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NHE]J, using screens for genes up-regulated
in haploids versus diploids (22, 23) or using
two hybrid-screens with Liflp (24).

hap3 mutants also showed a high average
(mean *+ SD) percentile (99.3 = 0.4% ) in
diploid microarray analyses (Fig. 1). Prelim-
inary results suggest that diploid hap3 mu-
tants have modest linear-plasmid transforma-
tion defects. However, when diploid hap3
mutants were transformed with Eco RI-di-
gested pSO98 (see the legend to Fig. 2A) and
plated onto SC-Leu to select for precisely
rejoined transformants, diploid hap3 mutant
transformation efficiency was not distin-
guishable from that of wild-type cells, where-
as yku80 mutants had a fivefold-reduced
transformation efficiency.

We have shown here that pools of thou-
sands of mutants generated by DNA trans-
formation can be analyzed in parallel. This
approach is likely to have many important
applications in any genetic screen requiring
a plasmid. Furthermore, this approach
makes feasible genetic screens for quanti-
tative phenotypes such as NHEJ frequency,
mutation rate, and gross chromosomal re-
arrangement rate, which are physically too
labor-intensive to be carried out by conven-
tional screening methods. Finally, databas-
es containing quantitative phenotypic infor-
mation of this type will provide an impor-
tant resource for mapping genetic-interac-
tion networks.
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Role of the Hrp Pilus in Type Il
Protein Secretion in
Pseudomonas syringae

Qiaoling Jin and Sheng-Yang He*

Bacterial surface appendages called pili and needle-like filaments are associated
with protein and/or DNA transfer to recipient plant, human, or bacterial cells
during pathogenesis or conjugation. Although it has long been suspected that
pili function as a conduit for protein or DNA transfer, direct evidence has been
lacking. The Hrp pilus of Pseudomonas syringae is assembled by the type lli
secretion system. We used an in situ immunogold labeling procedure to visu-
alize the extrusion of an effector protein, AvrPto, from the tip of the Hrp pilus,
providing direct evidence that a bacterial pilus can function as a conduit for

protein delivery.

Pili are nonflagellate filamentous surface
appendages produced by virtually every
species of Gram-negative bacterium. Pili
are known to function as a means of attach-
ing bacteria to various surfaces, often play-
ing a crucial role in bacterial infection of
humans and plants. Several pili are also
required for delivery of effector proteins
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and DNA into recipient host or bacterial
cells (I-4). Although the long and thin pili
appear to be especially suited for long-
distance protein and DNA delivery, direct
evidence showing the extrusion of effector
proteins or DNA from the tip of a pilus has
never been shown.

The Hrp pilus of Pseudomonas syringae
pv. fomato strain DC3000 (hereafter Pst
DC3000) is assembled by the hrp gene—
encoded type III secretion system (4-8).
This pilus is composed of a major subunit,
the HrpA protein. The hrp4 gene is re-
quired directly or indirectly for the secre-
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tion of effector proteins, such as AvrPto
and HrpW, in culture (9). In situ immuno-
gold labeling studies reveal that during ac-
tive type III secretion, AvrPto and other
effectors are localized specifically along
the entire length of the Hrp pilus but not
randomly in the extracellular space or
along flagella (10, 11). Type III secretion
thus occurs only at specific sites where the
Hrp pilus is assembled. The deposition of
AvrPto and other effectors along the entire
length of the Hrp pilus suggests that secre-
tion of effector proteins occurs while the
Hrp pilus is being constructed, presumably
because the expression of effector genes
(such as avrPto) and type III secretion/Hrp
pilus assembly genes (hrp/hrc) is co-regu-
lated in Pst DC3000, owing to the presence
of a common “harp box” regulatory motif
in the promoters of these genes (/2-14).
This co-regulation made it impossible to
determine whether effector proteins exit
from the tip or the base of a continuously
growing pilus (/1).

In this study, we uncoupled the ex-
pression of the avrPto gene from the as-
sembly of the Hrp pilus by placing avrPto
under the control of the P. aeruginosa sal-
icylic acid (SA)-inducible P, promoter
(15) in pAVRPTO (I16). pAVRPTO was
introduced into an avrPto deletion mutant,
Pst DC3000AavrPto (17). In Pst
DC3000AavrPto(pAVRPTO), AvrPto was
produced and secreted in Arp-inducing medi-
um only when SA was supplemented (Fig.
1A). As a periplasmic protein control, 3-lac-
tamase, expressed constitutively from the bla
gene of pAVRPTO, was detected indepen-
dently of SA in the cell fraction but was not
released to the medium (Fig. 1B). Thus, in
Pst DC3000AavrPto(pAVRPTO), AvrPto
_production was tightly controlled by SA, and
the extracellular release of AvrPto was not
due to nonspecific leakage.

We next used in situ immunogold label-
ing to determine whether AvrPto is still
localized specifically to Hrp pili under the
SA induction condition (/8). No sig-
nificant level of gold particles (indicative
of secreted AvrPto) was found when

Fig. 1. Immunoblot A 1 2 3
analysis of AvrPto syn- c o am
thesis and secretion in s e
Pst  DC3000AavrPto g

(PAVRPTO).  Bacteria c ‘gl -—
were grown_in hrp-in- s

ducing medium for 4

hours at 20°C without

SA (lane 1), with 350 puM SA for 4 hours (lane 2),
or with 350 pM SA only for the last 1 hour (lane
3). Cell (C) and supernatant (S) fractions were
separated by centrifugation. Proteins were re-
solved in 12% SDS-PAGE gel and immunoblotted
with AvrPto (A) and B-lactamase (B) antibodies
z(acc?rding to the protocol described previously
25).
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DC3000AavrPto(pAVRPTO) was grown
in hrp-inducing medium without SA
(Fig. 2A).- In contrast, when Pst

DC3000AavrPto(pAVRPTO) was grown

in the Arp-inducing medium supplemented
with SA for 4 hours, AvrPto was abundant-
ly secreted and was localized almost exclu-
sively along a subpopulation of Hrp pili
(Fig. 2B). We counted 95 Hrp pili that were
attached to bacteria and labeled by the
AvrPto antibody; they fell into two catego-
ries. Eighty-two Hrp pili were labeled
along the entire length of the Hrp pilus.
This category included those Hrp pili that
were labeled uniformly or with more gold
particles at the distal end, or occasionally at
the proximal end. We also observed 13 Hrp
pili with gold particles deposited along the
Hrp pilus, except for the base (about one-
tenth of the entire pilus length; occasionally
close to one-third of the length). Thus,
under the SA induction condition, AvrPto
was still specifically localized to Hrp pili.
However, the finding of the second catego-
ry of labeling pattern, albeit at a low fre-
quency, suggested that the assembly of at
least some Hrp pili had already begun be-
fore secretion of AvrPto, even though bac-
teria were exposed to Arp-inducing medium
and SA at the same time.-

* We next examined the localization of
AvrPto under conditions in which the Hrp

Fig. 2. Representa-
tive EM images of
Pst DC3000AavrPto
(pAVRPTO), immu-
nogold-labeled with
the AvrPto antibody.
In situ immunogold
labeling (78) was
done after bacteria
were grown in hrp-
inducing medium for
4 hours, supplement-
ed with (A) no SA, (B)
SA for 4 hours, or (C
and D) SA for the last
1 hour (chase induc-
tion). The Hrp pilus
was not labeled in
the absence of SA
(A), was labeled
throughout the Hrp
pilus in the presence
of SA for 4 hours (B),
or was labeled along
the top portion of the
Hrp pilus under the
chase induction con-
dition (C and D). Dark
dots are 15-nm gold
particles in (A) and
(C) and 10-nm gold
particles in (B) and
(D). Arrows indicate
Hrp pili attached to

pilus assembly was purposely induced first
in the hrp-inducing medium for 3 hours,
before a “chase” induction of AvrPto ex-
pression with SA for 1 hour (18). We rea-
soned that if AvrPto travels through the
Hrp pilus and exits from the tip [the conduit
model (/I)], we should observe an in-
creased number of Hrp pili with AvrPto
localized near the tip. In contrast, if AvrPto
exits from a hypothetical channel near the
base of the Hrp pilus [the “guiding fila-
ment” model (/1)], we should observe an
increased number of Hrp pili with AvrPto
localized near the base. We counted 100
Hrp pili that were attached to bacteria and
labeled with the AvrPto antibody from four
independent experiments. We found that
the AvrPto labeling was drastically shifted
to the tip portion of the Hrp pilus, as com-
pared with that when the Hrp pilus assem-
bly and AvrPto synthesis were co-induced
(Fig. 2B). Seventy-two Hrp pili were
labeled primarily along the top portion,
among which were 42 Hrp pili with gold
particles along the tip one-third portion of
the Hrp pilus (Fig. 2C) and 30 Hrp pili with
gold particles mainly along the top two-
thirds of the Hrp pilus (Fig. 2D). Only 28
Hrp pili were labeled along the entire
length. No Hrp pili with gold particles
labeled exclusively at the base were found.
Because each Hrp pilus was presumably at

rod-shaped bacteria (only a portion of the bacterium is shown, surrounded by dark stain). Scale

bars, 100 nm.
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Fig. 3. Representative EM images of Pst DC3000AavrPto (pAVRPTO),
immunogold-labeled with the HrpA (A) or HrpW (B) antibody or dual-
labeled with HrpA and AvrPto antibodies (C) under the SA chase induc-
tion condition (78). The HrpA and HrpW antibodies (indicated by 10-nm
gold particles) labeled the entire Hrp pili (A and B). In (C), the HrpA

a distinct assembly stage at the time of
SA induction, the uniform localization of
AvrPto along the 28 Hrp pili suggested that
these Hrp pili were assembled simulta-
neously with or after SA-induced AvrPto
synthesis and secretion. In contrast, the
assembly of Hrp pili that were labeled near
the top portion must have begun before
AvrPto synthesis and secretion. Conse-
quently, the portion of the Hrp pilus as-
sembled before AvrPto secretion was not
labeled.

Under the chase immunogold labeling
condition, the HrpA and HrpW antibodies
still labeled the entire length of the Hrp pili
(Fig. 3, A and B). This was best shown
when HrpA and AvrPto antibodies were
used in dual labeling experiments. Al-
though the HrpA antibody bound to the
entire length of the Hrp pilus, the AvrPto
antibody labeled mainly along the tip por-
tion of Hrp pili (Fig. 3C). This result is
consistent with the fact that in Pst
DC3000AavrPto(pAVRPTO), the expres-
sion of ArpA and hrpW genes was under the
control of their native harp box—containing
promoters, whereas the expression of
AvrPto was controlled by SA.

The drastic shift of AvrPto localization
toward the tip of the Hrp pilus under the
‘chase immunogold labeling condition di-
rectly supports the conduit model (11). The
demonstrated role of the Hrp pilus as a
conduit for protein secretion has important
ramifications for further study of the type
III secretion mechanism, because any fu-
ture model must take into account the fact
that effector proteins travel inside the Hrp
pilus. The conduit function of the Hrp pilus
also provides support for the postulated
shared mechanism of type III secretion and
flagellar assembly, which involves the ex-

port of partially folded flagellin through an
internal channel of a.growing flagellum
filament before assembly at the tip (19, 20).
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