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We developed improved virulence assays for Erwinia chry-
santhemi 3937 on African violet varieties and devised a new 
method for the construction of precise bacterial gene 
knockouts. These methods were tested by constructing mu-
tations in genes suspected to be involved with plant interac-
tions. The virulence of the hrpG and hrcC mutant strains 
(both gene products presumed to be involved in protein se-
cretion) was greatly reduced on leaves of semitolerant Afri-
can violet varieties. An hrpN mutant strain produced de-
layed symptoms on African violet leaves and an hrpN ∆pel 
(∆pel = five major pectate lyase genes deleted) double 
mutant was nonpathogenic. The hrcC and hrpG mutants 
did not produce a rapid hypersensitive response (HR) in 
tobacco, unlike the wild-type bacterium, and the hrpN 
mutant gave a reduced HR. The results, therefore, 
establish the importance of hrp genes in the virulence of 
E. chrysanthemi and their ability to elicit HR on 
nonhosts. The data also suggest that other effector 
proteins secreted by the Hrp system are required for full 
virulence and HR elicitation. 

Additional keywords: bacterial plant pathogens, barcode, cross-
over, polymerase chain reaction, type III secretion pathway. 

Erwinia chrysanthemi is a host-promiscuous necrotrophic 
pathogen in which the production of pectic enzymes and 
siderophore-dependent iron uptake systems are considered to 
be major pathogenicity factors (Franza et al. 1999; Robert-
Baudouy et al. 2000). At least eight endo-pectate lyases (PelA, 
PelB, PelC, PelD, PelE, PelI, PelL, and PelZ), two exo-pectate 
lyases (PelX and PelW), two pectin methylesterases (PemA 
and PemB), and a pectin acetyl-esterase (PaeY) are produced 
by E. chrysanthemi. However, individual pectic enzymes have 
different roles in virulence, depending on the host plant. For 
example, pelA, pelD, pelE and the pem genes were essential 
for full expression of E. chrysanthemi virulence on African 

violet (Saintpaulia ionantha). The pem genes and all pel genes, 
except pelE, were needed for full virulence on chicory leaves 
(Beaulieu et al. 1993; Robert-Baudouy et al. 2000). 

Surprisingly, mutations in the type III hrp gene secretion 
system have not been observed to seriously reduce the viru-
lence of E. chrysanthemi (Bauer et al. 1994; López-Solanilla 
et al. 2001) or E. carotovora (Rantakari et al. 2001). hrp 
Genes are present in many phytopathogenic bacteria and en-
code proteins that constitute the type III secretion systems re-
quired for elicitation of defensive hypersensitive responses 
(HR) on nonhost plants and pathogenicity on host plants 
(Alfano and Collmer 1997; Alfano et al. 1996; Barny 1995; 
Charkowski et al. 1998; Galan and Collmer 1999; He 1998; 
Hu et al. 2001; Hueck 1998; Kim et al. 1997). Relatively lit-
tle is known about proteins that are translocated by the hrp 
gene system in bacterial plant pathogens. The hrpN and dspE 
proteins of E. amylovora and E. carotovora subsp. caroto-
vora and PopA1 of Ralstonia solanacearum elicit HR-like 
necrosis in nonhost plant leaves and are hrp secreted (Arlat 
et al. 1994; Bogdanove et al. 1998; Cui et al. 1996; Gaudriault 
et al. 1997; Kim et al. 1997). 

The apparent minimal role for hrp genes in E. chrysan-
themi may have been exacerbated by the lack of stringent 
host plants available for virulence assays. To further address 
these and other questions, the availability of suitable viru-
lence assays is crucial. We describe the development of a 
crossover polymerase chain reaction (PCR) method for intro-
ducing precise gene knockouts into E. chrysanthemi 3937 
and the identification of African violet varieties with varying 
disease tolerance. We also show that hrpN contributes to 
virulence and present the first report of large virulence penal-
ties resulting from mutation of the E. chrysanthemi hrpG or 
hrcC genes, presumed to be involved in the type III translo-
cation of effector proteins. 

RESULTS 

Construction of mutant strains. 
We took advantage of the sensitivity of E. chrysanthemi 

3937 to Mu phage in order to construct mutants in the hrpN 
and hrcC genes by using a phage Mu::lacZ derivative, 
MuDIIPR13 (Ratet et al. 1988). Plasmids pCPN2 and p2AC1, 
containing the hrpN gene and the hrcC genes, respectively, 
were introduced into JM109(MuPR13) for miniMu transposon 
mutagenesis. Different miniMu insertions were analyzed by re-
striction mapping, some were sequenced with a Mu end primer 

Corresponding author: Noel T. Keen; Telephone: +1.909.787.4134; Fax: 
+1.909.787.4294; E-mail: keen@ucrac1.ucr.edu 

Current address of Isabelle Berthuy: CNRS UMR8602, Faculté de 
Médecine Necker, 156 rue de Vaugirard, 75015 Paris, France. 

Nucleotide sequence data reported are available in the GenBank database 
under the accession numbers AF411590 and HX976548487 for Erwinia
chrysanthemi 3937 hrpG and hrpN, respectively. 



Vol. 15, No. 5, 2002 / 473 

and the pRVA5 and pRVC112 insertions were retained. The in-
sertion in pRVA5 was located at nucleotide 376 of the hrpN 
gene and the insertion in pRV85, which interrupted the hrcC 
gene, was identified at nucleotide 1,421. Both constructs were 
marker-exchanged into E. chrysanthemi 3937. The generated 
strains were called PMVA5 and PMVC112, respectively (Table 
1). In addition, transduction with phage ΦEC2 was used to trans-
fer the PMVA5 hrpN mutation into the ∆pel strain (PMV4116) 
to generate the double mutant PMVM4. 

Marker-exchange gene knockout mutants of E. chrysanthemi 
3937 were also constructed by the crossover PCR strategy out-
lined in Figure 1 and described below. It is not necessary to have 
the cloned target gene as long as its sequence and that of ap-
proximately 500 base pairs (bp) to 1 kilobases (kb) of flanking 
DNA on both sides are known. As such, the methodology will be 
particularly useful as an adjunct for constructing null mutants 
in the impending E. chrysanthemi genome-sequencing project. 
To test the gene knockout methodology, we initially constructed 
mutants in genes known to be involved in E. chrysanthemi–
host interactions. A large deletion mutation, involving excision 
of approximately 5 kb from the pelA-pelE-pelD-paeY-pemA 
region of strain 3937 (Shevchik and Hugouvieux-Cotte-Pattat 
1997), was constructed, indicating that the technology may be 
useful for the construction of large deletions. Single open read-
ing frame (ORF) deletions were also constructed in the strain 

3937 hrpG and hrpN genes. Introduction of the cloned wild-
type genes into the mutant strains restored the wild-type phe-
notypes, as discussed later, indicating that these mutations are 
nonpolar. 

Attempts to directly electroporate the final linear mutagenic 
PCR products from Figure 1 into strain 3937 cells and select 
desired mutants were unsuccessful. It was, therefore, necessary 
to clone the mutagenic PCR products and introduce resulting 
plasmid constructs into the bacterium. We used the sacB-con-
taining plasmid, pKO3 (Link et al. 1997) (Table 1), for con-
struction of the mutations noted above. This plasmid permits 
growth of transformants on 5% sucrose medium in order to se-
lect double recombinants and counterselect against uncured 
bacterial cells. However, the use of pKO3 necessitated an extra 
cloning step and did not always afford clean curing from strain 
3937, thus failing in some instances to provide desired gene 
knockouts (C.-H. Yang, M. Gavilanes-Ruiz, and N. T. Keen, 
unpublished data). 

Mutants from the crossover PCR strategy were identified by 
isolation of colonies that were kanamycin resistant and 
chloramphenicol sensitive. The mutants were verified by deter-
mination of fragment sizes across the mutated regions by using 
PCR with isolated chromosomal DNA. The predicted wild-
type/mutant junctions were also confirmed by sequencing the 
integration site of each mutant. 

Table 1. Strains, plasmids, and DNA primers used in this study 

Strains, plasmids, and primers Characters or sequences (5′ to 3′)a Reference or source 

Erwinia chrysanthemi strains   
3937 Wild type Hugouvieux-Cotte-Pattat and 

Robert-Baudouy 1985 
L37 Lac– mutant strain Hugouvieux-Cotte-Pattat and 

Robert-Baudouy 1985 
3937 hrcC mutant Insertion mutation This work 
3937 hrpG mutant Crossover polymerase chain reaction (PCR) deletion mutant This work 
3937 hrpN mutant PMVA5 Deletion mutant This work 
3937 hrpN mutant hrpN::km Crossover PCR deletion mutant This work 
3937 pelA-pemA mutant Crossover PCR deletion mutant This work 
3937 ∆pel strain PMV4116 Mutated for the pelA, pelB, pelC, pelD, and pelE genes Beaulieu et al. 1993 
3937 ∆pel hrpN strain PMVM4 Mutated for the pelA, pelB, pelC, pelD, pelE, and hrpN genes This work 

   
Plasmids   

pBBR1MCS-2 Broad-host-range cloning vector, Kmr Kovach et al. 1995 
pKO3 Gene-replacement vector, Cmr Link et al. 1997 
pGEM-T Easy PCR cloning vector, Apr Promega, Madison, WI, U.S.A. 
pRK415 Broad-host-range cloning vector, Tcr Keen et al. 1988 
pPel pGEM-T Easy containing the pectate gene cluster, pelA, pelE, pelD, paeY, and pemA, 

of E. chrysanthemi 3937 
This study 

pRK415:hrpG 1.6-kb DNA fragment in pRK415 containing hrpG with its own promoter This study 
   
Primers   

HrpG A GTCGACGGATAACCCGCAAAAACCGG  
HrpG B TAATAATGAACGAGCACACCCCGAGAGACCTCGTGGACATCAGTTGAAGTCATT

GATGATGGCCTTC 
 

HrpG C GGTGTGCTCGTTCATTATTAGCACCTACGCTCTCCCGATGAGGCGCGCCCAGCAT
GCGTAACGCGCTGTATGCAC 

 

HrpG D CCAGGGATCACCAGGCGTTGATCGCG  
HrpN A TCGCTCGTCGTTATCAGCAG  
HrpN B GTAAACCGGGAAAGCCGCAACCGAGAGACCTCGTGGACATCTCAGTTTATCCAC

GCTGG 
 

HrpN C TTGCGGCTTTCCCGGTTTACGGCGCGCCTCGGC GATAAAATAGCCAAC  
HrpN D ATGGAGAAAGATGATGACGAAC  
P1 ATGCAAATTACGATCAAAGCGC  
P2 GGTAAGCTGGCCGCCAACGCCTG  
PelA B TGGTTGCGGGTCGCGTGTTCGTGCTGATCGAACAGGCTGTTGGAGA  
PemA C GAACACGCGACCCGCAACCAGGCGCGCCTCCGACTGCCGTATCAGCGGCACGG  
Pelfor1 ATCCAGATCACAGGCACGGTCG  
Pelrev1 TTTGCTCTGCGTGTACTCTGCC  
Kmfor GGCGCGCCTTTGTTCCCTTTAGTGAGGGTTAATT  
KmU2for GGCGCGCCGCACCTACGCTCTCCCGATGATTTGTTCCCTTTAGTGAGGGTTAATT  
Kmrev GGCGCGCCCCTGGGATGAATGTCAGCTACTGGGC  

a Ap = ampicillin, Cm = chloramphenicol, Km = kanamycin, Lac = lactose-fermenting derivatives, and Tc = tetracycline. 
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Virulence assays. 
Decreased maceration of potato tuber slices relative to the wild 

type was observed with the pelA-pemA deletion mutant of E. 
chrysanthemi 3937. Pronounced and indistinguishable macera-
tion of potato tuber tissue was observed with the wild-type bacte-
rium and the hrpG and hrpN mutants. When wild-type E. chry-
santhemi 3937 and the pelA-pemA, hrpG, and hrpN mutants 
were grown on YC plates (Casamino Acids, yeast extract) and 
flooded with 1 M CaCl2 (Keen et al. 1984), a significant reduc-
tion in the size of halos was only observed with the pelA-pemA 
mutant (data not shown). The pelA-pemA deletion mutant of E. 
chrysanthemi 3937 produced slower initial maceration of African 
violet leaves, but no significant difference in ultimate maceration 
was observed compared with the wild-type bacterium with dis-
ease-susceptible or -tolerant varieties (data not shown). 

Compared with potato tubers, African violet is a more stringent 
host for E. chrysanthemi 3937 and is the host from which the bac-
terium was initially isolated (LeMattre and Narcy 1972). From the 
nine different varieties of African violet tested against the wild-type 
bacterium, Irene, Maki, Katja, Marylin, and Jennie (disease index 
[DI] > 3.0) were classified as disease susceptible, while Rosalie, 
Manitoba, Van Gogh, and Patsy (DI < 3.0) were disease tolerant 
(Table 2). These results indicated that these varieties would be use-
ful in order to investigate bacterial mutants for virulence defects. 

The type III secretion pathway of E. chrysanthemi 3937 
is important for virulence on a disease-tolerant host. 

It is considered difficult to reliably study the population dy-
namics of E. chrysanthemi in susceptible plant tissues because 

of the dominant effect of pectic enzymes. In our experiments, 
none to slightly visible leaf maceration was observed in variety 
Katja 7 days after 106 CFU of wild-type E. chrysanthemi 3937 
per ml was infiltrated, but significant bacterial multiplication 
occurred. This system accordingly offered the possibility of re-
liably monitoring bacterial cell multiplication as a criterion of 
virulence. As expected, similar bacterial populations were 
found in excised leaf disks (approximately 104 CFU/cm2) at 
day 0 with both the wild-type and hrpG mutant strains of E. 
chrysanthemi 3937 (Fig. 2A). Seven days after inoculation, the 
population of wild-type bacteria had increased more than 100-
fold, but populations of the hrpG mutant declined to almost un-
detectable levels. 

Using the disease-tolerant varieties, no symptoms or very 
slight maceration only at the inoculation site were observed 
with the hrpG mutant (DIs ranging from 0 to 0.6 at 7 days after 
inoculation). However, DIs ranging from 1.9 to 3.0 were found 
in these varieties inoculated with the wild-type bacterium. In 
disease-susceptible varieties, the hrpG mutant was able to pro-
duce moderate to severe macerations symptoms on Irene, Maki, 
and Jennie but had reduced infection ability on Katja and 
Marylin. The hrpG mutant caused wild-type disease symptoms 
in variety Katja when the cloned hrpG gene, with its own pro-
moter (pRK415:hrpG), was introduced into the mutant strain 
(Fig. 3B). This suggests that the crossover PCR mutagenesis 
strategy does not produce polar effects on the expression of 
downstream genes organized as operons. The hrcC mutant of 
E. chrysanthemi 3937 also led to greatly reduced virulence on 
variety Katja (Table 3), similar to the hrpG strain. This is per-

Fig. 1. Preparation of mutagenic constructs for use in the crossover polymerase chain reaction (PCR) gene knockout strategy with Erwinia chrysanthemi 
3937. Double lines at the top denote the target gene in chromosomal DNA, with the ATG translational start and TAA terminators shown. Four specific 
primers are constructed, with primers A/B and C/D targeted to homologous regions approximately 500 bp to 1 kb apart on the genomic sequences. 
Second-round PCR involves the annealing of the 20-bp barcode sequences of PCR products A/B and C/D and employing primers A and D to produce the 
final mutagenic construct, A/D. 
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haps to be expected, since both gene products are believed to 
facilitate the secretion of effector proteins (Yuan et al. 2000). 
Our results therefore demonstrate that the type III secretion 
pathway of E. chrysanthemi is required for full pathogenicity 
in disease-tolerant varieties. 

Virulence of the hrpN mutant strains. 
Slightly reduced virulence (as determined by visual observa-

tion of symptoms) was observed with the hrpN mutant strains 
when using disease-susceptible and -tolerant African violet va-
rieties (Fig. 3; Tables 2 and 4). Population levels of the hrpN 
mutants were only slightly reduced after 7 days in African vio-
let leaves, relative to the wild type (Fig. 2B). These results 
mirrored the visible symptoms observed when higher bacterial 
inoculation densities were employed (Figs. 2 and 3) and indi-
cate that bacterial population levels can be followed as a quan-
titative measure of bacterial virulence. Moreover, a delay in 
symptom appearance with the hrpN insertion mutant (PMVA5) 
(Table 4) was observed. The ∆pel strain (PMV4116), although 
considerably reduced in virulence, produced some maceration 
of inoculated leaves (Table 4). In contrast, the ∆pel hrpN double 
mutant (PMVM4) produced only occasional leaf maceration, 
which did not develop further (Table 4). The results accord-
ingly suggest that the role of hrpN in virulence is masked in 
the presence of the major pel genes of E. chrysanthemi. 

The hrcC, hrpG, and hrpN mutants are reduced 
in their ability to elicit HR in tobacco leaves. 

Confirming Shevchik and colleagues (1998), strong and in-
distinguishable HR were observed within 16 h in Nicotiana ta-
bacum L. cv. Xanthi by E. chrysanthemi 3937 wild-type cells 
and the pelA-pemA mutant (Fig. 4). No HR was observed on 
tobacco leaves when the strain 3937 hrcC and hrpG mutants 
were infiltrated for the same time, but a slight HR was ob-
served with the hrpN mutant. The hrcC, hrpG, and hrpN mu-
tants all produced partial HR necrosis in tobacco leaves after 
24 h (data not shown). 

DISCUSSION 

E. chrysanthemi is often described as a brute-force pathogen, 
since it produces an array of pectic and other enzymes that 
cause rapid maceration of plant tissues. Although type III se-
cretion genes have been identified in E. chrysanthemi, avail-
able hosts did not previously reveal significant virulence differ-
ences of the hrp mutant strains from the wild type (Bauer et al. 
1994; Kim et al. 1998; López-Solanilla et al. 2001). A major 

finding in this work was that considerable variation exists in 
the disease susceptibility of various African violet varieties. On 
all disease-tolerant African violet varieties tested (Rosalie, 
Manitoba, Van Gogh, and Patsy), the hrp translocation gene 
mutants (hrcC and hrpG) were severely reduced in virulence 
relative to the wild type. When assayed on the susceptible va-
rieties Katja and Marylin, the type III secretion system was 
also required for high bacterial virulence. In leaves of the sus-
ceptible varieties Irene, Jennie, and Maki, however, the hrpG 
mutant of strain 3937 produced significant disease, similar to 
the hrp gene mutants assayed on other plants (Bauer et al. 
1995). These variety differences are interesting, disclosing dif-
ferential variety interactions with the hrpG mutant and sug-
gesting that the latter varieties are relatively nonstringent hosts. 
This conclusion is supported by the observation that macera-
tion of potato tuber pieces by the hrpG mutant and wild-type 
strain 3937 were indistinguishable. The results are also consis-
tent with the prevailing view that detection of virulence defect 
phenotypes is more difficult on nonstringent hosts and that 
pectic enzymes from E. chrysanthemi may be sufficient to con-
fer nearly full virulence in such cases. Comparison of the ma-
jor reduction in virulence for the hrcC and hrpG mutants with 
the minor reduction for the hrpN mutants also suggests that 
other unidentified hrp-translocated virulence factors are pres-
ent in E. chrysanthemi 3937. It is significant, however, that in 
the ∆pel strain, a second hrpN mutation led to a great reduction 

Fig. 2. A, Growth of wild-type Erwinia chrysanthemi 3937 and a hrpG
mutant strain in African violet variety Katja leaves. B, Growth of wild-
type E. chrysanthemi 3937 and the hrpN (hrpN::km) mutant in African 
violet variety Katja leaves. Leaves were infiltrated with bacterial suspen-
sions (106 CFU/ml) with a 1-ml plastic syringe. Eight leaves from eight 
replicate plants were used at each sampling time for each bacterial strain, 
with error bars shown. 

Table 2. Virulence of Erwinia chrysanthemi 3937 wild-type and hrpN
(hrpN::km) and hrpG mutant strains in leaves of nine varieties of African 
violet at 7 days after inoculation 

 Wild-type hrpN mutant hrpG mutant 

Varietya DIb DI DI ratioc DI DI ratioc 

Irene 4.5 3.8 0.84 2.9 0.64 
Jennie 3.3 2.2 0.61 2.2 0.67 
Maki 3.9 3.9 1.0 1.7 0.44 
Katja 4.6 3.5 0.76 0.7 0.15 
Marylin 3.6 1.5 0.42 0.6 0.17 
Rosalie 3.0 1.9 0.63 0.3 0.1 
Manitoba 2.3 1.4 0.61 0.6 0.26 
Van Gogh 2.6 1.5 0.58 0.1 0.04 
Patsy 1.9 0.7 0.37 0.0 0.0 
a Five plants with a total of 10 leaves were used for each bacterial isolate. 
b The disease index (DI) was scored as follows: 0 = no maceration symp-

toms, 1 = less than 20% maceration of the total leaf, 2 = 20 to 39%, 3 = 
40 to 59%, 4 = 60 to 79%, and 5 = 80 to 100%. 

c DI ratio = DI of mutant/DI of wild-type bacterium. 
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in virulence. This confirms the effect of pectic enzymes in par-
tially complementing the effects of the hrp gene system, as re-
ported by previous workers (Bauer et al. 1994). 

Using low cell densities, we were able to monitor bacterial 
populations in African violet leaves as a quantitative measure 
of virulence. This assay clearly showed a hrpG defect for 
growth in the plant (Fig. 2A). The fact that the hrpN mutant 
multiplied to almost the same level as the wild-type bacteria 
(Fig. 2B) confirms results of symptom evaluations in suggest-
ing that this gene has a minor role in virulence. The ability to 
monitor cell populations in African violet leaves should en-
hance the ability to detect other minor virulence-associated 
genes in strain 3937. Compared with disease-susceptible Afri-

can violet varieties, reduced maceration symptoms were ob-
served when the wild-type bacteria were inoculated into leaves 
of disease-tolerant varieties. The bases for these differences are 
unknown. Compared with the wild-type bacteria, the hrpG mu-
tant also multiplied less in leaf tissue of the tolerant varieties 
and caused little maceration. Since production of pectic lyases 
by E. chrysanthemi is dependent on quorum sensing (Nasser et 
al. 1998; Reverchon et al. 1998), it is reasonable to speculate 
that a synergistic effect may be present between type III viru-
lence effectors and pectic enzymes. 

Similar to observations by Shevchik and colleagues (1998), 
the pelA-pemA mutant strain of E. chrysanthemi 3937 pro-
duced HR necrosis indistinguishable from that of the wild type 

 

Fig. 3. Representative disease lesions caused by wild-type Erwinia chrysanthemi 3937 and its hrpG or hrpN mutants on leaves of African violet variety 
Katja. A, 1 = hrpG mutant, 2 = hrpN (hrpN::km) mutant, and 3 = wild-type E. chrysanthemi 3937. Leaves, two shown for each treatment, were photo-
graphed at 7 days after inoculation. B, 1 = wild-type E. chrysanthemi 3937, 2 = hrpG mutant, and 3 = hrpG mutant complemented with pRK415:hrpG. 
Leaves photographed at 5 days after inoculation. 
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on tobacco leaves. However, the hrcC and hrpG mutants did 
not produce visible HR on tobacco leaves within 16 h after in-
oculation (Fig. 4), confirming the loss of the type III secretion 
function in this strain. Interestingly, the hrpN mutant produced 
only a slight HR on tobacco by 16 h, therefore indicating that 
other effector proteins secreted via the hrp gene system con-
tribute to the tobacco HR. A HR necrosis phenotype was ob-
served in tobacco leaves after 24 h with our hrcC, hrpG, and 
hrpN mutants. This late-stage necrotic response may be caused 
by pectic enzymes or other HR elicitors that are secreted from 
the bacteria. 

We have utilized a microarray gene expression project with 
E. chrysanthemi 3937 to identify genes that are specifically up-
regulated when the bacteria are pathogenically engaged in plant 
leaves. A genome-sequencing project will also begin soon. As 
a consequence of the large number of new genes that will be 
discovered in these projects, we utilized the crossover PCR 
strategy to make precise gene knockouts, permitting definitive 
tests of their roles in virulence. Since entire ORFs or blocks of 
ORFs can be deleted using the crossover PCR strategy, prob-
lems with residual gene function that may be attendant in in-
sertional mutagenesis strategies are avoided. The crossover 
PCR strategy also entails the incorporation of universal primer 
sequences that are useful in order to check mutant constructs 
by PCR and utilizes unique random 20-mer barcode sequences 
for each mutant strain constructed (Fig. 1). The barcode strat-
egy was devised by yeast researchers (Winzeler et al. 1999) 
and permits the use of competition assays in which mixtures of 
mutants and wild-type cells can be studied in the plant or other 
environments and each mutant in the mixture is quantitated by 
PCR using the appropriate barcode as a primer. The major 
negative features of the new strategy are costs for primers, 
PCR reactions, and time investment. For this reason, we used 
an in vitro Tn5 system for initial rapid mutant construction and 
employed the precise crossover PCR method to construct null 
mutations in selected genes of interest. 

MATERIALS AND METHODS 

Bacterial strains, plasmids, and media. 
The bacterial strains and plasmids used in this study are 

listed in Table 1. E. chrysanthemi 3937 and mutant strains 
were stored at –80°C in 15% glycerol and grown on Luria-
Bertani (LB) agar. Antibiotics used were kanamycin, 20 µg/ml; 
tetracycline, 12.5 µg/ml; and chloramphenicol, 20 µg/ml. LB 
liquid and agar medium was used for bacterial culture. 

Electroporation of plasmids into E. chrysanthemi 3937. 
We previously used electrocompetent cells of strain EC16 

prepared by successive washes with 10% glycerol at ice tem-
perature. However, strain 3937 cells prepared with glycerol 
were found to lose transformation competence rapidly during 
storage at –80°C. We accordingly experimented to find more 
optimal conditions for preparing electrocompetent strain 3937 
cells. The following procedure was devised and permitted the 

storage of electrocompetent cells for several months with re-
tention of reasonable transformation efficiency (105 to 106 trans-
formants per µg of DNA). 

A single colony of strain 3937 was grown in LB overnight 
(30 ml at 37°C with shaking), and the entire culture was added 
to 500 ml of prewarmed LB medium in a 1-liter Erlenmeyer 
flask. The culture was grown at 37°C with rapid shaking. When 
the cell density reached 0.5 to 0.6 absorbance at 600 nm, the 
flask was cooled on ice and the cells were pelleted in 250-ml 
centrifuge bottles at 5,000 × g for 5 min. The cells were then 
suspended in approximately 150 ml of ice cold wash buffer 
(10% glycerol; 10% sucrose; 5 mM N-2-hydroxyethyl-
piperazine-N′-2-ethanesulfonic acid, pH 7.0) and the cells were 
pelleted at 7,500 × g for 5 min. The supernatant was decanted 
and the cells were washed two additional times with approxi-
mately 150 ml of ice cold wash buffer. The final pellet was 
suspended in approximately one cell volume of ice cold wash 
buffer and kept on ice. The competent cells were used directly 
for electroporation or frozen on dry ice and stored at –80°C for 
future use. 

For electroporation, 1 to 10 µl of DNA (50 to 100 ng/µl) in 
Tris-EDTA or water was mixed with 80 µl of frozen/thawed or 
fresh electrocompetent strain 3937 cells in 0.2-cm electropora-
tion cuvettes on ice. The cells were electroporated with a Bio-
Rad electroporator (Bio-Rad, Hercules, CA, U.S.A.) at 12,500 
volts/cm, 200 ohms, and 25 µfarads. LB (0.6 ml) at room 
temperature was added to the cells, which were placed into 
microfuge tubes and shaken at 37°C for 1 to 2 h. Transforma-
tion mixtures were plated on LB with the appropriate antibiotic 
and grown at 37°C. 

Cloning of hrpG and hrpN and DNA manipulations. 
DNA sequences from E. chrysanthemi strain EC16 (Gen-

Bank accession no. L39897) were used to design primers for 
PCR amplification of the hrpG and hrpN genes from E. chry-
santhemi 3937. Kanamycin cassettes containing an AscI site 
were produced by PCR with vector pBBR1MCS-2 as a tem-
late (Kovach et al. 1995). For routine cloning, PCR frag-
ments were cloned into the 3′ T overhangs of pGEM-T Easy 
(Proega, Madison, WI, U.S.A.). Transformed JM-109 or 
DH5α cells were plated on LB medium containing ampicillin 
and 5-bromo-4-chloro-3-indolyl-β-D-galactopyranoside (80 
µg/ml), and white colonies were selected for the confirmation 
of plasmid constructs. 

The strain 3937 hrpG gene containing its own promoter 
(cloned with primers HrpG A and HrpG D; Table 1) was sub-
cloned into pRK415, permitting a complementation assay of 
the hrpG deletion mutant of E. chrysanthemi 3937. The Fail-
Safe PCR Reaction System (Epicentre, Madison, WI, 
U.S.A.) containing DNA polymerase with proof-reading 
function was used for the PCR reaction. PCR amplification 
of E. chrysanthemi 3937 hrpN was performed with primers 
P1 and P2 (Table 1). The amplified fragment was confirmed 

Table 3. Disease index of Erwinia chrysanthemi 3937 wild-type and hrcC
and hrpG mutant strains on variety Katja at 3 and 7 days after inoculation

Bacterial strainsa DI at 3 daysb 
DI at 7 daysb 

Wild type 1.5 3.9 
hrcC mutant 0.1 1.2 
hrpG mutant 0.1 0.9 
a Ten plants with a total of 10 leaves were used for each bacterial isolate. 
b The disease index (DI) was scored as follows: 0 = no maceration symp-

toms, 1 = less than 20% maceration of the total leaf, 2 = 20 to 39%, 3 = 
40 to 59%, 4 = 60 to 79%, and 5 = 80 to 100%. 

Table 4. Disease index of Erwinia chrysanthemi 3937 wild-type, hrpN, 
∆pel, and ∆pel hrpN strains on African violet variety Katja leaves at 1, 3, 
and 7 days after inoculation 

Bacterial strainsa DI at 1 dayb DI at 3 daysb 
DI at 7 daysb 

Wild-type 1.5 3.6 4.6 
hrpN mutant 0.4 3.1 4.6 
∆pel mutant 0.3 1.16 1.9 
∆pel hrpN mutant 0.2 0.2 0.2 
a Twelve plants were used for each bacterial isolate. 
b The disease index (DI) was scored as follows: 0 = no maceration symp-

toms, 1 = less than 20% maceration of the total leaf, 2 = 20 to 39%, 3 = 
40 to 59%, 4 = 60 to 79%, and 5 = 80 to 100%. 
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by sequencing. All other recombinant DNA techniques were 
carried out as described by Sambrook and colleagues (1989). 

Crossover PCR method for precise ORF deletions 
and construction of insertion mutant strains. 

The construction of gene knockouts of the hrpG and hrpN 
genes and the pelA-pemA cluster in E. chrysanthemi 3937 util-
ized a crossover PCR strategy (Fig. 1). In the first step, two 
different asymmetric PCR reactions were performed to gener-
ate fragments to the left (with primers A and B) and right (with 
primers C and D) sides of the sequences targeted for deletion. 
Primer B was designed with a 20-base barcode at the 5′ end 
and a universal sequencing tag1 (U1), followed by 20 bases of 
homology to the region upstream of the targeted ORF. Primer 
C contained a 20-base barcode, an AscI restriction site, univer-
sal sequencing tag2 (U2), and 20 bases of DNA homologous to 
the strain 3937 downstream region of the targeted ORF (Fig. 
1). The barcodes and universal tags were designed to facilitate 
the identification of specific E. chrysanthemi 3937 mutants in 
host plants inoculated with various mutants and wild-type bac-
teria by microarray analysis or real time PCR. Primers B and C 
were designed close to the ATG translation initiators and stop 
codons of target ORFs, but at least 15 bases inside the ORFs to 
account for possible gene overlaps. 

In the second step of the crossover PCR gene knockout strat-
egy, the left PCR fragment (Fig. 1, produced by primers A and 
B) and right PCR fragment (produced by primers C and D) 
were annealed at their complementary, overlapping barcode re-
gions and further amplified by a second round of PCR with 
primers A and D. The final mutagenic PCR fragments were 

cloned into the 3′ T overhangs of pGEM-T Easy, a kanamycin 
gene was cloned into the AscI site, and the resulting mutagenic 
construct was recloned into the NotI site of pKO3. Following 
electroporation of the plasmid constructs into wild-type strain 
3937 cells, kanamycin-resistant bacteria were grown on 5 ml 
of low phosphate medium for 36 h at 28°C and then plated on 
LB medium containing kanamycin and 5% sucrose (Ried and 
Collmer 1987). Sucrose-resistant colonies were tested for 
chloramphenicol sensitivity in order to select for pKO3-cured 
bacteria. Chromosomal DNA was isolated from putative mu-
tant strains, and PCR was used to confirm the mutations using 
primers A and D in combination with the universal sequencing 
tags (Fig. 1). For construction of the hrpG knockout strain, the 
U2 tag sequence was integrated into the primer hrpG C primer. 
For the hrpN deletion strain (hrpN::km; Table 1), the U2 tag 
sequence was integrated into primer KmU2for. 

The pectic enzyme gene cluster (pelA, pelE, pelD, paeY, and 
pemA) was deleted in strain 3937 by using the crossover PCR 
strategy. The pelA-pemA cluster from E. chrysanthemi 3937 
was PCR-amplified with primers Pelfor1 and Pelrev1 (Table 1) 
and cloned into pGEM-T Easy to produce pPel. With plasmid 
pPel as a template, primers M13 forward/PelA B and M13 re-
verse/PemA C were paired to generate PCR fragments for 
crossover deletion of the entire pelA-pemA region. 

For construction of insertion mutants, mutagenesis with 
MUPR13 was performed as described previously (Boccara et 
al. 1988). Transduction with phage ØEC2 was done as de-
scribed by Résibois and colleagues (1984). 

Virulence tests on African violet leaves. 
Plants of African violet (Saintpaulia ionantha) were ob-

tained through the generosity of Holtkamp Greenhouses, Inc., 
Nashville, TN, U.S.A. Fully expanded leaves from greenhouse-
grown plants were used for inoculations. Two positions flank-
ing the midrib and toward the upper end of the leaf were 
syringe-infiltrated with approximately 0.1 ml of a bacterial sus-
pension in distilled water. The infiltrated cell concentrations 
were determined by absorbance measurements at 600 nm and 
confirmed by the plating of appropriate dilutions. The viru-
lence of bacterial strains was determined by visual estimation 
of leaf damage and quantitation of bacterial growth in the 
leaves. Concentrations of 108 CFU/ml were infiltrated to deter-
mine the visual DI, and 106 CFU/ml was used when bacterial 
populations in leaves were monitored. 

Following inoculation of leaves, plants were kept in growth 
chambers at 28°C, 95% relative humidity, and a photoperiod of 
16 h. The progress of infection was followed every day for 1 
week, and the DI was determined by estimation of the size of 
lesions according to the following scale: 0 = no damage, 1 = 1 to 
19% maceration of the leaf, 2 = 20 to 39%, 3 = 40 to 59%, 4 = 
60 to 79%, and 5 = 80 to 100%. The DI was calculated from 
these values according to the equation DI = Σ (leaves × n)/total 
number of leaves. Ten leaves on five plants were assayed for 
every mutant and compared with the wild-type control. The 
same was done for each plant variety tested. 

Enzyme and maceration assays. 
The pectate lyase activities of bacteria were determined on 

YC agar plates containing 0.7% sodium polygalacturonate 
(Keen et al. 1984). Potato tuber disks (cv. Russett Burbank) 12 
mm in diameter and 5 mm thick, with a 4-mm-wide and 3-mm-
deep well in the middle, were used for maceration assays 
(Keen et al. 1984). E. chrysanthemi 3937 cells were adjusted to 
0.1 absorbance at 600 nm (approximately 108 CFU/ml, as con-
firmed by dilution plating). A 10-microliter volume of each 
bacterial cell suspension was added to each well of the potato 
disks. The inoculated potato disks were then placed in petri 

Fig. 4. Tobacco leaf panels infiltrated with wild-type Erwinia chrysan-
themi 3937, pelA-pemA mutant, hrpG mutant, or hrpN (hrpN::km) mutant. 
Bacteria were suspended in water at a concentration of 5 × 108 CFU/ml
and infiltrated into leaves with a 1-ml syringe. The leaf was photo-
graphed at 16 h after inoculation. 



Vol. 15, No. 5, 2002 / 479 

dishes at 28°C, with 10 disks for each bacterial isolate. Mac-
eration was assessed by probing the tissues at various time in-
tervals with a small spatula to assess tissue integrity. 

Bacterial populations in inoculated leaves. 
To monitor population dynamics, bacterial suspensions of 

106 CFU/ml were infiltrated into African violet leaves. Leaf 
disks (4 mm in diameter) 1 mm away from the infiltration 
point were harvested at different intervals following infiltration 
and ground in sterile water, and the bacterial populations were 
determined by dilution plating. Eight leaves per bacterial iso-
late and four disks per leaf, with a total of eight replicate 
plants, were used for each sampling time. 

HR assay. 
Tobacco leaves (Nicotiana tabacum L. cv. Xanthi) were used 

for the HR assays. E. chrysanthemi 3937 and mutant strains 
were grown in LB broth at 28°C until mid-log phase and bacte-
rial cells were washed with water and adjusted to a concentra-
tion of 5 × 108 CFU/ml in water. Fully expanded young to-
bacco leaves were infiltrated with bacteria and kept in a growth 
chamber at 70% humidity and 28°C. Visible necrosis was de-
termined at 16 h after inoculation. 
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