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ERWINIA CAROTOVORA EXTRACELLULAR PROTEASES:

CHARACTERIZATION AND ROLE IN SOFT ROT

by

Sirkka R.M. Kydstio

ABSTRACT

Erwinia carotovora subsp. carotovora (Ecc) strain EC14, a Gram-

negative bacterium, causes soft rot on several crops, including potato.
Maceration of potato tuber tissue is caused by secreted pectolytic
enzymes. Other cell-degrading enzymes may also have roles in
pathogenesis, including cellulases, phospholipases, and protease(s).
The objectives of this research were to (1) characterize Ecc
extracellular protease (Prt) and (2) elucidate its role in potato soft
rot. A gene encoding a Prt, prtl, was cloned from cosmid pCA7

containing Ecc genomic DNA into plasmid pSKl. Escherichia coli

transformed with pSK1l or pSK23, a subclone of pSK1l, produced

intracellularly a 38 kDa Prt with the same pI (4.8) as the secreted Ecc
Prt. Prtl activity produced by E. coli/pSK23 was inhibited by
phenanthroline, which inhibits Zn-metalloproteases, but not by Ecc
intracellular proteins. Analysis of deletion mutants indicated a 1.2 kb
region necessary for Prtl production. Sequencing of the pSK1l insert
revealed a 1,041 bp open reading frame (ORF1l) corresponding to the prtl
region. ORF1l encodes a putative polypeptide of 347 amino acids with a
total molecular mass of 38.8 kDa. The location of the prtl promoter was

determined to be 173 to 1,173 bp upstream from ORF1 by constructing



transcriptional fusions to lacZ in plasmid pCD267. Primer extension
revealed the start of prtl mRNA 205 bp upstream of ORF1l. The deduced
amino acid sequence of the prtl was compared to other proteases; it is
similar to several bacterial Zn-metalloproteases. Prtl production by
Ecc was not observed during growth in rich broth; however, Northern
analysis showed prtl mRNA accumulation in Ecc grown in planta. The role
of prtl in soft rot was determined by constructing a Prtl-deficient Ecc;
prtl insertionally inactivated by a kanamycin resistance gene was used
to replace wildtype prtl in the Ecc genome by homologous recombination.
This mutant (L-957) had approximately 60 to 80% reduced Prt activity
suggesting the presence of a second Prt (Prt2). Prt2 was purified from
Ecc culture supernatant. This protease, also a metalloprotease, has a
molecular mass of 45 kDa and pI of 4.8. Its amino terminal sequence had
significant sequence identity to metalloproteases from Erwinia

chrysanthemi and Serratia marcescens, but not to Prtl. Further, unlike

Prti, Prt2 was inhibited by Ecc intracellular proteins. The effect of
proteases in potato tuber maceration was measured using L-957 and L-763,
a Tn5 transposon mutant constructed previously. L-763 had no
extracellular protease activity and may have been mutated in a
requlatory region. Both mutants macerated significantly less tuber
tissue than the wildtype Ecc. Reduced maceration of L-957 and L-763 was
correlated with slower in planta growth. This suggests Prtl production

provides a nutritional advantage for Ecc growth on potato.



ACKNOWLEDGEMENTS

I thank my advisors, Drs. George H. Lacy and Carole L. Cramer, for
offering me an interesting project and guidance throughout my research
work, and my committee members, Drs. John L. Johnson, Malcolm Potts, and
Richard E. Veilleux for their advice and assistance.

I appreciate the help and moral support of my fellow members in
the laboratory, Zhenbiao Yang, Verlyn Stromberg, David Aceti, and
Lyudmil Antonov.

I also extend my gratitude to Drs. Judith S. Bond and Steven M.
Boyle, who allowed me to work in their laboratories and taught me new
exciting techniques.

For my stipend, I acknowledge the support from the Department of
Plant Pathology, Physiology, and Weed Science, the National Science
Foundation (Grant no. BSR-8705445), and the United States Environmental
Protection Agency (Grant no. R-81305-02-2). My research support was
obtained from the United States Department of Agriculture (Grant no. 85-
CRCR-1-1776), the Finnish Culture Society (Suomen Kulttuuri Rahasto),
Kemira Oy, and Sigma Xi.

I thank my parents, Helena and Oiva Ky6stid; my sisters, Silja,
Heli, and Pirjo, and my brothers, Kauko and Paivé for all the long
distance calls and letters that kept me close to my family.

Lastly, I am very grateful to my friend, Bob Moore, without whose
loving support and assistance this project would have never been
completed.

iv



TABLE OF CONTENTS

ACKNOWLEDGEMENT S . . ot ittt ceeenceeaesneaasacnseasaceassasecassassaseacncas iv
TABLE OF CONTENT S . ...ttt itireeeeteeaeeecaesesenasesacsassasesssasanaans v
LIST OF TABLES. ..ttt eeeeeeeeansasanscasasasnaneneasassaasssssanasaas viii
LIST OF FIGURES. .t ciiitteecseanseseeosaeestsesanansanscsanssscsacassccsasess X
I. LITERATURE REVIEW......ctieeeeeenanans Ceeeceecacccatceacasaarannan 1
SOFT ROT...ccteeeeeeeecacocessaensoncocassassssoscscscssssasasssansnas 1
Introduction. . v it iiiieieiniieceeoeasanseaseacenscancanans 1

Soft rot caused by ECC. ...t iiiii ittt ittt nncnoacanannns 2
Regulation of soft rot.......cciiiieiiiiiiiiiiiniiinencananns 5

PLANT PROTEINS INVOLVED IN CELL WALL STRUCTURE AND DEFENSE...... 10
Introduction. . iiis ittt eiiaeeaneeeeaneceaansonnenoannnnnn 10

Plant cell wall proteins and their putative functions....... 11

Plant soluble proteins involved in defense............. e 15

Other putative defense proteins........ et eeseatetreaacanan 17

BACTERIAL PROTEASES.......ccc.. eeeseesaans et teeceetsaceaneans 18
IntroduCtion. i .ttt ittt eeeceeceanccscscncocascecncnccocens 18
Classification of proteolytic enzymes........cce0... ceaesess.18

Production of extracellular proteases by phytopathogenic

bacteria. .. .ottt ittt it ieeiineteantactassecacananns 21
Bacterial extracellular metalloproteases.......cciveveeencann 24
Regulation of metalloproteases......cciveveieennn. ceeeesancas 25
Metalloproteases in pathogenesis.......cciiecieececennncnnans 26
OBJECTIVES AND SIGNIFICANCE OF THE DISSERTATION RESEARCH........ 30

v



IT. ERWINIA CAROTOVORA SUBSP. CAROTOVORA EXTRACELLULAR PROTEASES:

CHARACTERIZATION AND NUCLEOTIDE SEQUENCE.......ciiiiierereennss 33
ABS T RAC T . i vttt e eestseeeosenesnssssasasasnsssessnsnsonssonsans .33
INTRODUCTION. &t ittt ittt et eaneenoasasosassssascesecansnannnancans 34
MATERIALS AND METHODS. .ttt i it eii et ianneesetaossonanncansanansas 36
RESUL DS . e it ittt tiiieteereeeeensossesanoesesaseacsssnnsnnanacasns 42
DISCUSSION. «t vttt ettt eneeoenneasesonesansasnasnasosssasansnsns 56
ACKNOWLEDGEMENT S . . ot ittt iititeeteeaanessaeancnsasacsansnnsnna 64

IN PATHOGENE ST S. .ttt itinttteeasneeeansososnstsscacasenssosnssanenns 65
ABS T RACT . sttt ettt et iesesasesnssasesssassanasesasanasssnsncaanas 65
INTRODUCTION. c ittt eiteieeeceereeanasenecesoassaansaacasaanesnns 66
MATERTIALS AND METHODS. . . ittt it iiteeteeeecoeacasonsenaanenanenns 68
RESUL TS . st ittt ieieteneeeeesasesossasosssasaanonasasasssnananes 75
DISCUSSION. .ttt i ittt iieeeeneaasecaasoaasaassansasnasenananss 90
ACKNOWLEDGEMENTS. . . ittt iiiiiiitiieeteneeanacnaansanoeasaanaanans 95
IV. CONCLUSIONS AND FUTURE DIRECTIONS. .....cetiteirenrancasancaannnns 96
V. LITERATURE CITED. . tceteeeeeeceaeeanenensesnsnasossososasosnnsnanns 98
VI. BAPPENDICES. ..ttt iiitiiitieeereaceasssesnsssnsncsssansasannsananss 119

APPENDIX A. CONSTRUCTION OF DELETION CLONES FOR SEQUENCING....119
APPENDIX B. CHARACTERIZATION OF Ecc STRAIN L-763, A TRANSPOSON
MUTANT DEFICIENT IN PROTEASE PRODUCTION........... 122

APPENDIX C. HYDROPHOBICITY PLOT OF THE DEDUCED POLYPEPTIDE FROM

= o o PR 127
APPENDIX D. EFFECTS OF pH AND IONS ON PRT2 ACTIVITY........... 129

vi



APPENDIX E. LECTIN BINDING ASSAY FOR PRTZ2.......cictiteiennnnnn 130

APPENDIX F. INHIBITION OF Ecc PROTEASE BY POTATO EXTRACTS

CONTAINING PROTEASE INHIBITORS.......cciievennannn 133
APPENDIX G. SOUTHHERN ANALYSIS OF prtz2.......cciiiiiereinneeens 134
8 0 1 N 137

vii



IT.

ITI.

LIST OF TABLES

ERWINIA CAROTOVORA SUBSP. CAROTOVORA EXTRACELLULAR PROTEASES:

CHARACTERIZATION AND NUCLEOTIDE SEQUENCE

1.

Effects of metal ion chelators and protease inhibitors
on E. carotovora subsp. carotovora protease activity from prtil

cloned into plasmid pSK23 and produced by Escherichia coli

SErain DHOG. . v ittt it ititieteneeceeeeoceesacacasanoeassoaonnaseas 55

. Comparison of amino acid residues from E. carotovora subsp.

carotovora protease with the residues implicated in B.

thermoproteolyticus thermolysin function........civevvivennes 60

ERWINIA CAROTOVORA SUBSP. CAROTOVORA EXTRACELLULAR PROTEASES: ROLE

IN PATHOGENESIS

1.

2.

Bacterial strains used in this study.......... ... il 69
Effect of E. carotovora subsp. carotovora intracellular

proteins on Prtl and Prt2 activities.......cciiviiiivinninnnnnn 79

. Effects of metal ion chelators and protease inhibitors on E.

carotovora subsp. carotovora extracellular protease

2 Lo ol 2 T 80

. Amino acid composition of E. carotovora subsp. carotovora

extracellular proteases in comparison to E. chrysanthemi
protease B, S. marcescens protease, and B.

thermoproteolyticus thermolysin....coieieiiiiiiiieeenneecnnns 83

. Maceration of potato tuber tissue by E. carotovora subsp.

carotovora wildtype and protease-deficient mutants........... 84

viii



6. Doubling times for E. carotovora subsp. carotovora wildtype and
its protease-deficient mutants in minimal medium, rich medium,
and in planta.......ciiiiiiiiiiii it i ittt it 87

7. Comparison of E. carotovora subsp. carotovora
proteases, Prtl and Prt2.......iiiiireeinnreceencnceanonaanns 91

VI. APPENDICES
APPENDIX D.
1. Effect of cations on E. carotovora subsp. carotovora Prt2

= Lo o e ol 129

ix



II.

LIST OF FIGURES

ERWINIA CAROTOVORA SUBSP. CAROTOVORA EXTRACELLULAR PROTEASES:

CHARACTERIZATION AND NUCLEOTIDE SEQUENCE

1.

Endonuclease restriction site maps for inserts of E. carotovora
subsp. carotovora DNA in plasmids pSK1l, pSK2, pSK21, pSK22,

PSK23, and PSKIbB. ..t vieeeinierenscescssaseanassossaassnsnnsans 43

. Protease activity for E. carotovora subsp. carotovora and E.

coli DHS5a transformed with pCA7, pSKl, pSK2, or pSK~......... 45
Localization of the E. carotovora subsp. carotovora protease

gene by protease activity of deletion mutants................ 46

. Nucleotide and deduced amino acid sequence of the E. carotovora

subsp. carotovora protease gene........ciiiiiiiireaiennnnnn 48

. Determination of the transcriptional start site for the E.

carotovora subsp. carotovora protease gene by primer

Lo =Y ¢ =3 Ko ) o NP Y 50

. Expression of prtl mRNA of E. carotovora subsp. carotovora...52

. Comparison of portions of the deduced amino acid sequence of

the E. carotovora subsp. carotovora protease gene to similar

regions from other bacterial metalloproteases.....c.cevveeen. 54

. Southern analyses of E. carotovora subsp. carotovora and

prtl site replacement mutant L-957............ .. .00, 57
Assay of protease activity of E. carotovora subsp. carotovora,
prtl site replacement mutant L-957, E. coli/pSK23, and E. coli

on gelatin plates.....ciiiiiiiiiiiiii ittt iiieettanannannn 58



ITII. ERWINIA CAROTOVORA SUBSP. CAROTOVORA EXTRACELLULAR PROTEASES: ROLE

VI.

IN PATHOGENESIS

1. Protease activity of E. carotovora subsp. carotovora strain
EC14 and its mutants L-957, a prtl site replacement mutant,

and L-763, a Tn5 transposon mutant............c.ciuiennan.. 70

2. Comparison of molecular masses of E. carotovora subsp.
carotovora Prtl and Prt2 by 12% SDS-PAGE......ciicteeeeacnnnn 76

3. Comparison of the NH,-terminal amino acid sequence of
purified E. carotovora subsp. carotovora protease to other
bacterial metalloproteases......c.ieiii it iinensncaronanns 81

4. In planta growth and maceration by E. carotovora subsp.
carotovora wildtype and its protease-deficient mutants, L-763,
a Tn5 transposon mutant, and L-957, a prtl site replacement
1116 8 o= 1 o o 86

5. Northern analysis of E. carotovora subsp. carotovora prtl
expression during growth on potato tuber slices.............. 89

APPENDICES

APPENDIX B

1. Southern analyses of E. carotovora subsp. carotovora and Ecc
transposon mutant L-763 genomic DNA hybridized with biotin-
labelled prtl probe and pBR322::Tn5....ccctiiirieeacrnncannns 124

APPENDIX C

1. Hydrophobicity plot of the deduced polypeptide from prti....127

APPENDIX D

1. pH and temperature optima of E. carotovora subsp. carotovora

xi



APPENDIX E
1. Peanut lectin binding to Prt2 from E. carotovora subsp.

CAYOLOVO A . st oo onooeeacaassaneaasosasasssssaannscsncasansssasnsss

xii



I. LITERATURE REVIEW
SOFT ROT
Introduction
Soft rot is a plant disease that affects many monocotyledonous and

dicotyledonous species. In potato (Solanum tuberosum L.), soft rot

leads to the maceration of the tuber parenchyma tissue. The disease is
caused by soft rot erwinias, clostridia, bacilli, and fluorescent
pectolytic pseudomonads. Soft rot due to erwinias has received
considerable attention economically since it causes annual losses
estimated in 1980 to be greater than $100 million worldwide in the field
and storage (Pérombelon and Kelman, 1980). Among the erwinias, the most

important soft rotting species are Erwinia carotovora subsp. carotovora

(Jones) Bergey et al. (Ecc), Erwinia carotovora subsp. atroseptica van

Hall (Eca), and Erwinia chrysanthemi Burkholder et al. (Ech). These are

Gram-negative, non-spore-forming facultative anaerobes that belong to
the family Enterobacteriaceae. The geographical distribution of wvarious
erwinias reflects their optimal growth temperatures. Eca (26°C optimum)
is mainly found in cool temperate climates, while Ech (34 to 37°C
optima) is responsible for soft rot in tropical and subtropical areas.
The optimal growth temperatures of Ecc (28 to 30°C) overlaps with cool
and tropical climates, and thus, it has the widest geographical
distribution. Ecc and Eca do not seem to have any host-specificity,
while Ech has some host specificity (Dickey, 1979). Environmental
conditions are important for pathogenesis. High temperatures and
humidity and low oxygen concentrations increase disease severity.

1
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Soft rot caused by Ecc

Ecc can be found in plant debris and the rhizosphere and
phylloplane of several apparently healthy plants. Evidently, plants may
provide nutrients for growth, although bacterial growth does not always
lead to disease (reviewed by Stanghellini, 1982). Like many other
phytopathogenic bacteria, Ecc survives poorly in the soil in the absence
of living hosts. Even on hosts in which Ecc causes disease, it usually
exists as a harmless epiphyte. Disease occurs when the resident phase
of Ecc switches into a pathogenic phase probably due to changes in the
environment that also reduce the ability of the host to defend itself.
Ecc usually enters the host through wounds or natural openings such as
hydathodes, lenticels, lateral root openings, or stomata, since it is
unable to penetrate intact plant surfaces (Huang, 1986). Lenticels are
especially important penetration sites in potato tuber soft rot (Adams,
1975). The pathogen then spreads via intercellular spaces among the
parenchyma cells. Soft rot begins with water-soaking and
discolorization of the plant tissue, followed by reduced turgidity,
increased electrolyte leakage, and, eventually, extensive tissue
maceration.

Tissue maceration has been attributed to several pectolytic
enzymes, but other cell-degrading enzymes secreted by Ecc may also
contribute, including cellulases, phospholipases, and proteases (Roberts
et al., 1986; Tseng and Mount, 1973). Individual roles for each enzyme
involved in causing symptoms are not fully understood. Information

obtained from studies involving Ecc and other erwinias has been
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extrapolated in trying to draw a picture about the disease mechanism.

So rar, the pectolytic enzymes have been best characterized and clearly
play an important role in soft rot (Collmer et al., 1982; Collmer and
Keen, 1986; Kotoujansky, 1987). Pectolytic enzymes include endo-pectate
lyase (PL), exo-PL, endo-polygalacturonase (PG), exo-PG, oligo-
galacturonide lyase (OGL), pectin lyase, and pectin methylesterase.
Several of these enzymes are produced in multiple isoforms with
differing isoelectric points, the significance of which is not known.
The lyases usually require calcium ions for activity. Pectolytic
enzymes are involved in cleaving the a-1,4-bonds between the
galacturonan moieties of pectic substances, which are the major
components in the middle lamella and primary cell wall of the plant
cell. Since the middle lamella and primary cell wall form the first
barriers to bacterial penetration, the pectolytic enzymes are, at least,
required for the initial steps of soft rot pathogenesis.

The development of molecular techniques allows us to study the
individual role for each enzyme. Previously, it was only possible to
assess the effect of purified enzymes; now it is feasible to ask the
same question by using cloned genes in a different genetic background,

such as Escherichia coli (Migula) Castellani and Chalmers, or by

mutating a cloned gene followed by homologous recombination with the
wildtype gene resulting in a bacterium defective in a particular gene.
These techniques have shown that pectolytic enzymes alone are
insufficient to cause soft rot. Only limited maceration was caused by

E. coli containing cloned Ecc genes for both pectate lyase and
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polygalacturonase; no maceration was observed in the presence of either
gene alone (Roberts et al., 1986). A constructed mutant of a related
pathogen, .Ech, inactivated for all of its four pectate lyase genes was
still able to cause limited potato tuber maceration (Ried and Collmer,
1988). Therefore, the role of Ecc pectolytic enzymes may be to 'loosen
up' the cell wall to allow greater accessibility for the other enzymes
secreted by Ecc. Recently, Kelemu and Collmer (1990) found evidence
that additional pectate lyase genes, inducible only in planta, occur in
E. chrysanthemi.

The function(s) of phospholipase, cellulase, and protease are
less well understood. Neither purified protease nor phospholipase can
cause tissue maceration alone, but both lyse isolated cucumber (Cucumis
sativus L.) protoplasts (Tseng and Mount, 1973). Phospholipase A from a
bacteriocinogenic strain of Ecc has been characterized (Itoh et al.,
1981). It hydrolyses phosphatidyl glycerol to fatty acids and
lysophospholipids and requires calcium for activity. Several Ecc-
secreted enzymes require calcium ions, which are abundant in the pectic
fraction of the plant cell wall. Ecc is able to grow on cellulose as a
sole carbon source and, thus, probably contains all the enzymes needed
for cellulose utilization (Mount et al., 1979). The cel genes encoding
for cellulolytic activity have been cloned from three strains of Ech
(Boyer et al., 1984; van Gijsegem et al., 1985) and from Ecc (Allen et
al., 1986; Roberts et al., 1986). One of the cellulolytic enzymes,
endo-glucanase, has been purified from Ech. It has a molecular mass of

43 kDa, a pI of 4.3, and is active between pH 6.2 and 7.5 (Boyer et al,
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1984). The role of cellulases in maceration has not been assessed. Ecc
extracellular protease(s), the subject of my dissertation, is discussed
later in this chapter.

The preceding discussion indicates that several genes already
identified in Ecc are important for successful pathogenesis. However,
many factors may enhance virulence, which, in this dissertation, will
mean factors affecting the severity of disease symptoms. These may
include protein transport, signal transduction, and pathogen fitness,
many of which have not been characterized. Clearly, in the case of Ecc,
pathogenicity is based on several factors. Studies of PL and its
synthesis during soft rot have also shown that enzyme regulation, rather
than its mere production, is critical in pathogenesis.

Regulation of soft rot

Disease based on multiple factors requires regulation of each
factor in order to establish an interaction between two organisms and to
avoid wasteful synthesis under unfavorable conditions (Lamb et al.,
1989; Miller et al., 1989). To initiate the interaction, a pathogen
must recognize the presence of a susceptible host and/or environmental
conditions (anaerobiosis, temperature, pH, etc.) favorable for disease
development. Correct signals lead to induction of genes involved in
pathogenesis® This often means rapid activation of several unlinked
genes suggesting induction by a common regulatory protein (Kotoujansky,
1987; Miller et al., 1989). Alternatively, sequential induction of
genes involved in pathogenesis caused by sequential appearance of

degradation products may be another way to regulate virulence (Cooper,
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1983; Yang, 1990).
Global gene regulation in a plant-bacterial interaction has

received little attention with the notable exceptions of Agrobacterium

spp. and Rhizobium spp. (Downie and Johnston, 1986; Peters and Verma,
1990). In both rhizobia and agrobacteria, the factors involved in the
interaction are subject to coordinate regulation, where the regulatory

system responds to environmental signals. Agrobacterium tumefaciens

(Smith and Townsend) Conn enters the plant though a wound and transforms
susceptible plant cells to induce tumors by transferring a piece of
plasmid DNA (T-DNA) into the plant nuclear genome. In agrobacteria, the
genes required for the T-DNA transfer are called virulence genes and are
activated by phenolic compounds such as acetosyringone produced by
wounded plants (Stachel et al., 1985; 1986). Effective acetosyringone
induction requires proper physiological conditions, one of which is low
pH (Vernade et al., 1988). Sensing correct environmental conditions is
based on a two-component system; one component, the virA product, acts
as a membrane-bound sensory component and transmits the signal to the
regulatory component, the virG product, probably by protein
phosphorylation (Downie and Johnston, 1986; Miller et al, 1989; Ronson
et al., 1987). The activated regulator alters gene expression by
binding to the positive regulatory sequence (vir-box) located upstream
of the virulence genes. Similar two-component requlation of virulence
genes containing genes for toxin production, thermoregulation, host
colonization, and inactivation of host defense proteins has been

observed in the bacterial human pathogens Vibrio cholerae Pacini and
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Bordatella pertussis (Bergey et al.) Moreno-Lopez (reviewed in Miller et

al., 1989). Rhizobia, involved in nitrogen-fixing root nodules in
leguminous plants, enter though intact plant surfaces. They recognize
host-synthesized flavones, which stimulate nodulation gene (nod)
expression in the bacteria (Djordjevic et al., 1987; Peters et al.,
1986; Redmond et al., 1986). Optimal concentrations of flavones for
induction occur near emerging root hairs, which are the most favorable
sites for rhizobia attachment and penetration (Redmond et al., 1986).
The signal transduction leading to the induction of nod genes is a one
component system, where a regulatory protein, nodD product, belonging to
the LysR family, binds to positive regulatory sequences (nod box)
upstream of nod operons (Henikoff et al., 1988).

A recent approach to identify "new" genes important to
pathogenesis in plant pathogens has been to look for plant-induced

genes. These genes have been identified in Xanthomonas campestris pv.

campestris (Pammel) Dowson (Xcc) (Osbourn et al., 1987) and Ech
(Beaulieu and van Gijsegem, 1990). Plant-induced mutants of Ech were
created using Mu-transposons carrying a promotorless neomycin
phosphotransferase gene encoding kanamycin resistance (Kan®) as a
selectable marker. Phenotypically, mutants containing plant-inducible
genes were Kan™ on minimal plates but Kan™ in the presence of plant
extract. Characterization of these mutants is on-going, but most of the
induced genes seem to be involved in pathogenesis. In Ech, cellulase,
protease, and four of five pectolytic enzymes (PL,,, PL., PL,, and PL.)

were not induced by plant extract; all the mutants were able to degrade
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carboxymethyl-cellulose, skim milk, and polygalacturonate, respectively.
Two conclusions can be drawn from these results. First, additional,
unknown factors are required for disease initiation. Second, if
cellulase, pectolytic enzymes, and protease are induced during
pathogenesis, some degradation products from the early steps rather than
the initial plant extract act as the inducer.

Regulation of soft rot in Ecc has been studied by examining
expression of genes known to be involved in pathogenesis, particularly
the genes for pectolytic enzymes (reviewed by Collmer et al., 1982;
Kotoujansky, 1987). Among the pectolytic enzymes, PL is induced by
plant cell wall derivatives, such as polypectate and other
polygalacturonic acid polymers; saturated or unsaturated di-galacturonic
acids; or ketodeoxygluconates which are released from plant cell walls
by basal levels of exo-PG or exo-PL. In Ecc, exo-PL seems to be
important for the production of unsaturated digalacturonates that
activate further production of pectolytic enzymes (Yang, 1990). During
soft rot, mRNA for exo-PL appears first, followed by mRNA peaks for
endo-PL and endo-PG (Yang 1990). Similar sequential appearances of
enzymes have been observed in plant pathogenic fungi in planta (Cooper,
1983; Jones et al., 1972). This suggests that specific enzymes are
induced by different signal molecules as plant cell walls are
progressively degraded.

Regulation by cAMP may be part of the global regulation of
pathogenicity genes. cAMP has the characteristics required to signal

environmental change; it is a small molecule that is rapidly synthesized
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and degraded. In Salmonella typhimurium (Loeffler) Castellani and

Chalmers, cAMP regqulates genes involved in pathogenesis and a cAMP-
deficient mutant is nonpathogenic (Curtiss and Kelly, 1987). Since a
cAMP-deficient mutant of Ecc is reduced in the ability to synthesize PL
due to catabolite repression (Mount et al., 1979; Roberts et al., 1986),
it may be expected that its virulence would be reduced. In Ech, pel and
cel genes are also subject to catabolite repression (Boyer et al., 1984;
Chambost, 1986). However, neither the cAMP-deficient mutants of Ecc nor
Ech have been tested for pathogenicity.

For plant pathogens, the ability to grow in tissues of living
plants is critical during pathogenesis. During the transition from a
nutrient-poor plant surface to the nutrient-rich environment within
plants, bacteria modify their enzyme synthesis to accommodate changed
concentrations and types of nutrients, to modulate uptake of nutrients,
to reroute metabolic pathways for new carbon sources, to avoid possible
blockages due to specific nutrient limitation, and, finally, to
coordinate synthetic rates to maintain balanced growth. In erwinias,
degradation products of pectolytic enzymes are transported into bacteria
and used as carbon sources. However, it has been shown that'pectate
utilization is not necessary for soft rot; an OGL-deficient mutant of
Ech, unable to grow on galacturonan or its derivatives, is able to
macerate potato tubers (Chatterjee et al., 1985; Collmer et al., 1982;
Collmer and Keen, 1986). Intracellular OGL, which cleaves both
saturated and unsaturated digalacturonic acid to ketodeoxygluconates

(the most efficient inducers of PL), is the first of the three enzymes
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in the pathway required for oligogalacturide catabolism. Thus, pectate
utilization is not necessary for pathogen nutrition, indicating that
erwinias use other substrates for growth.

An effective iron acquisition mechanism based on high-affinity
iron-chelating agents, siderophores, is probably an important factor for
pathogen growth in planta, an iron-poor environment, where there is
competition between the host and pathogen for iron. Ech mutants
defective in iron assimilation are reduced in virulence (Expert et al.,

1986; Expert and Toussaint, 1985).

PLANT PROTEINS INVOLVED IN CELL WALL STRUCTURE AND DEFENSE
Introduction

A variety of proteinaceous materials, susceptible to proteolysis,
exists in plants. Among the putative substrates for Ecc protease(s) are
structural and defense-related proteins located in the plant cell wall
and several soluble proteins identified in plant defense. Degradation
of plant defense and/or structural proteins by a pathogen could affect
the ability of the host to defend itself. The following description is
intended to help in understanding the impact of the putative destruction
of cell wall and defense proteins.

Knowledge of plant cell wall structure is vital to understanding
the function of Ecc hydrolytic enzymes. Since this subject has been
reviewed in detail (Darvill et al., 1980; McNeil et al., 1984), I will
describe it here only briefly. The plant cell wall surrounds the

plasmalemma and is divided into three regions; middle lamella, primary
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cell wall, and secondary cell wall. The middle lamella, the outermost
layer, is composed mainly of pectic substances of a-1,4-linked
galacturonan forming a matrix joining adjacent plant cells together into
contiguous tissues analogous to the function of collagen in animals.
The primary cell wall is more complex and contains pectic substances,
cellulose, hemicellulose, and protein. The secondary wall is
synthesized last by the mature cells. It often contains distinct layers
of cellulose, more hemicellulose than the primary wall, and lignins that
provide structural strength and resistance to enzymatic and microbial
degradation.
Plant cell wall proteins and their putative functions

Proteins compose 10 to 20% of the primary cell wall (McNeil et
al., 1984). Most are glycoproteins associated tightly with the cell
wall via covalent bonds, while other proteins can be extracted with
salts. Common glycoproteins found in the plant cell wall are
hydroxyproline-rich glycoproteins (HRGPs), in which hydroxyproline is
the dominant amino acid. At least three classes of HRGPs have been
identified: primary cell wall HRGPs, also known as extensins;
arabinogalactan proteins localized mainly in the extracellular matrix
and sometimes associated with the plasma membrane (Fincher et al.,
1983); and certain lectins found in the Solanaceae family (agglutinins)
(Lamport and Catt, 1981). Synthesis of these compounds involves several
post-translational modifications; proline-rich polypeptides are
extensively hydroxylated to form hydroxyproline-rich polypeptides.

Before transport to their final location, most of the hydroxyproline
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residues (up to 70%) are also glycosylated to stabilize the polyproline
helical structure.

Extensins have been isolated from carrot (Daucus carota var sativa

[L.] DC) roots (Stuart and Varner, 1980), soybean (Glycine max [L.]
Merr.) seed coats (Cassab et al., 1985), and cultured tomato

(Lycopersicon esculentum Mill.) cells (Smith et al., 1984). Carrot

HRGPs contain 46% hydroxyproline and are composed of one third protein
and two thirds carbohydrate (3% galactose and 97% arabinose). Extensin
is also rich in serine, valine, tyrosine, and lysine, and is thus a
highly basic protein. After secretion to the primary cell wall,
extensin is crosslinked by isodityrosyl residues forming an extensin
network (McNeil et al., 1984). This network, originally proposed by
Lamport (reviewed in Lamport and Catt, 1981), consists of a mesh of
extensin that penetrates cellulose microfibrils in primary cell walls
and is suspended in a hydrophilic pectin-hemicellulose gel. Although
evidence for this model is lacking and difficult to obtain, a structural

role for extensin is supported by studies of the algae, Chlamydomonas

reinhardtii Dang. 1Its cell wall is made entirely from HRGPs, which form
a framework responsible for the shape and integrity of the cell (Adair
and Appel, 1989). The HRGPs of C. reinhardtii resemble higher plant
extensin in high hydroxyproline and serine content with a large
proportion of residues in a polyproline helical conformation (Homer and
Roberts, 1979). The structural role of extensin in higher plants is
supported by its insolubility, its animal collagen-like rod structure,

and its developmental and tissue specific regulation (Cassab et al.,
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1985; Hong et al., 1987; Tierney et al., 1988).

Besides the structural role of extensin, it may also be involved
in cellular defense reactions against physical damage and degradation by
pathogens. Extensin mRNAs and polypeptides accumulate after wounding
(Chen and Varner, 1985) and pathogen challenge (Mazau and Esquerre-
Tugaye, 1986; Mazau et al., 1987; Rumeau et al., 1990; Showalter et al.,
1985) and has been correlated with expression of disease resistance
(Esquerre-Tugaye et al., 1979; Hammerschmidt et al. 1984; Showalter et
al., 1985). Thus, increased extensin synthesis may act as a general
defense mechanism by forming structural barriers to prevent pathogen
spread and/or repairing damaged cell walls.

Some plant organs contain little if any extensin, instead their
cell wall proteins are rich in glycine (up to 70%) (Varner and Cassab,
1986). These glycine-rich proteins (GRPs) may replace extensin in
structural function in certain cells. They have been identified in

pumpkin (Cucurbita pepo L.) seed coat (Varner and Cassab, 1986), auxin-

deprived strawberry (Fragaria chiloensis var. ananassa [Duchesne]

Bailey) fruits (Reddy and Poovaiah, 1987), petunia (Petunia hybrida

Vilm.) leaves, stems, and flowers (Condit and Meagher, 1986), and in

young hypocotyls and ovary tissue of bean (Phaseolus vulgaris L.)

(Keller et al., 1988). GRP mRNA and polypeptides accumulate in response
to development and wounding (Condit and Meagher, 1987; Keller et al.,
1988).

Lectins are glycoproteins located in the plant cell wall that are

characterized by their ability to bind to specific carbohydrates such as
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N-acetyl-D-glucosamine oligomers and act as strong hemagglutinins (Allen
and Neuberger, 1973; Etzler, 1985; Lord, 1985). Solanaceous lectins are
sometimes called agglutinins and have been isolated from potato tubers
and fruits, and from tomato fruits (reviewed in Showalter and Varner,
1989). They are distinguished from other plant lectins by their higher
carbohydrate (50%; 90% arabinose and 10% galactose) and hydroxyproline
(50 to 60%) contents, thus resembling extensins (Leach et al., 1982a).
Although the function of lectins is still a matter for speculation they
have been implicated in plant-microbe recognition by binding to
bacterial lipopolysaccharides (Barondes, 1981; Callow, 1977). The
specific recognition of symbiotic microorganisms, such as rhizobia, by
legumes may be based on lectins (Bauer, 1981). Lectins may also
contribute to plant defense by agglutinating incompatible races of
pathogenic bacteria and fungi (Callow, 1977; Pistole, 1981; Sequeira,
1978); lectins agglutinate certain incompatible races of the bacterial

wilt pathogen, Pseudomonas solanacearum (Smith) Smith in potato and

tobacco tissues (Leach et al., 1982b; Sequeira and Graham, 1977). They

also precipitate bacterial lipopolysaccharides (Graham et al., 1977),
probably because of their high positive charge. The type of lectins
present in tubers may affect potato tuber resistance to pathogenic
fungi. This is suggested by the observation that lectin preparations
from potato cultivars differing in susceptibility to Phytophthora
infestans (Montagne) de Bary also have different properties (Andreu and
Daleo, 1984; 1988). No correlation among incompatible races of pathogen

and agglutination has been found in the involvement of potato lectins in
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resistance to soft rot erwinias (Ghanekar and Pérombelon, 1980).
Several proteins inhibitory to microbial cell wall-degrading
enzymes have been reported in plant cell walls. These include proteins

from sweet potato (Ipomoea batatas [L.] Lam.) inhibiting pectolytic

enzymes (Uritani and Stahmann, 1961) and polygalacturonase-inhibiting
proteins from bean (Cervone et al., 1987), tomato, sycamore (Platanus
areifolia [Ait.] Willd.) (Albersheim and Anderson, 1971), and pear

(Pyrus communis L.) (Abu-Goukh et al., 1983). Cell walls also contain

proteins capable of inhibiting polysaccharide-degrading enzymes secreted
by fungi (Jones et al., 1972).

Cell walls contain a variety of hydrolytic enzymes such as
peroxidases, glucanases, phosphatases, and cellulases (Lamport and Catt,
1981). Some of them are involved in the synthesis and turnover of plant
cell wall components, but those that do not have a known function in the
plant cell wall are considered "secondary" proteins. Their potential to
disrupt microbial structures and their cell wall location may allow them
to act as defenses against pathogens. Peroxidases, for example, have
been shown to be induced in wounded potato tubers and tomato fruits
(Roberts et al., 1988). The induction of anionic peroxidases is faster
and higher in resistant tomato lines compared to near-isogenic
susceptible lines when wounded and challenged with fungal elicitors
(Mohan and Kolattukudy, 1990). They probably contribute to defense by
reinforcing the cell walls and thus limiting pathogen ingress.

Plant soluble proteins involved in defense

Vacuolar proteins have been considered another plant defense
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