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Hfq Influences Multiple Transport Systems and Virulence in the Plant
Pathogen Agrobacterium tumefaciens
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The Hfq protein mediates gene regulation by small RNAs (sRNAs) in about 50% of all bacteria. Depending on the species, pheno-
typic defects of an hifq mutant range from mild to severe. Here, we document that the purified Hfq protein of the plant pathogen
and natural genetic engineer Agrobacterium tumefaciens binds to the previously described sSRNA AbcR1 and its target mRNA
atu2422, which codes for the substrate binding protein of an ABC transporter taking up proline and y-aminobutyric acid
(GABA). Several other ABC transporter components were overproduced in an hfg mutant compared to their levels in the paren-
tal strain, suggesting that Hfq plays a major role in controlling the uptake systems and metabolic versatility of A. tumefaciens.
The hfq mutant showed delayed growth, altered cell morphology, and reduced motility. Although the DNA-transferring type IV
secretion system was produced, tumor formation by the mutant strain was attenuated, demonstrating an important contribu-

tion of Hfq to plant transformation by A. tumefaciens.

grobacterium tumefaciens is a broad-host-range phytopatho-

gen that initiates the formation of tumors, called crown galls,
on most dicotyledonous and some monocotyledonous plants
(15). It is able to directly transform plant cells by transfer of the
so-called T-DNA, which is part of a large tumor-inducing (Ti)
plasmid (70). This transformation results in the overproduction
of phytohormones responsible for tumor growth and the synthe-
sis of opines metabolized by Agrobacterium (75). Interaction be-
tween A. fumefaciens and plant cells comes about in several steps
(reviewed in reference 44). Briefly, wounded plant tissues release
specific signals that induce the expression of Ti-plasmid-encoded
virulence (vir) genes in A. tumefaciens. Following attachment to
the plant cell, the bacterial type IV secretion system (T4SS) is
established by diverse Vir proteins to export the T-DNA strand
into the host. Once inside the plant cell, the T-DNA is delivered to
the nucleus and integrated into the plant chromosome. After the
expression of T-DNA genes, plant cells are reprogrammed for
tumor growth and opine production.

The rhizosphere, the natural habitat of A. tumefaciens, is a
densely populated, highly dynamic and competitive niche (17).
To survive in such a harsh environment and to successfully infect
plant cells, Agrobacterium has to monitor its surroundings and
adapt its gene expression accordingly. We have previously found
that small RNAs (sSRNAs) play an important role in A. tumefaciens
(68). Thus, we wondered whether the general RNA chaperone Hfq
might be involved in controlling cellular processes and virulence
in the phytopathogen.

The bacterial Sm-like protein Hfq is a critical component in the
posttranscriptional control of gene expression (8, 63). Hfq is a
largely conserved protein among bacteria, which was originally
identified in Escherichia coli as a host factor essential for QB RNA
bacteriophage replication (22). The protein assembles into ring-
shaped homohexamers (38, 49).

During the last decade, Hfq has been recognized as a key factor
in sSRNA-mediated regulation in various enterobacteria (63, 66).
In fact, the vast majority of all sSRNAs characterized to date interact
with this RNA chaperone (27). By preferentially binding to AU-
rich single-stranded regions, Hfq was shown to facilitate short and
imperfect base pairing between sSRNAs and their mRNA targets (8,
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27, 64). Often, interaction with the Shine-Dalgarno (SD) or anti-SD
region renders the ribosome binding site (RBS) either more or less
accessible and thereby modulates translation initiation. One ex-
ample is the SRNA DsrA, which stimulates the expression of the
RpoS stress response factor in Escherichia coli by binding to the 5
leader of the rpoS mRNA (39, 46, 57). Hfq increases complex
formation between DsrA and rpoS about 50-fold (57). In many
cases, Hfq protects sSRNAs from degradation by cellular RNases
(reviewed in references 1, 8, and 63). Despite many sSRNA-depen-
dent functions, Hfq can also act alone as a translational repressor
and can modulate mRNA decay by stimulating polyadenylation
(20, 21). Additionally, roles of Hfq in tRNA biogenesis have been
described (37).

Reflecting the broad variety of Hfq functions, mutations in the
hfg gene were early observed to have a severe impact on bacterial
physiology in E. coli, including alterations in growth rate, cell mor-
phology, and tolerance to diverse stresses (62). Later on, pheno-
typic studies in numerous pathogenic organisms revealed dra-
matic virulence-related defects, from deficiencies in motility or
host invasion to survival in the intracellular niche (reviewed in
reference 11). Although Hfq has been most studied in gammapro-
teobacteria, there is increasing evidence that it is relevant in the
alpha subgroup as well. For instance, in Brucella abortus, the hfg
gene contributes to pathogenesis in mice (47). It was recently
shown that Hfq coordinates the expression of the virulence-re-
lated type IV secretion system in this mammalian pathogen (10).
In the photosynthetic alphaproteobacterium Rhodobacter spha-
eroides, the Hfq protein plays an important role in protection
against photooxidative stress (5, 6). During the past 2 years, sev-
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eral studies on Hfq in the plant symbiont Sinorhizobium meliloti
demonstrated the importance of the RNA chaperone in cell phys-
iology and symbiosis (3, 4, 24, 54, 60, 65).

The presence of more than 200 different sSRNAs in A. tumefa-
ciens (68) suggested that Hfq might be needed for SRNA-mediated
gene regulation in this ubiquitous plant pathogen. Here, we dem-
onstrate the influence of Hfq on the previously reported sSRNA
AbcR1 and its corresponding mRNA target atu2422 (69). We find
at least eight proteins to be overproduced in an hfg mutant, which
is characterized by altered cell morphology and reduced growth
and motility, as well as significantly attenuated virulence, suggest-
ing an important contribution of Hfq-mediated sSRNA regulation
to the Agrobacterium lifestyle.

MATERIALS AND METHODS

Bacterial growth conditions. The bacterial strains and antibiotics used in
this study are listed in Table S1 in the supplemental material. A. tumefa-
ciens strains were cultivated in YEB complex medium or AB minimal
medium (48a) with 1% glucose at 30°C. E. coli was grown in LB medium
at 37°C.

Ahfq mutant construction. The Ahfg mutant strain was constructed
as described in Paulick et al. (43) with minor modifications. Upstream
and downstream fragments (400 nucleotides) of the desired hfg gene re-
gion were amplified by PCR using the corresponding primer pairs (see
Table S2 in the supplemental material). The fragments were ligated into
the suicide vector pK19mobsacB. The resulting plasmid was introduced
into A. tumefaciens by electroporation. Single-crossover integration mu-
tants were selected on LB plates containing kanamycin. Single colonies
were grown overnight in liquid LB without antibiotics and plated on LB
containing 10% (wt/vol) sucrose to select for plasmid excision by double-
crossover events. Kanamycin-sensitive colonies were checked for the tar-
geted deletion by colony PCR and Northern blotting (see Fig. S2 in the
supplemental material).

RNA preparation and Northern analysis. Cells (10 ml) were har-
vested by centrifugation. After washing in ice-cold AE buffer (20 mM Na
acetate, pH 5.5, 1 mM EDTA), pellets were immediately frozen in liquid
nitrogen. Total RNA of cultured bacteria was isolated using the hot acid
phenol method (2). To measure AbcR1 stability, rifampin was added to
the cell cultures at a final concentration of 250 pg/ml and samples for
RNA isolation were collected before (0 min) and 1, 5, and 10 min after the
addition of the transcriptional inhibitor. Northern analyses were per-
formed as previously described (69). Half-lives (t,,,) were estimated using
AlphaEaseFC software (version 4.0.0; Alpha Innotec). The primers used
for RNA or DNA probe generation are listed in Table S2 in the supple-
mental material.

Purification of Hfq and gel shift analyses. Hfq His tag fusion and
overproduction was carried out in E. coli BL21 cells, using the pET plas-
mid system (Novagen, Madison, WI). The protein was purified as previ-
ously described (45). The sSRNA AbcR1 and the target atu2422 RNA frag-
ment (comprising 50 nucleotides on either side of the ATG start codon
[69]) were synthesized in vitro by runoff transcription with T7 RNA poly-
merase from the linearized plasmids runoff C2A and runoff atu2422,
respectively. 5'-End labeling of AbcR1 was performed as described previ-
ously (7). Band shift experiments were performed in 1X structure buffer
(Ambion, Austin, TX) in a total reaction mixture volume of 10 pl as
follows. 5'-End-labeled AbcR1 sRNA (RNA corresponding to 5,000 cpm)
and 1 pg of tRNA were incubated in the presence of increasing concen-
trations of purified Hfq protein (indicated in Fig. 1A) or in the presence of
1,000-fold excess Hfq and increasing concentrations of atu2422 RNA (in-
dicated in Fig. 1B) at 30°C for 20 min. Prior to gel loading, the binding
reaction mixtures were mixed with 3 pl of native loading dye (50% glyc-
erol, 0.5X Tris-borate-EDTA [TBE], 0.1% bromophenol blue, and 0.1%
xylenxyanol) and run on native 6% polyacrylamide gels in 0.5X TBE
buffer at 250 V for 3 h.
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Protein identification. Proteins were separated by SDS-PAGE as de-
scribed previously (48). Proteins from excised gel bands were subjected to
in-gel digestion and analyzed by matrix-assisted laser desorption ioniza-
tion—time of flight mass spectrometry (MALDI-TOF) as described by
Kliisener et al. (34).

Motility test. Motility screening was carried out by spotting 5 pl of
liquid overnight cultures on plates which contained AB minimal medium
with an agar concentration of 0.5% (wt/vol), following incubation for 48
h at room temperature. For resistant strains, kanamycin was added to the
soft agar plates.

Light microscopy. Cells were grown in YEB medium to optical den-
sities at 600 nm (ODg,) of 0.15 and 0.5. For cell fixation, 10 .l of culture
was mixed with 10 l of 40°C prewarmed low-melting-point agarose on
glass slides. After 2 h, images were taken with a light microscope (BX51;
Olympus, Essex, United Kingdom).

Plant infection experiments. Overnight cultures of A. tumefaciens
wild-type (WT) and Ahfg cultures were inoculated to an ODg, of 0.1 in
YEB medium and grown to an ODy,, above 0.2. Cultures were diluted to
final ODy, values of 0.2 and 0.02 in YEB medium. Leaves of Kalanchoe
daigremontiana were wounded with a sterile scalpel, and 10-pl amounts of
the bacterial suspensions were applied to the wounds. Plants were incu-
bated at room temperature for 4 to 6 weeks until tumor formation was
detected.

Quantitative tumorigenesis assays with potato tuber discs were carried
out as described before (61). Bacterial cells at OD, values of 0.7 to 1.0
were collected and resuspended in phosphate-buffered saline at 10° and
10° cells/ml for inoculation. The potato tuber discs were placed on water
agar, infected with 10 pl of bacterial culture, and incubated at 23°C for 2
days. The discs were then placed on water agar supplemented with 100
pg/ml ticarcillin, to kill bacteria, and incubated at 23°C (16 h lightand 8 h
darkness) for 3 weeks before tumors were scored. Western blot analysis to
check VirB protein expression was performed as previously described
(67).

RESULTS

AbcR1 is an Hfq target. We previously described the A. tumefa-
ciens SRNA AbcR1, which controls the translation and stability of
the atu2422 mRNA, coding for a proline and y-aminobutyric acid
(GABA) transporter (13, 69). The interaction regions of AbcR1
and aru2422 were mapped to an accessible loop in the sSRNA and
the SD region in the mRNA (69). AbcR1 is encoded in tandem
with a similar sRNA, called AbcR2. Owing to differences in the
loop sequences, it cannot functionally replace AbcR1 and its target
mRNAs are presently unknown. Here, we examined whether Hfq
plays a role in the interaction between AbcR1 and atu2422. To this
end, we produced recombinant Hfq and performed gel retarda-
tion experiments according to established procedures (21, 40, 53).
The A. tumefaciens Hfq protein fused to a His tag was produced in
E. coli BL21 cells and purified by Ni-nitrilotriacetic acid chroma-
tography (see Fig. S1 in the supplemental material). **P-labeled
AbcR1 sRNA was incubated with increasing concentrations of
Hfq protein prior to separation on a native polyacrylamide gel.
The addition of Hfq resulted in complex formation with AbcR1
(Fig. 1A).

Hfq proteins are generally thought to facilitate sSRNA-mRNA
interactions by simultaneous binding of both RNA molecules (31,
56, 64). To test this hypothesis, increasing concentrations of the
target mRNA fragment atu2422 were added to radioactively la-
beled AbcR1 sRNA preincubated with Hfq. RNA fragments were
chosen based on the previously mapped interaction sites of AbcR1
and aru2422 (69). The binary Hfq-AbcR1 complex (Fig. 1A) was
converted into a ternary complex after the addition of the target
mRNA (Fig. 1B). The formation of this complex was dependent
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FIG 1 Complex formation between Hfq, the sSRNA AbcRI, and its target
atu2422. (A) Gel retardation experiments with purified Hfq protein and
AbcR1. **P-labeled AbcR1 sRNA (0.07 pmol) was incubated with increasing
concentrations of Hfq protein at 30°C for 20 min. Final concentrations (fold
excess) of added Hfq are shown above the gel. Lane 1 contains a water control.
(B) Gel retardation experiments with AbcR1, Hfq, and the target atu2422
mRNA fragment (100 nucleotides). >*P-labeled AbcR1 sSRNA (0.07 pmol) was
incubated with purified Hfq (1,000-fold excess) and increasing concentrations
of atu2422. Final concentrations (fold excess) of added atu2422 RNA are
shown above the gel. Lane 1 contains a water control. Samples were run on a
6% native gel at 250 V. The asterisks indicate radioactive (**P) labeling of the
SsRNA AbcR1.

on the specific interaction between AbcR1 and atu2422, as AbcR1
and a nontarget RNA did not promote the formation of a ternary
complex (data not shown). In line with the model that RNAs cycle
on Hfq (19), high concentrations of the atu2422 RNA displaced
AbcR1 (Fig. 1B).

To test whether Hfq influences AbcR1 in vivo, we constructed
an in-frame deletion strain of hfq. The absence of hfg in the mu-
tant was confirmed by colony PCR and Northern blot analysis,
which also shows that hifg forms a monocistronic transcript in the
WT strain (see Fig. S2 in the supplemental material). In vivo evi-
dence for the involvement of Hfq in the interaction of AbcR1 and
atu2422 was provided by Northern blot analysis (Fig. 2A). AbcR1
and its target aru2422 were detected by specific RNA probes in
different growth phases. Compared to the WT levels, the AbcR1
signal was strongly reduced in the hfg deletion strain under both
conditions. Fully consistent with our previous observation that
AbcR1 decreases the level and stability of aru2422 mRNA (69),
smaller amounts of the sSRNA AbcR1 in the hfg deletion mutant
correlated with elevated amounts of atu2422 mRNA, particularly
in the exponential growth phase.

To assess the stability of AbcR1 in Agrobacterium WT and the
hfg mutant, both strains were grown to mid-stationary phase
(ODygy of 1) before transcription was stopped by the addition of
rifampin. The half-life of AbcR1 was determined by Northern blot
analysis (Fig. 2B). In the presence of Hfq, AbcR1 had an estimated
half-life of about 17 min (Fig. 2C). In contrast, the SRNA was less
abundant and decayed more quickly (¢,,, ~ 4 min) in the hfg
mutant. In summary, the in vitro and in vivo results consistently
show an important role of A. tumefaciens Hfq in AbcR1-mediated
regulation.

The absence of Hfq alters the expression of various genes in
A. tumefaciens. Next, we determined Hfq-dependent changes in
protein production and compared the protein extracts from WT
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FIG 2 Effect of Hfq on AbcR1-mediated gene regulation in vivo. (A) Northern
blot analysis of AbcR1 and atu2422 in A. tumefaciens wild type (WT) and the Ahfg
strain. Hybridizations were performed with 8 pg of total RNA from cells grown in
YEB complex medium to the optical densities indicated above the gels. Primers
used for RNA probe generation are listed in Table S2 in the supplemental material.
Ethidium bromide-stained 23S RNAs or tRNAs were used as loading controls. nt,
nucleotides. (B) Stability of AbcR1. WT and Ahfq mutant cells were grown to an
ODg, of 1.0 in YEB medium. Samples were taken before (0) and 1, 5, and 10 min
after the addition of rifampin (250 pg/ml). Amounts of 8 pg of total RNA were
separated on a 10% polyacrylamide gel containing 7 M urea and were detected by
Northern analysis using a DNA probe (generated by primers DNAprobe_C2A_fw
and DNAprobe_C2A_rv). The size of AbcR1 is given on the right. Ethidium bro-
mide-stained tRNAs were used as loading controls. (C) Relative amounts of
AbcR1 in A. tumefaciens WT and the hfg mutant after the addition of rifampin.
Northern blot signals (B) were quantified using AlphaEaseFC software.

and Ahfq cells grown to exponential and mid-stationary phase in
YEB complex medium by SDS-PAGE. As controls, a strain in
which Ahfg was complemented by plasmid-encoded hfg and WT
and Ahfg strains carrying the empty vector were used (Fig. 3A).
The protein profiles of the WT and the hfg mutant differed signif-
icantly under both growth conditions. At least eight proteins were
visibly overrepresented in the mutant strain compared to their
levels in the WT. In all cases, the abundance of these proteins was
restored to WT-like levels in the complemented Ahfg mutant,
demonstrating that the observed changes were Hfq dependent.

Proteins overrepresented in the hfg mutant were excised from
the gel and subjected to mass spectrometry. Although some of the
proteins could not be identified unambiguously (Fig. 3B), it was
evident that the majority of these proteins were substrate-binding
proteins of the ABC transporter family (underlined in Fig. 3A). In
contrast to all other proteins, which accumulated in late stationary
phase, the 20.5-kDa ribosomal protein RpsE was most abundant
in Ahfg cells from early-exponential-phase cultures.
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2* Atu4678 ABC transporter, substrate binding protein
3* Atu5296 arylester hydrolase

3 Atu1577 ABC transporter, substrate binding protein
4* Atu0420 ABC transporter, substrate binding protein
4 Atu1020 outer membrane protein
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7 GroEL (Atu0682) chaperonin
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FIG 3 Altered protein levels in the hfq deletion mutant. (A) Total protein
samples from different growth phases (indicated above the gels) of A. tumefa-
ciens wild type (WT), the Ahfg strain, the complemented mutant (Ahfq+hfq),
and control strains containing the empty vector (v) (WT+vand Ahfq+v) were
loaded on a 12% SDS—-PAGE gel. The positions of marker proteins are given on
the left in kDa. Eight prominent protein bands accumulating in the mutant
were analyzed via MALDI-TOF. The proteins identified with the highest con-
fidence are given on the right. ABC transporter components are underlined.
(B) Identification of overexpressed proteins (A) in the Ahfqg mutant by
MALDI-TOF. Proteins that were ranked at the first position after MALDI-
TOF analysis are in boldface and marked by asterisks. All other listed proteins
were additionally identified during mass spectrometry.

To analyze the RNA levels of the Hfg-affected proteins, we
selected seven examples and performed Northern hybridizations
with RNA isolated from cultures grown to the optical density used
in the SDS-PAGE (Fig. 4). The corresponding mRNAs were over-
represented already in exponential growth phase in the Ahfg strain
compared to the WT levels.

Phenotypic defects of the hfg mutant. The observed altera-
tions in the protein, mRNA, and sRNA concentrations in the hfg
mutant in comparison to those in the parental strain (Fig. 1 to 4)
suggested a contribution of Hfq to diverse cellular pathways in A.
tumefaciens and led us to conduct a phenotypic characterization.
Consistent with the delayed growth and formation of small colo-
nies on YEB medium agar plates at 30°C (data not shown), the hfg
mutant showed a longer lag phase after inoculation into fresh
medium and reached lower optical densities than the WT (Fig.
5A). Furthermore, the mutant cultures started to form visible cell
aggregates at an ODy, of around 0.2 (data not shown; for OD
measurements, cells were resuspended by vortexing, and CFU
were determined to support the OD reading results). The growth
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FIG 4 Altered RNA levels in the hfq deletion mutant. Northern blots deter-
mining RNA levels of some of the proteins identified by SDS-PAGE in Fig. 3A.
Hybridizations were performed with amounts of 8 g of total RNA from A.
tumefaciens wild type (WT) and the Ahfg mutant grown to the optical densities
indicated above. Primers used for RNA probe generation are listed in Table S2
in the supplemental material. Ethidium bromide-stained 23S RNAs were used
as loading controls.

of the complemented Ahfq strain was indistinguishable from that
of the WT.

To analyze cell morphology, aliquots of liquid cultures grown
in YEB medium to optical densities (ODg,,) of 0.15 and 0.5 were
fixed on glass slides and inspected by light microscopy. Both the
WT and the WT with the empty vector formed typical rod-shaped
cells (Fig. 5B). In contrast, many Ahfg cells showed an unusual
Y-shaped appearance. Counting of 1,800 cells from exponential
growth culture and 2,000 cells from stationary-phase culture
revealed that 8.7 and 7.8%, respectively, were Y shaped. Con-
sistent with the flocking phenotype observed in liquid cultures,
aggregated cells were visible in Ahfg cultures from exponential
growth (ODy,, of 0.5). This abnormal morphology was com-
pletely restored in strains expressing hfg from the complemen-
tation plasmid.

Next, we compared the motility of the WT and the Ahfg strains.
WT cells were motile and formed concentric rings around the
point of inoculation. In contrast, the motility of the hfqg mutant
was consistently reduced by 25%.

Hfq is a virulence determinant in A. tumefaciens. To deter-
mine if the absence of hfg influences the virulence of A. tumefa-
ciens, we used two different tumor formation assays. First, cells
were cultivated in YEB medium to low optical densities and used
to transform living plants. Infection of freshly wounded Kalan-
choeleaves with the A. tumefaciens WT and WT cells harboring the
empty vector led to efficient tumor formation that was visible 4
weeks after inoculation (see Fig. S3 in the supplemental material).
In contrast, leaves inoculated with the hfg mutant were severely
delayed in tumor formation and produced hardly detectable tu-
mors or no tumors at all. Complementation by ectopically ex-
pressed hfq restored tumor formation.

More-quantitative results were obtained on potato tuber discs
(Fig. 6). A. tumefaciens WT (10* cells/disc) elicited approximately
seven tumors per disc after 3 weeks of incubation. Potato discs
infected with the Ahfg strain showed at most one tumor after the
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FIG 5 Growth defect and altered cell morphology of the Ahfg strain. (A) A.
tumefaciens wild type (WT), the Ahfq mutant, the complemented mutant
(Ahfq+hfg), and corresponding control strains harboring the empty vector (v)
(WT+vand Ahfg+v) were grown in YEB complex medium, and OD, values
were plotted over time. Three independent experiments gave comparable re-
sults. (B) Microscopic images were taken of A. tumefaciens strains from cul-
tures grown in YEB medium to optical densities indicated above the images.
Y-shaped cells are indicated by arrows.

same incubation time. When 100-fold-higher cell densities were
used for infection (10° cells/disc), the virulence defect was less
severe. Four to five tumors were counted on Ahfg-infected potato
discs, suggesting that deletion of hfg does not completely abolish
the ability of A. tumefaciens to genetically manipulate plant cells.
Interestingly, the hfq mutant still expresses the type IV secretion
machinery, as four different VirB proteins were detected at WT
levels by Western blot analysis (Fig. 7).

DISCUSSION

Hfq-dependent ABC transporter regulation. Soil bacteria like
Rhizobium and Agrobacterium are highly adaptive heterotrophic
organisms, able to assimilate a wide range of carbon and nitrogen
sources in the rhizosphere. Their metabolic plasticity is reflected
in their large genome sizes, with many genes devoted to transport
and catabolic pathways. S. meliloti and A. tumefaciens both encode
more than 150 ABC transporter systems (23, 70), which ought to
be tightly regulated in response to nutrient availability. In the
present study, the A. tumefaciens Hfq protein was shown to play a
major role in the regulation of a number of periplasmic binding

October 2012 Volume 194 Number 19

Role of RNA Chaperone Hfq in A. tumefaciens

>

0
e 104 [ 10°
(4]
o 8
T 7
g6
n 5
E
23 ﬂ
2 2
L il
= > o > o = > & > (=2
= £ £ & E§ = £ = & =
LS I LS~
= S E = s ¢
< <
B WT WT Ahfqg Ahfg Ahfq
+v +v +hfq
104 ,,;: 4% g . f.
108

FIG 6 Virulence defect of the A. tumefaciens Ahfq strain on potato discs.
Quantitative tumor formation assay on potato tuber discs. (A) Amounts of 10*
and 10° cells/disc of A. tumefaciens wild type (WT), the Ahfg mutant, the
complemented mutant (Ahfg+hfg), and control strains harboring the empty
vector (v) (WT+v and Ahfg+v) were examined for their tumor formation
efficiency on potato discs. Tumorigenesis efficiency is scored by the number of
tumors per disc (mean value calculated from results of 60 potato tuber discs for
each strain in each independent experiment; error bars show standard errors of
the means). (B) Representative pictures of tumors on potato discs. Two inde-
pendent experiments gave similar results.

proteins of ABC transporters (Fig. 8). Six of eight significantly
overrepresented proteins in the Ahfg mutant belonged to the ABC
transporter family. The extensive role of Hfq in the regulation of
nutrient uptake systems has also been demonstrated in global
analyses of other hfq deletion mutants (25, 30, 50, 52, 53, 55).
Recent studies in the plant symbiont S. meliloti revealed ABC
transporter-related genes as the dominant class affected by hfg
mutation (3, 24, 60). In accordance, Hfg-mediated regulation of
ABC transporter uptake mechanisms seems to be a common
theme among bacteria. Our phenotypic characterization suggests
that Hfq-mediated gene regulation has many functions beyond
balancing the nutrient supply.

Hfq is largely known to function as a global player in sSRNA
regulatory pathways (reviewed in references 8 and 66). We re-

WT Ahfq
-+ -+ AS
—_— S [ VirB9 (32.4 kDa)
— w | VirB8 (26.3 kDa)
—_ % L virB5 (23.3 kDa)
- W L VirB2 (12.4 kDa)

FIG 7 Presence of T4SS proteins in the WT and hfq mutant. Cells were grown
under non-virulence-inducing (— AS) or virulence-inducing conditions (+
AS [1 mM]) in AB minimal medium (AS, acetosyringone). Cell lysates were
subjected to SDS-PAGE, followed by Western blotting and detection with
specific antisera.

jb.asm.org 5213


http://jb.asm.org

Wilms et al.

Atu0420 -
Atu4678 - Dpp A

‘ %

oM

FIG 8 Current model of Hfq-dependent processes in A. tumefaciens. A schematic A. tumefaciens cell is depicted with inner and outer membrane (IM and OM,
respectively). mRNAs influenced by Hfq mostly code for periplasmic proteins. Hfg-mediated regulation is exerted via the SRNA AbcR1 (69) (continuous lines)

or via yet-to-be-determined sRNAs (dashed lines).

cently reported more than 200 sSRNA candidates in A. tumefaciens
(68). Here, we demonstrated the well-characterized SRNA AbcR1
to be modulated by Hfq. AbcR1 regulates the expression of at least
three ABC transporter-related mRNAs, namely, aru2422, coding
for a GABA and proline binding protein, atu1879, coding for a
periplasmic binding protein of unknown function, and frcC, cod-
ing for a putative sugar transporter (69). Amino acid transport is
also regulated by AbcR1 and the related AbcR2 in Brucella abortus
(9). The formation of a ternary complex between A. tumefaciens
AbcR1, Hfq, and the target mRNA atu2422 in vitro and the Hfq-
dependent regulation of AbcR1 and aru2422 RNA levels in vivo
suggest a direct contribution of Hfq to AbcR1-mediated regula-
tion. Furthermore, AbcR1 was stabilized by Hfq in vivo, like its S.
meliloti homologue SmrC16 (65). AbcR1 stability was reduced
4-fold in the absence of Hfq. Two- to 6-fold-reduced half-lives of
SmrC16 in an S. meliloti hfg mutant suggest a common mecha-
nism of regulation for AbcR1 and SmrC16.

Analysis of protein amounts by SDS-PAGE revealed eight vis-
ibly overproduced proteins in the hfg mutant (Fig. 3A). Northern
blot analysis further confirmed an increase of the mRNA levels of
most of these proteins in the absence of Hfq (Fig. 4), suggesting
that SRNA-dependent translational blockage might be coupled to
mRNA degradation. Since none of the three known AbcR1 targets
was among those proteins, we expect the list of SRNA-controlled
transporter genes in A. tumefaciens to grow in the future. Global
approaches to identify Hfg-interacting mRNAs and sRNAs (co-
immunoprecipitation), as well as affected proteins (2-dimen-
sional PAGE), are expected to provide further insights into the
physiological role of Hfq in A. tumefaciens.

Phenotypes of the hfqg mutant. The hfgq deletion strain gener-
ated during this study displayed alterations in growth, cell mor-
phology, motility, and virulence. Although hfg mutants often ex-
hibit a pleiotropic phenotype, the severity is species dependent (3,
14,24, 51, 53, 60). Slower growth of the A. tumefaciens hfq mutant
might be a consequence of the misregulation of ABC transporter
genes, which is expected to result in altered nutrient acquisition, as
has been shown for GABA uptake in the AbcR1 mutant (69).

A particularly interesting protein overproduced in the hfqg mu-
tant was RpsE (ribosomal protein S5), which has been implicated
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in tRNA selection and translation fidelity in E. coli (72). In con-
trast to the ABC transporter proteins, A. tumefaciens RpsE accu-
mulated mostly in the earlier growth phase. Although it remains
unclear how Hfq affects the RpsE level, the Northern hybridiza-
tion showed that rpsE mRNA was dramatically induced in the
absence of the RNA chaperone. Our study provides evidence that
the unbalanced production of ribosomal proteins during expo-
nential growth, probably associated with reduced translation ac-
curacy, might be another reason for the pleiotropic defects of hfg
mutants. Consistent with this notion, various mRNAs coding for
ribosomal proteins coimmunoprecipitated with E. coli (73) or R.
sphaeroides (6) Hfq.

Light microscopy revealed that about 8% of all Ahfq cells are
atypically branched, exhibiting a Y shape. This phenotype has pre-
viously been correlated with blocked cell division in rhizobia (36).
The Y-shaped morphology is reminiscent of A. tumefaciens cells
lacking the Lon protease (58). This ATP-dependent protease plays
a primary role in the degradation of misfolded proteins (26). In A.
tumefaciens, it might also be involved in the control of lipopoly-
saccharide (LPS) biosynthesis (35). Defects in LPS production of-
ten lead to pleiotrophic phenotypes. Another substrate of Lon in
alphaproteobacteria is CcrM, a DNA methyltransferase that plays
a critical role in DNA replication and cell division in A. tumefa-
ciens and other rhizobia (33). The majority of A. tumefaciens cells
overexpressing CcrM show a branched appearance like that of the
hfqg mutant (33, 71). Notably, differential expression of the lon
gene has been reported in E. coli (downregulation) and Yersinia
pestis (upregulation) hfg mutants (25, 30). The question of which
Hfq target(s) are responsible for the changes in cell morphology
and growth defects remains to be addressed in many organisms.

The abnormal cell morphology and impaired growth might be
responsible in part for the reduced motility of the A. tumefaciens
Ahfq strain. Alternatively, the defect may be caused by an altera-
tion in the expression of flagellum-associated genes. In the closely
related organism S. meliloti, transcripts of most known flagellar,
chemotaxis, and motility genes were decreased in the hfg mutant
(24). Changes in flagellum proteins were also reported for Salmo-
nella enterica serovar Typhimurium and E. coli (51, 53). However,
protein gels of the A. tumefaciens hfg mutant (Fig. 3A) and West-
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ern blot analysis with flagellum-specific antisera (data not shown)
did not reveal any obvious changes in the presence of flagellum
proteins. In summary, our study revealed that important cellular
processes, such as nutrient acquisition, the composition of the
translation machinery, and cell division, are affected in the ab-
sence of Hfq in A. tumefaciens.

Hfq is required for efficient plant transformation. Although
virulence-related defects are not uncommon in bacterial hfg mu-
tants (reviewed in reference 11), our study reports the first Hfq-
associated virulence phenotype in a plant pathogen, emphasizing
the universal importance of Hfq in host-microbe interactions. In
response to plant-released signals, A. tumefaciens induces the vir
regulon, encoding the components of the T4SS, which is required
for T-DNA transport into the host (reviewed in reference 44).
Unlike a B. abortus hfg mutant (10) and virulence-defective A.
tumefaciens mutants with altered membrane composition (67),
the Agrobacterium hfg mutant produced normal amounts of VirB
proteins. This suggests that the signal transduction pathway,
from perception of wounded plant tissue to expression of the
T4SS, is not compromised by the hfg deletion. Transient infec-
tion assays with Arabidopsis thaliana root segments (32, 74),
however, showed 2- to 3-fold-reduced T-DNA transfer by the
hfq mutant (data not shown). These data imply a role of hfq at
early step(s) of the Agrobacterium transformation process prior
to T-DNA integration, because transient expression of T-DNA
genes does not require the integration of T-DNA into the plant
genome (41). The underlying mechanism remains to be estab-
lished.

Since motility and chemotaxis toward plant-derived signals
influence the infection process (12), the swimming defect of the A.
tumefaciens Ahfq strain might contribute to the observed viru-
lence phenotype. Motility generally is an important parameter in
host cell colonization and was shown to be dependent on Hfq in E.
coli, Pseudomonas aeruginosa, and S. Typhimurium (51, 53, 55).
Nonetheless, we expect the effect of reduced motility on virulence
to be of minor importance in our assays, because bacterial cells
were directly applied onto wounded Kalanchoe leaves or potato
discs. Even nonmotile A. tumefaciens strains were shown to retain
64% virulence on red potato tuber discs compared to the virulence
of the parental WT strain (12).

The abnormal cell morphology of the A. tumefaciens hfq mu-
tant and its tendency to form cell aggregates might be another
reason for reduced plant transformation. Other A. tumefaciens
mutants, displaying similar Y-shaped cell types, showed signifi-
cant virulence defects, similar to those of the hfg mutant (16, 58).
It is striking, however, that even 10° cells of the hfg mutant did not
form as many tumors as 10* A. tumefaciens WT cells. Since more
than 90% of Ahfq cells are normally shaped, it is unlikely that the
Y-shaped cells play a dominant role in the virulence defect in such
high bacterial concentrations.

Another attractive yet theoretical hypothesis is that A. tumefa-
ciens transfers SRNAs along with its T-DNA into the host during
plant transformation to subvert plant defense mechanisms or to
modulate host metabolism for its own benefit. Interestingly, five
putative sSRNAs were shown to be expressed from the T-DNA
region (68).

Interestingly, the type IV secretion system seemed to be intact
in the A. tumefaciens hfg mutant. Although secretion of RNA into
host cells as an effective infection strategy has been hypothesized
(29, 42, 66), it has never been firmly proven. Given the universal
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importance of microRNAs in eukaryotic gene regulation, it is also
tempting to speculate that the T-DNA might express such regula-
tory RNAs once it is integrated into the plant genome. Several
recent findings suggest that this speculation might not be too far-
fetched. A deep-sequencing approach revealed more than 20
miRNAs differentially expressed from soybean roots in response
to inoculation with the symbiont Bradyrhizobium japonicum (59).
Several DNA viruses, like the Kaposi’s sarcoma-associated herpes-
virus, express miRNAs in infected cells to downregulate cellular
mRNAs (28). Most interestingly, the plant miRNA pathway is
essential for Agrobacterium disease development. Plants mutated
in RNA silencing pathways showed near immunity to A. tumefa-
ciens infection (18). In silico predictions identified some putative
miRNA precursors on the T-DNA sequence (data not shown).
Although experimental validation of those regulatory RNAs is still
pending, they indicate the regulatory potential of the T-DNA. In
light of these reports, it seems possible that in addition to cumu-
lative effects of several phenotypic alterations in the hfg mutant,
Hfq-dependent sRNAs might play a more direct role in tumor
formation by A. tumefaciens.
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