakly inhib-
ited by NTA, but the activity could be restored by the
addition of almost any divalent cation (cf reference 23). In
contrast, EDTA, EGTA, and NTA strongly inhibited E.
chrysanthemi ExoPL activity on pectate and activity could
be specifically restored by the addition of Ca2". This sug-
gests that the E. chrysanthemi EC16 ExoPL activity on
pectate is Ca2" dependent. Based on its mobility during
thin-layer chromatography and preliminary mass spectrom-
etry data, the product of the E. chrysanthemi EC16 ExoPL
appears to be 4,5-unsaturated digalacturonate. Unsaturated
digalacturonic acid has been reported to be the product of an
ExoPL identified in E. chrysanthemi CUCPB1237 (9).
The ability of E. chrysanthemi EC16 ExoPL to cleave

highly methylated Link pectin is unique for an ExoPL. The
significance of this ability has not been determined. Neither
strain CUCPB5006 nor strain CUCPB5010 was able to grow
on minimal medium with Link pectin as the sole carbon
source. This suggests that the ability of this ExoPL to cleave
pectin in vitro may be of little significance in vivo.

This paper is the first report of the molecular cloning and
characterization of the pelX gene from E. chrysanthemi. The
nucleotide sequence of the E. chrysanthemi EC16 pelX gene
lacked homology with that of other pectic enzymes, includ-
ing the periplasmic family of PLs described by Hinton et al.
(22). This suggests that this enzyme is different from other
PLs. Like the other sequenced pel genes of this bacterium
(46), the deduced gene product contained a candidate signal
sequence. This is consistent with isolation of the enzyme
from osmotic shock fluids of Escherichia coli DH5a
(pPNL5). Also in common with other pel genes, translational
termination in the pelX open reading frame is followed by a
putative Rho-independent transcription stop sequence. The
function of this sequence in E. chrysanthemi, however, has
not been established.
The E. chrysanthemi pelX mutant CUCPB5010 was not

able to grow as well as the pelX+ strain CUCPB5006 on
pectate as the sole carbon source. This suggests that ExoPL
functions in pectate metabolism in E. chrysanthemi EC16. E.
chrysanthemi pathogenicity on chrysanthemum, however,
did not appear to be affected by mutations in the pelX gene.

It therefore appears that the contribution of ExoPL to
symptom formation may be minor.
Although Escherichia coli clones carrying the peiX gene

caused pitting in pectate semisolid agar and ExoPL could be
conveniently purified from osmotic shock fluids of such
clones, the localization of the enzyme has not been rigor-
ously determined in either Escherichia coli or E. chrysan-
themi. The presence of a signal peptide suggests that the
enzyme is exported at least to the periplasm in E. chrysan-
themi. A periplasmic ExoPL would be expected to cleave
oligogalacturonates in addition to polygalacturonate, as re-
ported previously for the ExoPL produced by E. carotovora
(17) and for the ExoPL produced by E. chrysanthemi
CUCPB1237 (9). The enzyme would thus complement the
activity of cytoplasmic oligogalacturonide lyase in the catab-
olism of oligogalacturonates. Oligogalacturonide lyase pref-
erentially cleaves 4,5-unsaturated digalacturonate and has
decreasing activity on larger oligomers (30). Degradation of
4,5-unsaturated oligogalacturonates to 4-deoxy-L-threo-5-
hexosulose uronate is necessary for both PL induction and
bacterial growth in pectate minimal media (8, 9). The pres-
ence of a potential KdgR binding site in the 5' flanking
sequence would suggest that ogl and peiX are coordinately
regulated (37). The cell-bound activity of ExoPL in cleaving
4,5-unsaturated trigalacturonic acid to 4,5-unsaturated diga-
lacturonic acid and 4-deoxy-L-threo-5-hexosulose uronic
acid in E. chrysanthemi CUCPB1237 was postulated to
account for the ability of oligogalacturonide lyase-deficient
mutants of this strain to be induced by unsaturated oligoga-
lacturonate trimers but not dimers or tetramers (9). Mutants
deficient in both oligogalacturonide lyase and ExoPL are
needed to test further the role of the ExoPL in PL induction
and pectate catabolism.
The identity of the residual enzymes produced by

CUCPB5010 that are responsible for maceration of plant
tissue, pitting of pectate semisolid agar, and degradation of
extracellular pectic polymers remains a puzzle. Although
mutants deficient in ExoPG demonstrate that this extracel-
lular enzyme can have a significant role in pectate catabolism
in the absence of extracellular PL activity, the mutants also
reveal that ExoPG has little direct role in maceration (19).
We hope that the contribution of ExoPL to the pectolytic
capacity of E. chrysanthemi will become clearer when all of
the enzymes in this remarkably complex enzyme system
have been identified.
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