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Pseudomonas syringae translocates effector proteins into plant cells via an Hrp1 type III secretion system
(T3SS). T3SS components HrpB, HrpD, HrpF, and HrpP were shown to be pathway substrates and to
contribute to elicitation of the plant hypersensitive response and to translocation and secretion of the model
effector AvrPto1.

Pseudomonas syringae is a phytopathogenic proteobacterium
whose host-specific pathovars collectively attack a wide variety
of crop plants (21). P. syringae has a type III secretion system
(T3SS), which is encoded by hrp and hrc genes (3). The former
are so named because they are required (or in operons re-
quired) for P. syringae to elicit the defense-associated hyper-
sensitive response (HR) in nonhost plants or to be pathogenic
in host plants; the latter encode a subset of nine proteins that
are required for the HR and are highly conserved components
of the T3SS of both plant and animal pathogens. The Hrp
T3SS is required to inject effectors, known as Hop (Hrp outer
protein) or Avr (avirulence) proteins, into plant cells, which is
an essential process in P. syringae pathogenesis (4).

P. syringae pv. syringae strain 61 is a weak pathogen of bean
whose Hrp system has been extensively characterized because
cosmid pHIR11, which expresses the system, enables non-
pathogens such as Pseudomonas fluorescens to secrete harpin
proteins in culture and inject test effectors in planta, which
facilitates study of the T3SS and the action of individual effec-
tors in activating or suppressing HR and basal defenses (5, 25,
30, 42). Although the tomato and Arabidopsis pathogen P.
syringae pv. tomato DC3000 now has emerged as the primary
model for studying P. syringae T3SS-related virulence mecha-
nisms (7, 46), much early work on the Hrp system was done
with P. syringae pv. syringae 61 (5, 8, 10, 11, 20, 22, 24, 26, 35,
55, 58). (As part of this study we have collected the strain 61
hrp-hrc sequences carried on pHIR11 into a single file with

GenBank accession number EF514224, and we have also made
available the complete sequence, along with a list of correc-
tions [http://pseudomonas-syringae.org].) The Hrp systems of
these two strains are functionally similar, and the P. syringae pv.
syringae 61 hrp-hrc gene cluster can restore pathogenicity on
tomato (but not Arabidopsis) to a DC3000 �hrp-hrc mutant
(14). The P. syringae pv. syringae 61 Hrp system is also repre-
sentative of Hrp1 T3SSs, which are carried by phytopathogens
in the Pseudomonadaceae and Enterobacteriaceae and differ in
many ways from the Hrp2 T3SSs of phytopathogenic Ralstonia
and Xanthomonas spp. (3, 9).

Components of the Hrp1 T3SS machinery that are them-
selves substrates for the pathway are of particular interest in
exploring adaptations for plant cell wall penetration. In addi-
tion to forming the channel through which effectors travel,
T3SS component-substrates are involved in breaching host cell
barriers and regulating protein traffic through the pathway
upon host contact (9). Here we address the potential of 11 of
the 17 P. syringae pv. syringae 61 Hrp proteins to be T3SS
substrates. We excluded from our analysis HrpL, an alternative
sigma factor (57), HrpR and HrpS, which are �54 enhancer-
binding proteins (17), and three previously demonstrated T3SS
substrates: the HrpA2 pilin protein (47), the HrpK putative
translocator (44), and the HrpZ1 harpin (19). Regarding HrpJ,
our results largely corroborate extensive analyses of the HrpJ
proteins of P. syringae pv. tomato DC3000 and Erwinia amylo-
vora, which appeared while the present study was in prepara-
tion (16, 41).

The locations of the 11 hrp genes we investigated are shown
in Fig. 1. To test the ability of the encoded proteins to be
substrates for the T3SS pathway, each gene was cloned using
PCR primers into the Gateway pENTR/SD/D-TOPO vector
and then transferred into pCPP3234, which enables the tac
promoter to drive expression of a C-terminal fusion of the test
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protein with a Cya (Bordetella pertussis adenylate cyclase)
translocation reporter (49). Strains and plasmids and the PCR
primers we used are presented in Tables S1 and S2 in the
supplemental material, respectively. Culture conditions were
as previously described (49). All pENTR/SD/D-TOPO hrp
clones were sequence confirmed. Clones were conjugated from
Escherichia coli DH5� into P. fluorescens strain 55 carrying
pLN18 or pCPP3297 with the aid of E. coli HB101 harboring
the helper plasmid pRK2013 (13, 14). Plasmid pLN18 harbors
the complete P. syringae pv. syringae 61 hrp-hrc cluster but
lacks genes for the HopA1 effector and its chaperone, and
pCPP3297 is a �hrcC derivative of pLN18 (30). Production of
the predicted Hrp-Cya hybrid proteins in P. fluorescens carry-
ing pLN18 or pCPP3297 was confirmed by immunoblotting
with anti-Cya antibodies as described previously (49) (see Fig.
S1 in the supplemental material). An advantage of this trans-
location assay system for identifying T3SS substrates is that it
queries the T3SS when it is interacting with plant cells. As
shown in Table 1, HrpB-Cya, HrpD-Cya, HrpF-Cya, HrpJ-
Cya, and HrpP-Cya were translocated into Nicotiana benthami-
ana cells in a T3SS-dependent manner. Thus, five of the eleven
P. syringae pv. syringae 61 Hrp proteins tested are capable of
being T3SS substrates. It should be noted that we also tested
for the secretion of the eleven Hrp proteins from P. syringae
cells grown in Hrp-inducing minimal medium (28), by using
C-terminal Cya and hemagglutinin tags and immunoblot anal-

ysis of culture fluids (49). We detected secretion in culture only
for HrpJ (data not shown). The secretion and translocation of
HrpJ has recently been reported with P. syringae pv. tomato
DC3000 (16).

FIG. 1. The T3SS gene cluster of P. syringae pv. syringae and newly constructed hrp mutations. The figure shows the hrpK-hrpR gene cluster
of P. syringae pv. syringae 61, which is carried on pLN18 and encodes a functional T3SS enabling P. fluorescens to translocate T3SS substrates. The
hrc genes are shaded, genes encoding positive regulators are denoted with diagonal lines, genes encoding Hrp proteins previously shown to be T3SS
substrates are stippled, and the 11 hrp genes analyzed in this report are white (including hrpJ, whose product in P. syringae pv. tomato DC3000 was
recently shown to travel the Hrp pathway [16]). The cloned DNA fragments used to construct or complement mutations are also shown (the
parenthetical letters after each complementing plasmid denote the mutations complemented by that plasmid), and their origins are described in
Table S1 in the supplemental material (25, 32). The �hrpQ mutation was also complemented with pCPP2082 (hrcN::TnphoA) (23). Fragments
generated by PCR are indicated with opposing arrows, and restriction sites that were lost during mutant construction are given in parentheses. Note
that designations such as hrpA2 and hrpZ1 reflect a new, unified nomenclature for P. syringae T3SS substrates (36).

TABLE 1. Hrp-dependent translocation of P. syringae pv.
syringae Hrp proteins

Proteina

Translocation by P. fluorescens carrying the
indicated plasmid (mean pmol of

cAMP/�g of protein � SD)b

pLN18 (Hrp�) pCPP3297
(Hrp�)

HrpB-Cya 172.9 � 17.4 0.5 � 0.2
HrpD-Cya 81.8 � 8.8 0.2 � 0.1
HrpE-Cya 4.2 � 1 0.9 � 0.2
HrpF-Cya 315.3 � 34.6 1.4 � 0.5
HrpG-Cya 0.33 � 0 0.5 � 0
HrpJ-Cya 310.9 � 36.9 1.6 � 0.3
HrpO-Cya 0.2 � 0.1 0.3 � 0.2
HrpP-Cya 384.8 � 5.8 1.5 � 0.7
HrpQ-Cya 2.1 � 1.9 0.4 � 0.1
HrpT-Cya 0.5 � 0.3 0.4 � 0.2
HrpV-Cya 2.2 � 0 0.3 � 0

a Proteins were expressed from pCPP3234 derivatives (described in Table S1
in the supplemental material), which were carried in P. fluorescens cells also
carrying either pLN18 or pCPP3297, as indicated.

b cAMP was quantified in N. benthamiana leaf samples 7 h after infiltration
with 108 CFU/ml. Values are the means for two samples for each treatment. The
experiment was repeated three times with similar results.
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We next used functionally nonpolar mutations in P. syringae
pv. syringae 61 to determine the role of each of the eleven Hrp
proteins in HR elicitation. Strain 61 elicits the HR in N. taba-
cum (tobacco), N. benthamiana, and other solanaceous plants
(6, 25, 54). Elicitation of the HR by P. syringae in nonhost
plants is thought to result from R-gene-mediated recognition
of one or more translocated effectors (34, 40, 54). The con-
struction of nonpolar hrp mutations marked with a 1.5-kb nptII
cassette lacking a rho-independent transcription terminator
was previously reported for hrpF, hrpG, hrpT, and hrpV (11).
The same methods were used here to construct mutations in
hrpB, hrpD, hrpJ, hrpP, and hrpQ, as depicted in Fig. 1. Muta-
tions were initially constructed in subclones derived from
pHIR11 and then marker-exchanged into P. syringae pv. syrin-
gae 61 as previously described (11). All mutations were con-
firmed by Southern blot or PCR analysis, and the ability of
each mutant to elicit a wild-type HR was restored by the
complementing DNA fragments shown in Fig. 1. The location
of hrpE and hrpO at the end of their respective operons obvi-
ated construction of nonpolar mutations, and previously iso-
lated TnphoA insertions were used (23, 24). The HR tests were
performed as previously described, using bacteria inoculated at
a titer of 3 � 108 CFU/ml and then rated for visual tissue
collapse 48 h later (25).

As summarized in Table 2, the hrpB, hrpD, hrpE, hrpF, hrpO,
and hrpQ mutations abolished the ability of P. syringae pv.
syringae 61 to elicit the HR in both N. tabacum and N.
benthamiana, whereas the hrpG, hrpJ, hrpP, and hrpT muta-
tions had weaker phenotypes in N. benthamiana. Among the
hrp mutants with weaker phenotypes, we were particularly in-
terested in hrpP and hrpJ because they involved Hrp proteins
that could be translocated. The hrpP gene was completely
deleted. The hrpJ mutant produced only the first 115 amino
acids of a 345-amino-acid protein. The differing sensitivities of
the two Nicotiana spp. was particularly noticeable with the

hrpP mutation, which completely abolished HR elicitation in
N. tabacum but permitted an HR that was only slightly reduced
from wild-type in N. benthamiana. As expected, the mutation
affecting HrpV, a negative regulator of the Hrp regulon (45),
functioned as a positive control and showed no reduction in
HR elicitation in either plant, whereas the hrcC mutant pro-
vided a T3SS-deficient negative control that completely abol-
ished HR elicitation. Thus, the use of N. benthamiana reveals
that five of the eleven Hrp proteins are not absolutely required
for HR elicitation, including two, HrpJ and HrpP, which are
themselves substrates for the pathway.

Each of the eleven P. syringae pv. syringae 61 hrp mutants
was then tested for its ability to translocate AvrPto1-Cya into
N. benthamiana cells (49). Plasmid pCPP3221, which carries
avrPto1 fused to cya, was electroporated as described above
into the P. syringae pv. syringae 61 mutants. As shown in Table
3, only the hrpG and hrpV mutants translocated significant
amounts of AvrPto1-Cya, based on increased levels of cyclic
AMP (cAMP) in inoculated tissues. The �hrcC mutant pro-
vided a negative control for these assays. Interestingly, the
hrpG and hrpV mutants translocated ca. two times more
AvrPto1-Cya than wild-type P. syringae pv. syringae 61 in re-
peated experiments. Importantly, all five of the Hrp proteins
newly identified to be T3SS substrates in P. syringae pv. syrin-
gae 61 are required for translocation of AvrPto1-Cya.

Mutants lacking extracellular Hrp translocation factors
would be expected to be deficient in translocation of AvrPto1
into plant cells but not in secretion of AvrPto1 to culture
medium. We used anti-FLAG antibodies in immunoblots to
follow the distribution of AvrPto1-FLAG between cell-bound
and culture supernatant fractions of P. syringae pv. syringae 61
mutants growing in Hrp-inducing minimal medium (28) (Fig.
2). AvrPto1-FLAG was used here because a higher back-
ground level of cell lysis was observed with AvrPto1-Cya. We
used a P. syringae pv. syringae 61 hrcC mutant and NptII as
controls to detect Hrp-independent release of proteins to the
culture medium. Plasmid pCPP3026, which carries avrPto1
tagged with a FLAG epitope (18), was electroporated into

TABLE 2. Ability of P. syringae pv. syringae hrp mutants to elicit
the HR in test plants

P. syringae pv.
syringae

strain
Genotype

Phenotype classa

N. tabacum N. benthamiana

61 Wild type I I
61-N540 hrpB::nptII IV IV
61-N363 �hrpD::nptII IV IV
61-N19 hrpE::TnphoA IV* IV
61-N491 �hrpF::nptII IV*† IV
61-N492 hrpG::nptII II*† I
61-N460 hrpJ::nptII II‡ I
61–2083 hrpO::TnphoA IV IV
61-N534 �hrpP::nptII IV II
61-N526 �hrpQ::nptII IV IV
61-N402 �hrpT::nptII III*† II
61-N407 �hrpV::nptII I† I
61-N393 �hrcC::nptII IV* IV

a Phenotype classes: I, wild type HR; II, HR slightly reduced and/or delayed;
III, HR weak and spotty, some leaves with no response; IV, no HR. Mutants
deficient in hrpB, hrpD, hrpJ, hrpO, hrpP, and hrpQ were restored to wild-type
ability to elicit the HR in N. tabacum by the complementing clones shown in Fig.
1. Results are based on at least four independent tests for each strain. *, The
ability of the mutant to secrete HrpZ1 in culture was previously tested (24); †,
similar HR phenotypes in N. tabacum were previously reported for these mutants
(11); ‡, a similar HR phenotype in N. tabacum was reported for a P. syringae pv.
tomato DC3000 hrpJ mutant (16).

TABLE 3. Translocation of AvrPto1-Cya into N. benthamiana cells
by P. syringae pv. syringae hrp mutants

P. syringae pv.
syringae
straina

Genotype Translocationb (mean pmol of
cAMP/�g of protein � SD)

61 Wild type 284.7 � 111.1
61-N540 hrpB::nptII 2.4 � 0.1
61-N363 �hrpD::nptII 2.2 � 0.5
61-N19 hrpE::TnphoA 1.9 � 0.1
61-N491 �hrpF::nptII 3.1 � 0.4
61-N492 hrpG::nptII 627.0 � 83.2
61-N460 hrpJ::nptII 3.9 � 0.1
61–2083 hrpO::TnphoA 5.4 � 1.5
61-N534 �hrpP::nptII 5.8 � 2.2
61-N526 �hrpQ::nptII 2.5 � 0.1
61-N402 �hrpT::nptII 4.9 � 3.7
61-N407 �hrpV::nptII 739.2 � 120.8
61-N393 �hrcC::nptII 14.3 � 12.1

a All strains carried pCPP3221, which expresses AvrPto1-Cya from a vector tac
promoter (49).

b Levels of cAMP were determined in N. benthamiana leaf samples 7 h after
infiltration with 108 CFU/ml (49). Values represent the mean of three samples
for each treatment. The experiment was repeated three times with similar results.
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each of the 11 P. syringae pv. syringae 61 mutant strains. Assays
to detect the secretion of AvrPto1-FLAG were done as previ-
ously described (52). As shown in Fig. 2, only the hrpG, hrpJ,
hrpT, and hrpV mutants secreted AvrPto1. Furthermore, we
repeatedly observed that the hrpJ and hrpV mutants secreted
higher levels of AvrPto1 than wild-type or hrpG or hrpT mu-
tants. In contrast, Fu et al. (16) observed that AvrPto1 secre-
tion was substantially reduced in the hrpJ mutant of P. syringae
pv. tomato DC3000.

Four of the five Hrp1 T3SS pathway substrates that we have
identified here are similar to components of the well-studied
T3SSs of Yersinia and Salmonella spp.: HrpB (YscI, PrgJ),
HrpD (YscK), HrpJ (YopN, InvE), and HrpP (YscP, InvJ/
SpaN) (27, 43). Only HrpF has no obvious homolog or analog
among the animal pathogens. The Yersinia YscI and Salmo-
nella PrgJ proteins are thought to form the inner rod of the
T3SS needle and are also secreted by the T3SS (33, 37). YscK
has been shown by yeast two-hybrid experiments to be part of
a peripheral membrane/cytoplasmic ATPase complex that also
involves YscL, YscN, and YscQ (29). YscK has a homolog,
PscK, in the P. aeruginosa T3SS (15), but the localization of
neither YscK nor PscK has been investigated and little else is
known about the function of these proteins. Much more is
known about the Yersinia YopN and YscP proteins, both of
which are translocated and have T3SS regulatory functions (9).
The translocation of the HrpP and HrpF proteins is particu-
larly noteworthy because this is the first report that they travel
the Hrp1 T3SS, and they may have interesting roles in T3SS
regulation during host cell contact. The Yersinia YscP protein
functions as a molecular ruler that determines the length of the
YscF needle (31). The YscP protein also has a type III secre-
tion substrate specificity switch domain (T3S4), which acts in
concert with YscU to switch pathway traffic from channel com-
ponents to effectors (1). The length of YscP controls the length
of the needle so that the needle can extend beyond bacterial
surface structures (notably the YadA adhesin), thus enabling
needle contact with the host cell cytoplasmic membrane (39).
Importantly, YscP is secreted and this secretion is required to
control needle length but not substrate specificity (2, 50).

HrpP has a C-terminal T3S4 like that of the Yersinia YscP,

but HrpP and its homologs in other plant pathogens are much
smaller (1). This observation suggests that HrpP has a role in
substrate switching but is not a molecular ruler controlling
pilus length in P. syringae. Indeed, the needs for pilus/needle
length control are fundamentally different in plant pathogens
because a variably thick plant cell wall of 100 to 200 nm must
be penetrated. Thus, the plant pathogen pilus must be much
longer than the animal pathogen needle, and pilus length must
be indeterminate. Studying the conditions and consequences
associated with HrpP release may yield important clues to the
regulated penetration of plant cell walls.

HrpF was of interest because it is strongly translocated,
absolutely required for AvrPto1 secretion and translocation, as
well as for bacterial HR elicitation, and it has no obvious
homolog or analog outside of Hrp1 T3SSs, where it appears to
be ubiquitous (38, 48). It is also noteworthy that HrpF is the
second most variable Hrp protein produced by the Hrp systems
of P. syringae pv. syringae 61 (after HrpA2) and P. syringae pv.
tomato DC3000 (11), which suggests that this protein interacts
with the host during natural infections. The P. syringae pv.
syringae 61 HrpF also shows similarity in sequence and general
properties to the DC3000 HrpA1 pilin protein (11). The hrpF
operon also encodes the HrpV-negative regulator and HrpG,
which is a chaperone-like suppressor of HrpV (45, 55). HrpF,
HrpG, and HrpV are unique to Hrp1 T3SSs (3), which raises
the possibility that HrpF has a regulatory function in concert
with HrpG and HrpV. The DC3000 HrpA1 protein already has
been shown to have a role in regulation: a �hrpA1 mutant is
strongly reduced in expression of hrp/hrc genes (56).

These observations prompted us to use real-time PCR to
test the effects of deleting hrpF and hrpP on the expression of
three hrp genes: hrpA2, hrpP, and hrpL, the last of which
encodes the alternative sigma factor that activates transcrip-
tion of the Hrp regulon (51). Real-time PCR using SYBR
green I technology and gap1 as a constitutively expressed con-
trol was performed as described previously (12). The �hrpF
mutation strongly reduced expression of all three test genes,
which further demonstrates the intriguing similarities between
HrpA2 and HrpF (Table 4). In contrast, the �hrpP mutation
had little, if any, effect on the expression of the hrp genes
tested, which is consistent with its proposed role as a substrate
specificity switch.

Several intriguing observations should be useful for future
studies. First, it is interesting that each of the four operons
encoding structural components of the P. syringae T3SS begins
with a gene encoding a protein that can travel the pathway and

FIG. 2. AvrPto1-FLAG is secreted by hrpG, hrpJ, hrpV, and hrpT
mutants in P. syringae pv. syringae 61. The indicated wild-type, hrp
mutant, or �hrcC strains were grown in Hrp-inducing minimal medium
to an optical density at 600 nm of 0.3. Cultures were centrifuged to
separate cell pellet (C) and supernatant (S) fractions. Fractions were
separated by sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis and transferred to a polyvinylidene difluoride membrane. AvrPto1-
FLAG and NptII were detected by immunoblotting with either anti-
FLAG or anti-NPTII antibodies, followed by secondary antibodies
conjugated to alkaline phosphatase. NptII is a cytoplasmic protein
used as a control for cell lysis.

TABLE 4. Expression of hrp genes in P. s. syringae �hrpF and
�hrpP mutants relative to wild-type strain 61

Mutant

Expression relative to wild-type P. syringae pv.
syringae 61 (mean OD600 � SD)a

gap1b hrpA2 hrpL hrpP

61-N491 (�hrpF::nptII) 1 0.66 � 0.14 0.54 � 0.04 0.57 � 0.07
61-N534 (�hrpP::nptII) 1 1.09 � 0.1 0.85 � 0.06 ND

a RNA levels were determined by real-time PCR from cultures grown in Hrp
minimal medium to an optical density at 600 nm of 0.4. Values represent the
mean of three biological replicates. ND, not detectable.

b hrp RNA levels in mutants and wild-type were normalized to gap1, which is
constitutively expressed in P. syringae (12, 53).
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has a demonstrated or potential role in regulating T3SS gene
expression or traffic switching (HrpA2, HrpF, HrpJ, and
HrpP). Second, the observation that the hrpJ and hrpP mutants
are unable to translocate AvrPto1-Cya but still retain an ability
to elicit the HR in N. benthamiana suggests that some effectors
can still be translocated by these mutants, at least in levels
sufficient to elicit the HR. This concept is consistent with the
finding that a P. syringae pv. tomato DC3000 hrpJ mutant can
still translocate AvrB weakly (16), and it suggests that HR
assays may be more sensitive than the Cya translocation assay.
Third, it is noteworthy that HrpF, HrpJ, and HrpP are the most
abundantly translocated of the five Hrp proteins we have stud-
ied here and that previous studies have shown that HrpA and
HrpZ1 are secreted in relative abundance in culture (19, 59).
These five abundantly trafficked Hrp proteins are likely the
major players in the adaptation of the Hrp1 T3SS to the special
needs of delivering effectors across plant cell walls, and under-
standing those adaptations is the next challenge.
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