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Erwinia chrysanthemi 3937 (Ech3937) is a phytopathogenic
bacterium with a wide host range. The pectinolytic enzymes
secreted by the bacterium and the type III secretion system
(T3SS) are essential for full virulence. We used the green
fluorescent protein gene as a reporter to investigate the ex-
pression of dspE (a putative T3SS effector) and pelD (a ma-
jor pectin-degrading enzyme) in populations of Ech3937
under different conditions. Gene expression was analyzed
by measuring the fluorescence intensity of individual cells
with a fluorescence-activated cell sorter. Ech3937 dspE was
induced in minimal medium (MM) with only a portion of
Ech3937 cells (43.03%) expressing dspE after 12 h of cul-
ture. The nutrient-rich King’s medium B did not fully elimi-
nate the expression of dspE; a small percentage of Ech3937
cells (5.55%) was able to express dspE after 12 h of culture
in this medium. In all, 68.95% of Ech3937 cells expressed
pelD after 12 h of culture in MM supplemented with poly-
galacturonic acid (PGA). However, 96.34% of Ech131 cells
(an hrpL deletion mutant of Ech3937) expressed pelD after
12 h of culture in MM supplemented with PGA. In potato
tubers, 6.32% of the bacterial cells expressed dspE 2 h after
inoculation, whereas only 0.25% of the cells expressed
pelD. However, after 24 h, the percentage of cells expressing
pelD (68.48%) was approximately 3.5 times that of cells
expressing dspE (19.39%). In contrast to potato tubers,
similar proportion of Ech3937 cells expressing dspE
(39.34%) and pelD (40.30%) were observed in Chinese
cabbage 24 h after inoculation. From promoter activity
and real-time quantitative results, the expression of pelD in
Ech3937 was demonstrated to be downregulated by HrpL
in MM supplemented with PGA.

Additional keyword: pectinase.

Erwinia chrysanthemi is a phytopathogenic bacterium that
attacks a wide range of plant species. It secretes a set of pectin-
degrading enzymes, such as pectin esterases, polygalacturo-
nases, pectate lyases, and pectin lyases, through a type II sys-
tem leading to a loss of structural integrity of plant cell walls
(Boccara and Chatain 1989; Kazemi-Pour et al. 2004; Py et al.
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1999; Roy et al. 1999; Shevchik and Hugouvieux-Cotte-Pattat
1997, 2003; Shevchik et al. 1999). In addition to the pecti-
nolytic capacity and soft-rot development of E. chrysanthemi
in plant hosts, recent reports showed that the type III secretion
system (T3SS) also is essential for full virulence of the bacte-
rium (Yang et al. 2002; Yang et al. 2004). Studies in E. chry-
santhemi strain EC16 demonstrated a role for the T3SS during
early stages of pathogenesis (Bauer et al. 1994, 1995; Lopez-
Solanilla et al. 2001). Mutations in the hrpG, hrcJ, and hrcC
genes of E. chrysanthemi 3937 (Ech3937), which encode se-
cretion machinery and translocon components, are reduced in
virulence (Yang et al. 2002; Yang et al. 2004). In addition, mu-
tation of the hrpN gene, which encodes a secreted protein, has
only limited effects on virulence, suggesting that other as yet
unidentified Hrp-translocated virulence factors are encoded by
Ech3937 (Yang et al. 2002).

The T3SSs, also referred to as the hypersensitive response
and pathogenicity (Hrp) systems, deliver bacterial effector pro-
teins into host tissues and are essential virulence determinants
in many plant pathogens (Alfano and Collmer 2004; Jin et al.
2003). Although the T3SS has been studied extensively in
host-specific biotrophic pathogens, relatively little is known
about the roles of T3SS in host-promiscuous necrotrophic
pathogens, such as E. chrysanthemi and E. carotovora. In
biotrophic pathogens, such as Pseudomonas syringae and Xan-
thomonas campestris, the hrp genes were tightly controlled by
their regulatory system and were induced only in hosts or in an
acidic MM that mimics acidic apoplastic condition (Alfano
and Collmer 1997). A recent report revealed that an atypical
regulation of T3SS was present in E. chrysanthemi strain
EC16. The hrp genes of EC16 were expressed in nutrient-rich
King’s medium B and in minimal salts medium at neutral pH.
However, E. chrysanthemi strain 3937 T3SS genes resembled
those of many other phytopathogenic bacteria in being repressed
in complex medium (Ham et al. 2004).

In contrast to hrp genes, a basal level of pectinase gene
expression was observed in E. chrysanthemi in the absence of
induction substrates (Hugouvieux-Cotte-Pattat and Robert-
Baudouy 1992). This first level of pectinase gene induction is
important for triggering the pectin catabolic cascade in its
pathogenesis. In the presence of pectin and its derivatives from
host plants, pectinase synthesis of E. chrysanthemi is further
induced, leading to symptom development. Difference in ex-
pression of pectinase genes (pel) of E. chrysanthemi was ob-
served among different host tissues and different hosts, which
indicates a complex regulation controlling the expression of
multiple pectic enzymes. In addition, several regulators, include-
ing KdgR, PecS, PecT, Pir (plant-inducible regulator), CRP,
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and the rsm system, were reported controlling the expression
of multiple pectic enzymes (Castillo and Reverchon 1997,
Nasser et al. 1997, 1999; Nomura et al. 1998; Reverchon et al.
1991; Robert-Baudouy et al. 2000).

With the ongoing genome sequencing project of Ech3937,
microarray and in vivo expression technology (IVET) were
used to study genes of Ech3937 that were upregulated in host
plants (Okinaka et al. 2002; Yang et al. 2004). Among these
plant upregulated genes, several T3SS genes of Ech3937, in-
cluding dspE, hrpA, hrpB, hrpG, and hrpN, which functioned
as effectors, T3SS apparatus components, and translocators re-
spectively, were identified. In addition, several upregulated
genes were discovered to be involved in cell wall degradation
and sugar transport. These included type II secretory compo-
nents (Out genes), pectinase (pelD and pelE), oligogalacturo-
nate lyase (ogl), and a rhamnogalacturonide transporter (rhiT).

Although several reports have revealed the expression of hrp
and pel genes of E. chrysanthemi in culture media and host
plants, the sequential expression and regulation of hrp and pel
genes among the individual bacterial cells is unclear (Ham et
al. 2004; Hugouvieux-Cotte-Pattat et al. 1996; Rojas et al.
2004; Yang et al. 2004; Yap et al. 2005). In this study, we used
fluorescence-activated cell sorting (FACS) to study the expres-
sion patterns of dspE (a putative effector gene) and pelD (an
endo-pectate lyase gene) in Ech3937 cells grown in media and
in different host plants. The dspE and pelD genes were chosen
because dspE of Ech3937 is highly homologous to effectors of
dspE/avrE in Pseudomonas and other Erwinia spp. and pelD
encodes one of the major pectic enzymes in Ech3937 causing
effective maceration in host tissues. In this study, we investi-
gated gene expression profiles of dspE and pelD among indi-
vidual bacterial cells. In addition, regulatory ties between
T3SS and pectinases of E. chrysanthemi were elucidated.

RESULTS

Expression of dspE in nutrient-rich medium.
Nutrient-rich media were reported to suppress T3SS gene
expression in several gram-negative plant-pathogenic bacteria

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

(Alfano and Collmer 2004; Ham et al. 2004). Flow cytometry
was used to investigate the dspE (ASAP ID 19012) and mrp
(ASAP ID 20478) gene expression profiles of individual
Ech3937 cells in King’s B medium (Table 1). Using
Ech3937(pPROBE-AT) (Ech3937 carrying plasmid pPROBE-
AT) as a baseline control, green fluorescent protein (GFP) inten-
sity was determined on gated populations of bacterial cells by
flow cytometry. Bacterial cells were identified and selected for
analysis based on characteristic forward and side light scatter
properties. Flow cytometry results were analyzed using Cell
Quest software (BD Biosiences). The mrp, used as a control as
a constitutively expressed gene in this study, contained an
ATPase conserved domain (2e-06). Our FACS results showed
a proportion of 99.47% of the total Ech3937 cells containing
Pmrp expressed GFP in King’s B medium at 12 h. In addition,
no significant difference in mrp expression was observed be-
tween Ech3937 (Pmrp) and Ech131 (Pmrp) in FACS assays
(data not shown).

The nutrient-rich King’s B medium did not fully suppress
the expression of dspE; a small proportion of Ech3937
(PdspE) cells (5.55%) expressed GFP with a mean fluores-
cence intensity (MFI) of 106.85 at 12 h (Table 2). The MFI of
total bacterial cells at 12 h (including GFP-expressing and
non-GFP-expressing cells) was 8.61 in this medium. Little if
any fluorescence was detected in Ech131 (PdspE). Only 0.02%
of Ech131 (PdspE) cells expressed GFP with an MFI of 25.09
at 12 h. The MFI of the total bacterial cells at 12 h was 1.96.
The Ech3937 (Pmrp) cells were expressed at a rate of 99.47%,
with an MFI of 74.39 at 12 h in the GFP-expressing cells. The
MFI of total bacterial cells was 74.01.

Expression of dspE and pelD in minimal medium.

Ech3937 cells containing dspE and pelD (ASAP ID 19648)
GFP promoter reporter plasmids (PdspE and PpelD) grown in
minimal medium (MM) had different gene expression profiles
in individual cells. The Ech3937 cells containing PdspE were
expressed at a proportion of 1.94, 7.77, 43.03, and 56.49% of
the total bacterial cells with an MFI of 42.84, 76.48, 173.24,
and 229.2 at 0, 8, 12, and 24 h, respectively (Table 3). A puta-

Strains, plasmids and primers

Characters or sequences (5’ to 3')*

Reference or source

Strains
Escherichia coli

JM109 endAl, recAl, gyrA96, thi, hsdR17, (r,—, my+), relAl, supE44, A(lac-proAB),

[F', traD36, proAB, laq'ZAM15]
Erwinia chrysanthemi

Promega Corp.

Ech3937 Wild type, Saintpaulia (African violet) isolate N. Hugouvieux-Cotte-Pattat

Ech131 AhrpL::kan; KmR This work

WPP96 AhrpLsy 18500 @adA; SpR/SmR Yap et al. 2005

Ech3937 (PdspE) Wild-type Ech3937 containing pPROBE-AT inserted with dspE promoter; Ap® This work

Ech3937 (PpelD) Wild-type Ech3937 containing pPROBE-AT inserted with pelD promoter; Ap} This work

Ech3937 (Pmrp) Wild-type Ech3937 containing pPROBE-AT inserted with mrp promoter; Ap® This work

Ech131 (PdspE) AhrpL::kan containing pPROBE-AT inserted with dspE promoter; Ap® Km® This work

Ech131 (PpelD) AhrpL::kan containing pPROBE-AT inserted with pelD promoter; ApR KmR This work
Plasmids

pGEMT-Easy Polymerase chain reaction cloning vector, Ap® Promega Corp.

pPROBE-AT Promoter-probe vector, ApR Miller and Lindow 1997

PdspE 0.9-kb DNA fragment in pPBROBE-AT containing dspE promoter Yang et al. 2004

PpelD 0.6-kb DNA fragment in pPBROBE-AT containing pelD promoter Yang et al. 2004

Pmrp 0.7-kb DNA fragment in pPBROBE-AT containing mrp promoter This work

Primers

rplU forward CGCAACCGGTGAAGCTATTGA This work

rplU reverse TTACGGCGACGAAACTTAACGATT This work

pelD forward TCTCTGGTCATCAAAGGCGTGAGT This work

pelD reverse GCGGGTGGAATTGTCGATCA This work

mrpA GTCAGGTGGCACTTTTCGGCTCGAGACGTTCATCCCGGCTCCTTGA This work

mrpD TGGTACCCTCGAGAAGCTTCCTTGCATTTCGGGCAGGTG This work

@ KmR = kanamycin resistance, ApR = ampicillin resistance, and Cm® = chloramphenicol resistance.
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tive hrp box, 5'-GGAACCGGCGGCGGCGGCATACCACTC
AGCA-3', was found in the Ech3937 dspE promoter region.
Very low levels of fluorescence were detected in Echl131
(PdspE) indicating dspE was regulated by HrpL in Ech3937. A
basal level of expression of pelD was observed in Ech3937
(PpelD) and Echl131 (PpelD) with MM medium. Compared
with Ech3937 (PpelD), a slightly higher pelD expression was
observed in Ech131 (PpelD) at 12 and 24 h in this medium
(Table 3).

Expression of dspE and pelD of Ech3937 in host plants.

To investigate the population behavior of hrp and pel expres-
sion of Ech3937 cells in different hosts, Ech3937 (PdspE) and
Ech3937 (PpelD) were inoculated into Chinese cabbage leaves
and potato tubers. In potato tubers, 6.32% of the Ech3937
(PdspE) cells were observed expressing GFP (MFI of 150.87
in the GFP-expressing cells) as early as 2 h after inoculation.
However, only 0.25% of Ech3937 (PpelD) cells expressed
GFP at the same time (17.12 MFI in GFP-expressing cells)
(Table 4). Interestingly, in potato tubers, a higher proportion of
bacterial cells expressing GFP was observed in Ech3937
(PpelD) cells (68.48%) than in Ech3937 (PdspE) (19.39%) at
24 h after inoculation.

Similarly to the gene expression pattern of Ech3937 in po-
tato tubers, a higher proportion of GFP-expressing cells was
observed in Ech3937 (PdspE) than in Ech3937 (PpelD) in the
early stage of bacterial infection in Chinese cabbage (2 and 4 h
after inoculation with bacteria) (Table 4). However, in
contrast to potato tubers, similar proportions of GFP-expres-
sing cells were observed in Ech3937 (PdspE) (39.34%) and
Ech3937 (PpelD) (40.3%) at 24 h. Little if any GFP signal
was detected in Ech131 (PdspE) in Chinese cabbage leaves

and potato tubers, indicating that the expression of dspE was
regulated by HrpL.

HrpL regulates the expression of pectate lyases.

Promoter activity and real-time quantitative polymerase
chain reaction (PCR) assays were used to investigate whether
HrpL regulates the expression of pectate lyases in Ech3937.
Polygalacturonic acid (PGA) was added into MM medium to
induce the expression of pectic enzymes in Ech3937 (PpelD)
and Echl31 (PpelD). In the FACS assay, compared with
Ech3937 (PpelD), a higher proportion of GFP-expressing bac-
terial cells and increased fluorescence GFP were observed in
Ech131 (PpelD) in the MM medium supplied with PGA (Fig.
1; Table 5). Compared with Ech3937 (PpelD), a higher propor-
tion of GFP-expression also was observed in another Ech3937
hrpL mutant, WPP96 (data not shown). Using a real-time quan-
titative PCR assay, the relative level of mRNA of pelD in
Ech131 was approximately 3.5-fold higher than in the wild-
type Ech3937 at 24 h in the MM medium supplied with PGA
(Fig. 2).

DISCUSSION

Several expression methods, including Northern blot and
Gus activity assays, have been used to detect the expression of
pel and hrp genes of E. chrysanthemi; however, the gene expres-
sion patterns of individual cells were unknown (Bauer et al.
1995; Laing and Pretorius 1993; Marits et al. 2002; Shevchik
et al. 1997). Flow cytometry and FACS, which allows high-
throughput investigation of single cells, have been used to inter-
rogate bacteria, yeast, and mammalian cell population behaviors
on a single-cell basis (Dye et al. 2005; Park et al. 2005;

Table 2. dspE and mrp promoter activities of Erwinia chrysanthemi 3937 (Ech3937) in King’s medium B broth?

Gene promoter” Total GFP* GFP*%
Ech3937 (PdspE) 8.61 £5.56 106.85 £ 13.50 5.55+3.94
Ech131 (PdspE) 1.96 £ 0.21 25.09 +£23.32 0.02 £0.02
Ech3937 (Pmrp) 74.01 £9.92 74.39 £ 10 99.47 £ 0.04
Ech3937 (pPROBE-AT) 1.70 £0.03 0 0

# Values are a representative of two experiments. Three replicates were used in this experiment. GFP = green fluorescent protein.

® The dspE promoter activities were compared after 12 h of culture in King’s medium B broth. GFP intensity was determined on gated populations of
bacterial cells by flow cytometry. The fluorescence intensities were collected, including average GFP fluorescence intensity of total bacterial cells (Total),
average GFP fluorescence intensity of GFP-expressing bacterial cells (GFP*), and the percentage of GFP-expressing bacterial cells of the total bacterial

cells (GFP*%).

Table 3. dspE and pelD promoter activities of Erwinia chrysanthemi 3937 (Ech3937) and Ech131 in minimal medium?

Gene promoter Intensities” Oh 8h 12h 24 h
Ech3937 (PdspE) Total 2.73 £0.50 8.42+2.63 76.51 £4.90 13140+ 11.41
GFP* 42.84+7.61 76.48 + 10.05 173.24 £ 491 229.2+9.90
GFP*% 1.94+0.55 7.77 +3.57 43.03 £ 1.58 56.49 +2.57
Ech131 (PdspE) Total 1.73+£0.04 1.79 £ 0.07 3.18 £0.09 3.49+0.05
GFP* 17.04 +2.90 16.72 + 3.41 14.32 £ 0.66 14.77 £ 0.26
GFP*% 0.17 £0.05 0.09+£0.03 2.52+0.28 2.99+0.19
Ech3937 (PpelD) Total 2.32+0.10 2.85+0.26 470 £0.19 6.01 £0.32
GFP* 1470 + 1.30 13.80 + 1.66 13.69 £ 0.53 16.65 + 1.04
GFP*% 0.06 +0.03 0.71 £ 0.30 8.27 £2.03 16.02 + 1.54
Ech131 (PpelD) Total 2.62+0.04 3.56 £0.41 7.13+0.79 9.98 £0.97
GFP* 15.89 +0.85 1641+ 1.84 18.25+4.36 20.38 +2.96
GFP*% 0.38 £0.09 4.38+1.90 16.65+ 1.10 30.75+2.36
Ech3937 (pPROBE-AT) Total 1.46 £ 0.02 1.27 £ 0.01 1.36 £ 0 1.69 +0.02
GFP* 0 0 0 0
GFP*% 0 0 0 0

* Values are representative of three experiments. Three replicates were used in this experiment. The dspE and pelD promoter activities in minimal medium

broth were compared after 0, 8, 12, and 24 h of culture in minimal medium.

® Green fluorescent protein (GFP) intensity was determined by flow cytometry. The fluorescence intensities were collected, including average GFP
fluorescence intensity of total bacterial cells (Total), average GFP fluorescence intensity of GFP-expressing bacterial cells (GFP"), and the percentage of

GFP-expressing bacterial cells of the total bacterial cells (GFP*%).
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Ramprasad et al. 1996; Sergent-Tanguy et al. 2003; Wan and
Flavell 2005). We used FACS and a GFP reporter to analyze
dspE and pelD expression in Ech3937 populations in media
and plant hosts. In contrast to other detection methods used for
measuring the overall gene expression of bacteria (e.g., North-
ern blot and real-time quantitative PCR), we observed diverse
gene expression profiles among individual Ech3937 cells. The

mrp gene was constitutively expressed in rich King’s B medium,
with a majority of cells (99.47%) carrying an mrp promoter
reporter plasmid-expressed GFP in media within a 12-h period.
The mrp gene encodes a protein with a conserved ATPase do-
main and is predicted to be involved in cell division and chro-
mosome partitioning. Consistent with other studies, the hrp
gene, dspE, is repressed in nutrient-rich King’s B medium and

Table 4. dspE and pelD promoter activities of Erwinia chrysanthemi 3937 (Ech3937) in Chinese cabbage leaves and potato tubers®

Gene promoter Intensities” 2h 4h 8h 24h
Ech3937 (PdspE) in Chinese cabbage leaves Total 5.00 £2.58 28.36 £ 1.49 24.79 £ 4.66 37.15+£5.25
GFP* 111.06 £ 10.16 165.47 £5.50 116.59 £ 19.12 90.31+3.78
GFP*% 326+2.14 16.39 £0.37 20.86 £ 8.36 39.34+4.32
Ech3937 (PpelD) in Chinese cabbage leaves Total 1.42£0.08 2.54+0.84 5.62 £0.69 29.60 £ 1.39
GFP* 17.05+£1.93 22.07£3.78 26.55+£3.06 70.90 £2.63
GFP*% 0.11 £0.02 336+3.15 13.85+1.89 4030 £2.54
Ech3937 (PdspE) in potato tubers Total 11.13 £ 1.66 18.37 £ 1.66 47.86 £5.25 18.56 £ 3.68
GFP* 150.87 £ 13.97 159.18 £ 10.76 223.67 +£2.86 83.82+£11.28
GFP*% 6.32 £ 0.65 10.59 £0.32 20.61 £2.32 19.39 £2.02
Ech3937 (PpelD) in potato tubers Total 2.26 £0.09 3.54%1.10 18.02 £5.88 73.05 £ 3.67
GFP* 17.12 £2.67 19.63 £3.74 38.77 £12.49 105.80 £2.63
GFP*% 0.25 +£0.08 5.63£4.76 39.80 £ 3.23 68.48 £ 1.93
Ech131 (PdspE) in Chinese cabbage leaves Total 1.36 £0.01 1.42£0.02 1.40 £ 0.06 1.74 £0.13
GFP* 0 0 0 26.83 £ 10.64
GFP*% 0 0 0 0.26 £0.08
Ech131 (PdspE) in potato tubers Total 1.48 £0.02 1.48 £0.02 1.80£0.11 1.95 +0.05
GFP* 0 0 0 12.16 £ 1.14
GFP*% 0 0 0 0.08 £0.05
Ech3937 (pPROBE-AT) in Chinese cabbage leaves Total 1.25+£0.07 1.32+£0.01 1.37 £ 0.03 1.42£0.04
GFpP* 0 0 78.88 £ 80.18 0
GFP*% 0 0 0.03£0.03 0
Ech3937 (pPROBE-AT) in potato tubers Total 1.41£0.04 1.30 £ 0.02 1.54£0.09 1.74 £ 0.11
GFP* 0 0 0 0
GFP*% 0 0 0 0

* The dspE and pelD promoter activities in different hosts were compared after 2, 4, 8, and 24 h of inoculation. Three replicate plants were used for each

treatment.

® Green fluorescent protein (GFP) intensity was determined by flow cytometry. The fluorescence intensities were collected, including average GFP
fluorescence intensity of total bacterial cells (Total), average GFP fluorescence intensity of GFP-expressing bacterial cells (GFP*), and the percentage of

GFP-expressing bacterial cells of the total bacterial cells (GFP*%).
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Fig. 1. Erwinia chrysanthemi 3937 (Ech3937) pelD promoter activity (green fluorescent protein [GFP] intensity of plasmid pPpelD) was compared in wild-
type Ech3937 (black lines) and the AhrpL mutant, Ech131 (gray lines) after A, 0, B, 4, C, 12, and D, 24 h of culture in a pectate lyase inducible condition
(minimal medium with 1% polygalacturonic acid). GFP intensity was determined by flow cytometry. No fluorescence was observed in the bacteria contain-

ing the pPPROBE-AT vector alone (not shown).
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induced in MM (Alfano and Collmer 2004; Ham et al. 2004).
However, it is worth mentioning that the rich medium did not
totally eliminate the expression of dspE; a small proportion of
Ech3937 cells carrying PdspE (5.55%) still was able to be ex-
pressed in the King’s B medium. Similar to the ArpL and hrpN
expression pattern in E. chrysanthemi strain EC16 (Ham et al.
2004), a higher GFP expression was observed in Ech3937
(PdspE) cells in late log phase. In addition, a higher expression
of the pelD gene also was observed in the later stage of bacte-
rial growth, which was consistent with other reports (Jafra et
al. 1999; Robert-Baudoy et al. 2000). From our FACS assay, a
considerable proportion of the bacterial cells carrying PdspE
(44 to 57%) and PpelD (31 to 37%) did not produce a detect-
able GFP signal under inducing conditions (MM and MM sup-
plied with PGA) at the 12- and 24-h period (Tables 3 and 5).
Interestingly, the Ech131 (PpelD) cells expressing GFP fluo-
rescence in MM supplemented with PGA at 12 and 24 h were
96.34 and 97.76%, respectively (Table 5), indicating that the
HrpL is the factor limiting the pelD expression among individ-
ual bacterial cells. There is no obvious Hrp box identified in
the pelD promoter region, indicating an indirect tie between
HrpL and pelD regulation.

Under different conditions (e.g., MMs or plant hosts), only a
small portion of the Ech3937 carrying PdspE were induced
early in growth. Although a higher proportion of GFP-express-
ing cells was observed in Ech3937 (PdspE) at the later stage of
induction, the percentage of the cells induced still was signifi-
cantly lower than the Ech3937 (Pmrp) cells. The promoter
probe reporter vector, pPROBE-AT, produces an extremely

Relative mRNA level of pelD

Ech3937 Ech131

Fig. 2. Relative level of mRNA of pelD in Erwinia chrysanthemi 3937
(Ech3937) and Ech131 (AhrpL mutant of Ech3937) grown for 24 h in a
minimal medium supplied with 1% polygalacturonic acid. The amount of
pelD mRNA was examined by real-time polymerase chain reaction assay.
Similar results were observed in two individual experiments.

stable GFP (Miller et al. 2000). Once the cells have produced
GFP, they are fluorescent at later time points even though the
cells have stopped generating GFP. In this study, the percent-
age of GFP-expressing cells at different time periods can be
considered as a sum of E. chrysanthemi cells that expressed
GFP or are expressing GFP from initial inoculation point until
the cells are harvested. In our results, a considerable proportion
of Ech3937 cells never expressed dspE during the 24-h period
in different media and host plants. The reason for this phenome-
non is unknown. One attractive hypothesis is that, for Ech3937
to successfully establish in its hosts, individual bacterial cells
might play different roles and work together as a community
effort to ensure disease development. At the first stage of the
invasion, there is a small proportion of the bacteria cells re-
sponding to the stimuli (e.g., in this study, a small portion of
Ech3937 cells with their Arp genes upregulated in the MM and
plant hosts). Once the environments are considered to be suit-
able for pathogen infection, a higher proportion of the bacte-
rial cells with their virulence genes are further upregulated.

During plant infection with E. chrysanthemi, pelD, pelE,
and pell were reported to be highly expressed in potato tubers,
whereas pelA, pelB, pelC, pelL, pelZ, and pemA were moder-
ately expressed (Robert-Baudoy et al. 2000). Using a Gus re-
porter, Jafra and associates (1999) discovered that pelD of E.
chrysanthemi was highly induced in potato tubers after 20 h
post inoculation. Our study also revealed that a significant in-
crease of Ech3937 pelD expression, both in proportion of cells
expressing GFP and GFP intensity, occurred in potato tubers
24 h post inoculation. In contrast to pelD, the GFP intensity
and the proportion of bacterial cells expressing GFP in
Ech3937 (PdspE) were significantly reduced at 24 h once mac-
eration symptoms became apparent. It is unlikely that DspE,
which probably has a virulence function dependent upon its
secretion into living plant cells, would promote bacterial viru-
lence once the cells have been killed by other virulence proteins,
such as the Pels.

Different expression patterns of dspE and pelD were observed
in Ech3937 between Chinese cabbage and potato tubers. Al-
though a significant increase of pelD expression also was ob-
served at 24 h in Chinese cabbage, compared with potato tubers,
a lower proportion of the bacterial cells expressing pelD was
observed at that time. In contrast to the expression pattern of
dspE in potato tubers, a relatively higher proportion of
Ech3937 cells expressing dspE was observed at 24 h in Chinese
cabbage, although the GFP intensity was slightly reduced. The
reasons for a lower proportion of pelD expression of Ech3937
cells in Chinese cabbage (40.3%) than in potato tubers
(68.48%) but a higher proportion of dspE expression cells in
Chinese cabbage (39.34%) than in potato tubers (19.39%) at
24 h are uncertain. One logical explanation is that potato tubers
are a nutrient-rich storage organ. The T3SS of Ech3937 might

Table 5. Erwinia chrysanthemi 3937 (Ech3937) pelD promoter activities of wild-type Ech3937 and its hrpL deletion mutant, Ech131, grown in minimal

medium with 1% polygalacturonic acid®

Gene promoter, intensities” Oh 4h 8h 12h 24h
Ech3937 (PpelD)
Total 3.01£0.32 4.20 £0.06 13.60 £ 0.63 38.57+£1.83 142.86 £4.28
GFP* 13.15£0.16 14.00 £0.14 21.60 £ 0.52 55.30£2.50 228.77 £22.96
GFP*% 3.10£1.90 6.23+£0.20 56.29 £ 1.88 68.95£0.88 62.70 £7.03
Ech131 (PpelD)
Total 5.14 £0.56 12.00 £ 0.31 21.73£1.02 159.03 £20.77 502.94 £ 38.31
GFP* 13.51£0.22 17.76 £ 0.40 25.28 £0.75 164.39 £ 21.12 514.33 £39.46
GFP*% 9.44 £ 4.06 49.70 £ 0.93 81.31+2.14 96.34 £0.79 97.76 £ 0.46

* The pelD promoter activities were compared after 0, 4, 8, 12, and 24 h of culture in media.
® Green fluorescent protein (GFP) intensity was determined by flow cytometry. The fluorescence intensities were collected, including average GFP
fluorescence intensity of total bacterial cells (Total), average GFP fluorescence intensity of GFP-expressing bacterial cells (GFP"), and the percentage of

GFP-expressing bacterial cells of the total bacterial cells (GFP*%).
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be required for the pathogen to establish its initial interaction
within the potato tubers but is not as essential due to the mas-
sive nutrition release through pectinase maceration in the later
stage of infection (20 to 24 h after inoculation).

Pectinolytic enzymes of phytopathogenic microorganisms
are considered to play two opposing roles during plant infec-
tion (Messiaen and van Cutsem 1994). The action of pectic
enzymes can breach the structural barrier of the plant cell
wall, making the tissue more accessible to other bacterial en-
zymes. However, the oligogalacturonides released through
pectate lyase degradation also can elicit defense responses in
hosts. In E. chrysanthemi, PelD is one of the most effective
pectinases in causing maceration (Robert-Baudouy et al.
2000; Shevchick et al. 1997). A higher level of pelD expres-
sion was observed in Echl31, an hrpL deletion mutant of
Ech3937, grown under a pel-inducing condition. The repres-
sion of pelD expression through T3SS regulon may help the
cells to avoid the host defense response through limiting the
release of the oligogalacturonides during the early stage of
plant infection. Another recent study also suggested that
kdgT, an oligogluconate transporter, was upregulated by
HrpL (unpublished data). This result suggests that HrpL of
Ech3937 also might be able to reduce the host defense re-
sponse by enhancing the transportation of oligogalacturon-
ides into the bacterial cells from degraded plant tissues. The
upregulation of kdgT by HrpL also might facilitate bacterial
growth at the initial infection stage by enhancing the uptake
of oligogluconates. In conclusion, our study shows that the
Ech3937 regulatory network ties the expression of the pel
and hrp regulons together and that only a subpopulation of
Ech3937 cells expresses these virulence genes during the
multifactorial process of bacterial pathogenesis.

MATERIALS AND METHODS

Bacterial strains and plasmids.

The bacterial strains, plasmids, and primers used in this
study are listed in Table 1. Ech131, which has a full deletion of
the hrpL gene (ASAP ID 15577), was constructed from the par-
ent strain Ech3937 by a crossover PCR method as described
(Yang et al. 2002). Wild-type E. chrysanthemi 3937 and its
mutant strains were stored at —80°C in 15% glycerol and
grown on Luria-Bertani (LB), King’s medium B, or M9 MM
supplied with 0.2% glucose (Gerhardt et al. 1994). Plasmids
were isolated from Escherichia coli JM109 using QIAprep
spin miniprep kit (Qiagen, Valencia, CA, U.S.A.). Plasmids
were introduced into Erwinia chrysanthemi strains by electro-
poration using a Gene Pulser Electroporation system (Bio-
Rad, Hercules, CA, U.S.A.). Antibiotics used were ampicillin,
100 pg/ml; chloramphenicol, 50 pg/ml; and kanamycin, 50
pg/ml.

Construction
of Pmrp, PdspE, and PpelD promoter probe plasmids.

DNA fragments of mrp promoter regions were PCR ampli-
fied from E. chrysanthemi 3937 chromosomal DNA and
ligated into the pGEM-T Easy vector system containing 3'T
overhangs at the insertion side (Promega Corp., Madison, WI,
U.S.A.). The plasmid DNA was sequence confirmed and di-
gested with EcoRI to release the mrp promoter fragment,
which was ligated into the promoter-probe vector pPPROBE-AT
at the EcoRI site. The orientation of the inserted DNA fragments
in pPROBE-AT was determined by PCR and the final plasmid
construct was designated as Pmrp. The construction of plasmids
PdspE and PpelD, which contain the dspE and pelD promoter
regions in vector pPROBE-AT, are described by Yang and
associates (2004).
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FACS analysis.

The wild-type Ech3937 and hrpL mutant Ech131 carrying
pPROBE-AT alone, Pmrp, PdspE, and PpelD, respectively,
were grown on LB broth at 28°C overnight and transferred to
appropriate media. For FACS analysis, samples were collected
by centrifuge, washed with 1x phosphate buffer saline (PBS;
4,000 rpm for 5 min), and resuspended in the PBS to an opti-
cal density at 600 nm of 0.1. As for in planta FACS assays, a
volume of 0.5 ml of bacterial suspension from each strain was
inoculated into the leaves of the Chinese cabbage and potatoes
tubers, respectively, and incubated at 28°C for 2, 4, 8, and 24
h. The leaves and tubers were sliced into small pieces, placed
into 15-ml centrifuge tubes, and centrifuged at 5,000 rpm for
10 min. The intercellular fluids from plant tissues that contained
bacterial cells were further separated by centrifuge. The cell
pellets then were washed with 1x PBS and resuspended in 1 ml
of 1x PBS prior to being run on a FACSCalibur flow cytometer
(BD Biosiences, San Jose, CA, U.S.A.). Similar procedures
were used to investigate the GFP expression of the bacterial
constructs in King’s medium B and MM. Three replicates were
performed for each treatment.

Real time PCR analysis.

Wild-type Ech3937 or the hrpL mutant Ech131 was grown
in MM containing 1% PGA for 24 h. Total RNA from the bac-
teria was isolated by using TRI (Sigma-Aldrich, St. Louis,
U.S.A.) reagent method and treated with Turbo DNase
(Ambion, Austin, TX, U.S.A.) followed by phenol/chloroform
extraction and isopropenol precipitation. An iScript cDNA
synthesis kit (Bio-Rad, Hercules, CA, U.S.A.) was used to
synthesize cDNA from 0.5 pg of treated total RNA. The iQ
SYBR Green Supermix (Bio-Rad) was used for real-time PCR
reaction to quantify the cDNA level of pelD and rplU in differ-
ent samples (Mah et al. 2003). Standard curves used to quantify
relative cDNA level were made from 10-fold serial dilution of
genes of interest (Winer et al. 1999). The rplU was used as the
internal control to normalize the cDNA input of each sample.
Reactions were run and data were collected by the Opticon 2
system (Bio-Rad).
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