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Both host and pathogen battle over access to essential metals including zinc and cobalt.
However, metal overload is toxic to cells. Zinc homeostasis in Agrobacterium tumefaciens is maintained
through controlling zinc uptake and zinc efflux systems. To survive under a wide range of zinc-deficient
conditions, A. tumefaciens requires co-operation of Zur-regulated zinc acquisition systems, including two
ABC-type zinc importers: TroCBA and ZnuABC and two zinc chaperones: ZinT and YciC. It was found that
TroCBA and ZinT play dominant roles. While ZnuABC may function as a back-up system and is very
important for supporting growth under zinc limitation when TroCBA is disrupted. When A. tumefaciens
encounters conditions of severe zinc shortage, even if the high-affinity zinc uptake TroCBA and ZnuABC
systems are still functioning, it need ZinT and YciC to effectively shuttle zinc ions to essential zinc-
dependent proteins, in the periplasm and cytoplasm respectively, whose functions are required to cope
with low-zinc stress. When intracellular zinc is overloaded, the complexes of Zn2+ with the zinc sensors are
formed, Zur—Zn2+ and ZntR—Zn2+. The Zur-Zn2+ complex represses the zinc uptake genes, whereas the
ZntR-Zn2+ complex activates the zinc efflux gene, zntA. Consequently, the high-affinity zinc uptake
systems, TroCBA and ZnuABC, are shut down, and excess zinc can be pumped out of the cytoplasm by a
P.s-type ATPase, ZntA. Cobalt is required by coenzyme B,,-dependent enzymes and several proteins.
However, cobalt overload can cause cellular toxicity through catalyzing the generation of reactive oxygen
species and leads to iron and glutathione depletion, thus disturbing iron homeostasis. To prevent
intracellular cobalt overload-mediated toxicity, excessive amounts of cobalt are eliminated by DmeF
(divalent metal efflux) protein. Transcription of dmeF gene is regulated by the transcriptional regulator
DmeR. The binding of C02+causes conformational changes in DmeR resulting in dissociation from DNA,

thus triggering the transcription of the dmeF.
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Agrobacterium tumefaciens

1. anudauazfianzasilyn

Pathogens and hosts compete for essential metals such as iron, zinc, nickel and cobalt. Metal stress,
either deficiency or excess, can be used as a host defence (Bezkorovainy, 1981; Ward & Conneely, 2004; Nairz
et al., 2010; Botella et al., 2012; Fones & Preston, 2012). Under severe metal-limiting conditions, bacteria
sequester metals from the environments via turn on high-affinity metal uptake systems (Andrews et al., 2003;
Blencowe & Morby AP, 2003; Rodionov et al., 2006; Berntsson et al., 2010). When intracellular metal
concentrations are overload, bacteria pump metals out of cells using various types of metal efflux systems (Nies,
2003; Guilhen et al., 2013). The balance of metal uptake and efflux in bacteria need to be tightly controlled in
order to meet cellular demand and prevent metal toxicity. Therefore, metal transporters play an important role
during bacterial infection and can have an impact on disease development (Stahler et al., 2006; Brenot et al.,
2007; Klein & Lewinson, 2011; Botella et al., 2012; Lewis et al., 2012; Guilhen et al., 2013; Shafeeq et al., 2013).
Study of bacterial metal transporters will facilitate the design of more effective antimicrobial agents or vaccine
development (Yang et al., 2006; Coufiago et al., 2012). Toward these applications, more research into a clear
understanding of physiological functions and mechanisms of metal transporters as well as their roles for bacterial
survival and virulence is needed.

The alpha-proteobacteria contain diverse group of organisms, including the human pathogen Bartonella,
the animal pathogen Brucella, and the plant pathogen Agrobacterium. The transport of metals in alpha-
proteobacteria is poorly understood. Agrobacterium tumefaciens is a Gram-negative, soil-born plant pathogen that
causes crown gall tumor disease on dicotyledonous plants. Bacterial zinc uptake, ZnuABC and ZinT, are well
studied in Escherichia coli and Salmonella enterica serovar Typhimurium. The ZnuABC is a high-affinity zinc
transporter belonging to ATP-binding cassette family and plays a dominant role, while ZinT is a periplasmic zinc-
binding protein that helps ZnuA in zinc transport through ZnuBC (Petrarca et al., 2010; Gabbiannelli et al., 2011).
It was found that A. tumefaciens ZnuABC did not play an apparent role whereas A. tumefaciens ZinT was more
important and could function independently of ZnuABC (Bhubhanil et al., 2014). The loss of A. tumefaciens ZinT
but not ZnuA and ZnuB, caused a slight reduction in the cellular zinc content, implying the existence of an
additional high-affinity zinc uptake system. Zinc uptake and zinc efflux systems both help to maintain the
intracellular zinc homeostasis. The research will particularly focus on the identification of additional zinc uptake
system (Atu3180-Atu3179-Atu3178) and the investigation of zinc efflux systems (ZntR, ZntA and ZntB) in order to
gain a better understanding of how A. tumefaciens maintains zinc homeostasis and the impact of these zinc

transporters on bacterial survival and virulence.



Cobalt stress has been shown to affect iron homeostasis and Fe-S cluster is a major target of cobalt
toxicity in E. coli and S. enterica (Barras and Fontecave, 2011). Since Fe-S clusters are required for function of
many enzymes and proteins, damage of Fe-S cluster leads to production of non-functional proteins and thus
disrupting many vital biological processes. Iron regulation in alpha-proteobacteria differs from many other bacteria
in which the iron response regulator (Irr) and the rhizobial iron regulator (RirA) are the regulators of many iron-
responsive genes under low iron and high iron conditions, respectively (Hibbing & Fuqua, 2011). Unlike Irr, RirA
requires Fe-S cluster for its repression function. However, the effect of cobalt stress on RirA activity has not been
reported. RirA was shown to be important for the survival and virulence of A. tumefaciens (Ngok-ngam et al.,
2009). The research aims to determine the effect of a putative cobalt exporter (DmeRF) on controlling the cellular
cobalt levels and to determine whether cobalt stress interferes with RirA activity which in turn may affect bacterial

survival and virulence.
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2.1 To study regulation and roles of the troBCA operon in zinc homeostasis and virulence of A.
tumefaciens.

2.2 To study regulation and roles of putative genes involved in zinc efflux (zntR, zntA and zntB) in zinc
homeostasis and virulence of A. tumefaciens.

2.3 To study regulation and roles of putative genes involved in cobalt and nickel transport (dmeR and

dmeF) in metal homeostasis and virulence of A. fumefaciens.
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Year 1 Year 2 Year 3

1 half | 2" hatf | 1% half | 2" hatf | 1% half | 2™ half

PART |

1. Expression analysis of zntA and zntB in | +—»
response to metals using gRT-PCR in order
to determine metal-specific response of these
genes.

2. Construction of mutant strains containing | «—»
mutation either at zntR, zntA or zntB, and
double mutations at zntA and zntB.

3. Construction of plasmids expressing | «—»
functional gene either zntA or zntB for
complementation.

4. Determine whether ZntR is the regulator of | «—»
zntA and zntB by comparing expression levels
of these genes in wild-type and zntR mutant
using qRT-PCR.

5. Sensitivity test to metals using wild-type, | «—»
mutants and complemented strains.

6. Determine total cellular metal content of the |€+—»
mutant strains compared to wild-type using
ICP-MS.

7. Determine virulence of zntR, zntA and zntB «—>
mutants using Nicotiana benthamiana plants
infected with  wild-type, mutants and
complemented strains.

PART Il

8. Determine whether zinc uptake genes +“—>
(zinT, znuABC and troBCA) play a role in the
response to oxidants. Oxidant sensitivity test
in wild-type and mutant strains.

9. Determine whether zinc efflux genes (zntR, «—>
zntA and zntB) play a role in the response to
oxidants. Oxidant sensitivity test in wild-type
and mutant strains.

10. Manuscript preparation «—>




Year 1

Year 2

Year 3

1* half | 2™ half

1% half | 2™ half

1% half | 2™ half

PART il

1. RT-PCR analysis to determine whether
Atu3180, Atu3179 and Atu3178 genes are co-
transcribed.

2. Expression analysis of the troBCA operon
in response to metals using qRT-PCR in order
to determine metal-specific response of the
troBCA operon.

3. Determine whether Zur is the regulator of
the troBCA operon by comparing expression
levels of troBCA in wild-type and zur mutant
using qRT-PCR.

4. Construction of mutant strains containing a
single mutation either at Atu3180 or Atu3178.

5. Construction of a plasmid expressing
functional froA gene  (Atu3178) for
complementation and comparing role of TroA
with other periplasmic zinc-binding proteins
(ZinT and ZnuA).

6. Construction of double mutant strains
containing  mutations at  Atu3180 in
combination with either zinT or znuA in order
to test whether these genes co-operate to
transport zinc.

7. Sensitivity test to metals and a metal
chelator EDTA using wild-type, mutants and
complemented strains.

8. Determine total cellular metal content of
wild-type and mutant strains using ICP-MS.

9. Determine roles of the troBCA operon in
the virulence of A. tumefaciens using
Nicotiana benthamiana plants infected with
wild-type, mutants and complemented strains.

10. Preparation of manuscript




Year 1

Year 2

Year 3

1* half | 2™ half

1% half | 2™ half

1% half

2" half

PART IV

1. RT-PCR analysis to determine whether
dmeR and dmeF genes are co-transcribed.

2. Expression analysis of dmeRF in response
to various metals using gRT-PCR in order to
determine metal-specific response of dmeRF.

3. Construction of plasmids expressing
functional gene either dmeR or dmeF for
complementation.

4. Determine whether DmeR is the regulator
of dmeF by comparing expression levels of
dmeF in wild-type and dmeR mutant using
gRT-PCR.

5. Sensitivity test to various metals using wild-
type, mutants and complemented strains.

6. Determine total cellular metal content of the
mutant strains compared to wild-type using
ICP-MS.

7. Determine virulence of dmeR and dmeF
mutants using Nicotiana benthamiana plants
infected with  wild-type, mutants and
complemented strains.

8. Determine the influence of cobalt stress,
which may result from the loss of dmefF, on
the iron regulation by monitoring iron-
responsive genes that are regulated by RirA
and Irr using qRT-PCR.

9. Determine whether cobalt stress, which
may result from the loss of dmeF, affects
activity of Fe-S proteins including soxR and
aconitase.

10. Manuscript preparation




3. HRITNIDY
3.1 To study regulation and roles of putative genes involved in zinc efflux (zntR, zntA and zntB) in zinc

homeostasis and virulence of A. tumefaciens.

3.1.1 A. tumefaciens zntR mediates the induction of zntA in response to cadmium, zinc and cobalt.

The expression of A. tumefaciens zntA and zntB in response to zinc levels was determined using qRT-PCR
analysis. In the wild-type strain (WT), the expression of zntA, but not zntB, was increased after treatments with
100, 500 and 750 UM ZnCl, (Fig. 1a). The zinc-mediated induction of zntA was abolished in the zntR mutant
strain (ZR1423), suggesting that zntR activates zntA (Fig. 1a). The loss of zinc-induced zntA expression was able
to be restored in the complemented strain (ZR1423/pZNTR) (Fig. 2a). Next, the metal-specific response of zntA
was determined using WT cells grown in LB individually supplemented with 250 LLM CdCl,, CoCl,, CuSQ,,
FeCl;, MgCl,, MnCl,, NiCl,, PbSO, or ZnCl,. The results shown in Fig. 1b suggest that Cd (~100-fold) was the
best inducer, followed by Zn (~14-fold) and Co (~8-fold), while other metals induced less than 3-fold zntA
expression (Ni and Pb) or had no effect (Cu, Fe, Mg and Mn). The expression of zntB was not affected by the
zntR mutation (Fig. 2a), and zntB expression was not strikingly changed upon treatment with zinc (Fig. 1a) or

other metals (Fig. 2b).
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FIG. 1. (a) Transcription analyses of zntA and zntB in response to increased zinc levels using qRT-PCR.
Wild-type (WT) and the zntR mutant (ZR1423) cells were grown to the log phase in LB medium supplemented
with 100, 500 and 750 LM ZnCl, for 15 min. The expression of the target genes was normalized to 16S rRNA,
and the fold-changes in gene expression were assessed relative to WT cells grown in LB (regarded as 1). The
experiment was performed in biological triplicate, and the error bars indicate the standard deviations.

(b) qRT-PCR analysis of zntA expression in response to various metals. WT cells were grown in LB medium
to the log phase and individually supplemented with 250 UM of CdCl,, CoCl,, CuSO, FeCl;, MgCl,, MnCl,,
NiCl,, PbNO; or ZnCl, for 15 min. The fold-changes in gene expression were assessed relative to cells grown in

LB (regarded as 1).
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FIG. 2. (a) gRT-PCR analysis of zntA and zntB expression in wild-type (WT) and ZR1423 (zntR mutation)
strains carrying the plasmid vector pBBR. The mutant strain was complemented with multi-copies of the zntR
gene from the plasmid pZNTR. Log-phase cells grown in LB were either untreated or treated with 250 UM ZnCl,
for 15 min. The expression of zntA and zntB was normalized to that of 16S rRNA, and the fold-changes in gene
expression were assessed relative to those in WT/pBBR grown in LB (regarded as 1). The experiment was

performed in biological triplicate, and the error bars indicate the standard deviations.

(b) gRT-PCR analysis of zntB expression in response to various metals. Log-phase WT cells were grown in

LB medium individually supplemented with 250 LM of CdCl,, CoCl,, CuSO, FeCl;, MgCl,, MnCl,, NiCl,,

PbNO; or ZnCl, for 15 min. The fold-changes in gene expression were assessed relative to the cells grown in LB

(regarded as 1).
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3.1.2 ZntR and ZntA are required for resistance to cadmium, zinc and cobalt. Next, the zntR (ZR1423) and

zntA (ZA141) mutant strains were generated, and the metal sensitivity was determined (Fig. 3). The results
showed that the ZR1423 strain was ~10°-fold more sensitive to 50 pM CdCl, and 450 pyM ZnCl, than WT (Fig.

3). The loss of zntA severely affected cell tolerance to cadmium and zinc. The ZA141strain was ~10'-fold more
sensitive to 450 uM ZnCl, than WT, while a low concentration (50 uM) of CdCI, completely inhibited the growth
of ZA141 (Fig. 3). Furthermore, the strains ZR1423 and ZA141 also exhibited ~10-fold more sensitivity to CoCl,
than WT (Fig. 3). The sensitive phenotypes of the zntR (ZR1423/pBBR) and zntA (ZA141/pBBR) mutant strains
to CdCl,, ZnCl, and CoCl, could be reversed in the complemented strains (ZR1423/pZNTR and ZA141/pZNTA)
(Fig. 4). However, the resistance to other metals (CuSO,, FeCl;, MgCl,, MnCl,, NiCl, and PbSO,) was similar in
WT and the mutants ZR1423 and ZA141. These results demonstrated that A. fumefaciens zntR and zntA are
important for the detoxification of cadmium, zinc and cobalt. In addition, strain ZRA15 (zntR and zntA mutations)
did not show increased metal sensitivity when compared to ZA141 (zntA mutation) (Fig. 4), suggesting that the
phenotype of ZRA15 was likely due to the loss of zntA. This notion was supported by the fact that the metal-
sensitive phenotype of ZRA15 could be completely reversed by complementation with zntA carried on the

plasmid, pZNTA (Fig. 4).

3.1.3 ZntB plays no role in zinc resistance under the tested conditions. It has been reported that Salmonella
enteric serovar Typhimurium ZntB mediates the efflux of zn” and Cd2+, and the zntB mutant shows increased
sensitivity to zinc and cadmium (Worlock & Smith, 2002). The single inactivation of A. tumefaciens zntB (ZB141)
had no effect on cell tolerance to cadmium, zinc, cobalt (Fig. 3) and other metals (CuSO,, FeCl;, MgCl,, MnCl,,
NiCl, and PbSO,). The metal sensitivity was also tested in the double mutation strain (ZAB141) and the WT
strain expressing multi-copies of zntB (WT/pZNTB). Mutations at zntB and zntA (ZAB141) showed no additional
effect on the sensitivity to cadmium, zinc and cobalt compared with the single zntA mutation (ZA141) (Fig. 3).
Moreover, the WT/pZNTB strain showed resistance to cadmium, zinc and cobalt similar to the WT strain carrying
the empty vector. Under the tested conditions, A. fumefaciens zntB did not show an apparent role for metal

resistance.
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LA LA+25uM CdClL LA+ 50 uM CdClL
1 2 3 4 5 1 2 3 4 5

WT
ZR1423
24141

ZB141
ZABl41

LA+ 350 uM CdClL LA+ 400 pM CaClL LA +450 pM CdClL
1 2 3 4 5 1 2 3 4 5 1 2 3 4 5

WT

ZR1423

ZAl41

ZB141
ZABl141

LA+ 350 uM ZnCl LA+ 400 uM ZnCl, LA+ 450 uM ZnCl
1 2 3 4 5 1 2 3 4 5 1 2 3 4 5

WT

ZR1423
ZA141

ZB141
ZABl41

LA+0.75mM CoCl LA+ 1mM CoCl LA+125mM CoCly
1 2 3 4 5 1 2 3 4 5 1 2 3 4 5
WT '

ZR1423
ZA141

FIG. 3. Sensitivity to metals. Wild type (WT), ZR1423 (zntR mutation), ZA141 (zntA mutation), ZB141 (zntB
mutation) and ZAB141 (zntA and zntB mutations). Log-phase cells grown in LB medium were adjusted, serial

diluted and spotted onto plates containing LA, LA+CdCl, (25, 50, 350, 400 and 450 uM), LA+ZnClI, (350, 400 and
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450 uM) and LA+CoCl, (0.75, 1 and 1.25 mM). The ten-fold serial dilutions are indicated, and the plates were
incubated at 28 °C for 48 h.

LA +50pM CdClL LA+ 450 pM ZnCl LA+1mM CoCl
1 2 3 4 5 1 2 3 4 5 1 2 3 4 5
WT/pBBR
ZR1423/pBBR
ZR1423/p ZNTR
ZA141/pBBR
ZA141/pZNTA

LA+20pM CdCl, LA+ 50pM CdCl,
1 2 3 4 5

LA+ 350 pM ZnCly LA+ 450 pM ZnCly LA+09mM CoCly LA+1mM CoClLy
-1 2 3 4 5 12 32 4 5 1 -2 3 4 5 1 2 3 4 5

ZR1423/pBBR . . g,

Cer?

FIG. 4. Sensitivity to metals. Wild-type (WT), ZR1423 (zntR mutation), ZA141 (zntA mutation) and ZRA15 (zntR
and zntA mutations) strains carrying the plasmid vector pBBR. The mutant strains were complemented with multi-
copies either of the zntR or zntA gene from the plasmids pZNTR and pZNTA, respectively. Cells grown in LB
medium were adjusted, serial diluted and spotted onto plates containing LA, LA+20 yM CdCl, , LA+50 uM CdCl,,
LA+350 yM ZnCl,, LA+450 yM ZnCl,, LA+0.9 mM CoCl, and LA+1 mM CoCl,. The ten-fold serial dilutions are

indicated, and the plates were incubated at 28 °C for 48 h.
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3.1.4 The zntA mutant showed a striking increase in the accumulation of cadmium and zinc. The ICP-MS
analysis was performed to determine the metal content in WT and mutant strains (Fig. 5). The cells were grown
in LB medium individually supplemented with 50 uM of CoCl,, CuSO,, FeCl;, MnCl,, NiCl, or ZnCl,. However,
CdCl, was used at 10 pM due to the Cd-hyper-sensitivity of the mutant strains (ZR1423, ZA141 and ZAB141,
Fig. 3). The zur (zinc uptake regulator) mutant strain (SPP12) (Bhubhanil et al., 2014c) was used as a control,
which showed the increased accumulation of zinc (~5-fold, Fig. 3). The inactivation of zntR (ZR1423) led to the
increased accumulation of Cd (~1.5-fold), while the levels of other metals were similar to those in WT (Fig. 5).
The loss of zntA increased the accumulation of Cd (~4-fold), Zn (~2-fold) and Mn (~1.2-fold) compared with
WT, and WT showed higher levels of Co (~1.6-fold) and Fe (~1.2-fold) than the zntA mutant (ZA141) (Fig. 5).
The zntB mutation had a lesser effect on the metal content than the zntA mutation, as only the Cu and Mn
contents in the zntB mutant (ZB141) were slightly changed relative to WT (Fig. 5). In addition, the accumulation
of Ni in all of the mutants and WT was similar. The striking increase in the accumulation of Cd and Zn in the zntA

mutant suggests that ZntA is an exporter of Cd and Zn ions.
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FIG. 5. Determination of metal contents using ICP-MS. Wild-type (WT), ZR1423 (zntR mutation), ZA141 (zntA
mutation), ZB141 (zntB mutation) ZAB141, (zntA and zntB mutations) and SPP12 (zur mutation) cells were grown
in LB medium individually supplemented with 10 LM of CdClI, and 50 LM of CoCl,, CuSO, FeCl;, MnCl,, NiCl,
or ZnCl, at 28 °C for 24 h. The total metal contents were measured using ICP-MS. The results are shown as the
means of biological triplicate samples, and the error bars indicate the standard deviations. The bars marked with

* are significantly different from WT (P < 0.05 in an unpaired Student’s t-test).
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3.1.5 Roles of zinc uptake and export systems in H,O, resistance. Zinc-mediated protection against H,0,
stress has been reported in B. subtilis (Gaballa & Helmann, 2002) and S. enteric (Cerasi et al., 2014). Thus, to
examine whether the disruption of the zinc exporter or deregulation of zinc uptake in A. tumefaciens affected the
ability of cells to survive under H,0, stress, the H,O, sensitivity test was performed. The ZR1423, ZA141 and
SPP12 strains displayed more tolerance to H,0, than WT (LA+H,0, and LA+H,0,+ZnCl,, Fig. 6a). However,
the mechanism for enhanced-H,O, resistance in the A. tumefaciens mutants (ZR1423, ZA141 and SPP12)

remains unknown.

3.1.6 The inactivation of either zntR or zntA did not affect the virulence of A. tumefaciens. A. tumefaciens
causes crown gall disease through the insertion of T-DNA from the tumour-inducing (Ti) plasmid into the plant
genome (Zhu et al., 2000). The virulence of the mutant strains (ZR1423 and ZA141) compared with WT was
examined after infecting N. benthamiana petioles. The results showed that tumour formation on N. benthamiana
petioles infected with the mutant strains and WT was similar (Fig. 6b). These results suggested that znfR and

zntA are not important for A. tumefaciens virulence in infecting the N. benthamiana host plant.

LA LA+H,0, LA+H,0,+ZnCl,

-4

(@)

Control | Control 11 ZR1423

FIG. 6. (a) Sensitivity to H,0,. Wild type (WT), ZA141 (zntA mutation) ZR1423 (zntR mutation) and SPP12 (zur

mutation). Cells grown in LB medium were adjusted, serial diluted and spotted onto plates containing LA, LA+275

UM H,0, and LA+275 UM H,0,+50 UM ZnCl,. Ten-fold serial dilutions are indicated, and the plates were
incubated at 28 °C for 48 h.

(b) Virulence assay using young Nicotiana benthamiana plants. A. tumefaciens strains carrying the plasmid
pCMA1 were grown in IB 5.5 medium containing 300 pM of acetosyringone (AS) and used to inoculate wounded

N. benthamiana petioles. Fifteen petioles were tested for each bacterial strain. Tumour formation was observed at
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4 weeks after inoculation. Representative petioles are shown. Control I: without inoculation. Control II: inoculation

of wounded petiole with IB 5.5 + 300 uM AS.

3.1.7 Material and Methods

Bacterial strains and growth conditions. The bacterial strains and plasmids used in the present study are
shown in Table 1. A. tumefaciens and Escherichia coli were aerobically grown at 28 °C and 37 °C, respectively, in
Luria-Bertani (LB) medium. LA refers to LB medium containing 1.5% agar. The growth conditions and antibiotic
concentrations used in the present study have been previously described (Bhubhanil et al., 2014a). Minimal AB
medium (containing per litre: K,HPO,, 3 g; NaH,PO,, 1.15 g; NH,CI, 1 g; MgS0O,-7H,0, 0.3 g; KCI, 0.15 g;
CaCl,, 0.01 g; FeSO,-7H,0, 2.5 mg; glucose, 0.45 %) and induction broth, pH 5.5 (IB 5.5), were prepared as
previously reported (Bhubhanil et al., 2014a; Cangelosi et al., 1991).

Molecular techniques. General molecular techniques were performed using standard protocols (Sambrook et al.,
1989). The primers are listed in Table 2. DNA sequencing was performed to confirm the sequence of the cloned
DNA (Macrogen, Korea). Plasmid DNA was transferred into A. fumefaciens strains by electroporation (Cangelosi

et al., 1991).

Construction of zntR, zntA, zntB and double mutant strains. The mutant strains were generated using a single
homologous recombination method (Ngok-ngam et al., 2009). The A. tumefaciens zntR (Atu0888), zntA (Atu0843)
and zntB (Atu0731) genes were individually disrupted. Primer pairs for gene inactivation (Table 2) were used to
amplify the internal coding regions of zntR, zntA and zntB, and the PCR products were cloned into pKNOCK-Km,
generating  pKNOCKmZNTR, pKNOCKmMZNTA and pKNOCKmMZNTB, respectively. The plasmids were
electroporated into the WT strain, and the zntR (ZR1423), zntA (ZA141) and zntB (ZB141) mutant strains were

selected on LA containing 30 g mi” of kanamycin (Km).

To generate the ZAB141 strain (disruption of both zntA and zntB genes), the PCR fragment corresponding to the
internal coding region of zntB was cloned into pKNOCK-Gm, generating the plasmid pKNOCKZNTB. The plasmid

was electroporated into the mutant ZA141 strain, and the mutant ZAB141 was selected on LA containing 60 [lg

ml”" of gentamicin (Gm) and 30 g ml”" of Km.

To generate the ZRA15 strain (disruption of both znfR and zntA genes), the PCR fragment corresponding to the
internal coding region of zntA was cloned into pKNOCK-Gm, generating the plasmid pKNOCKZNTA. The plasmid
was electroporated into the mutant ZR1423 strain, and the mutant ZRA15 strain was selected on LA containing
60 g mI-1 of gentamicin (Gm) and 30 |lg ml_1 of Km. All the mutant strains were confirmed through Southern

blot analysis.
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Construction of plasmids expressing functional zntR, zntA and zntB genes. DNA fragments of full-length
zntR, zntA and zntB were PCR amplified using genomic WT DNA as a template, gene-specific primer pairs for
complementation (Table 2) and Pfu DNA polymerase (Fermentas). The PCR products were cloned into Smal-
digested pBBR1MCS-4 (Kovach et al., 1995), generating the plasmids pZNTR, pZNTA and pZNTB, respectively.
Quantitative real-time PCR (qRT-PCR) analysis. gqRT-PCR was performed as previously described (Bhubhanil
et al., 2014b). Log-phase cells grown in LB were either untreated or treated with various metals for 15 min prior
to harvest. The metals CdCl,, CoCl,, CuSO,, FeCl;, MgCl,, MnCl,, NiCl, and ZnCl, were used at a final
concentration of 100, 250, 500 or 750 LLM. The gene-specific primers for zntA, zntB and 16S rRNA are listed in
Table S1. The relative gene expression was determined using the Z»AACt method. The fold-changes in gene
expression are expressed relative to the untreated control as previously described (Livak & Schmittgen, 2001).
The data were reported as the means of biological triplicates + SD.

Sensitivity to metals and H,0,. The dilution method (Ngok-ngam et al., 2009) was used for the metal sensitivity
test. Log-phase cells grown in LB medium were adjusted, serially diluted and spotted onto plates containing LA,
LA + CdCI, (25, 50, 350, 400 and 450 uM), LA + CoCl, (0.75, 1 and 1.25 mM), LA + ZnCl, (350, 400 and 450
pM) and LA +275 pyM H,0O, in the absence or presence of 50 yM ZnCl,. The plates were subsequently
incubated at 28 °C for 48 h. Each strain was examined in duplicate, and each experiment was repeated at least

twice.
Measurement of the total cellular metal content. Cells were grown in LB individually supplemented with 10 LM

CdCl, and 50 UM CoCl,, CuSQ,, FeCl;, MnCl,, NiCl, or ZnCl, at 28 °C for 24 h. The cells were washed three
times with 50 mM potassium phosphate buffer, pH 7.0 (KPB), and 10 mM ethylenediaminetetraacetic acid
(EDTA). The cells were subsequently washed twice with 50 mM KPB and resuspended in KPB to achieve an
ODgqo of 1. The cell suspension (2.5 ml) was used for sample preparation, and the metals were measured in
parts per billion (p.p.b.) using an inductively coupled plasma mass spectrometer (ICP-MS), as previously
described (Bhubhanil et al., 2014a). The data were reported as the means of biological triplicates + SD.

Virulence assay. A. tumefaciens strains carrying plasmid pCMA1 were used to infect young Nicotiana
benthamiana plants according to a previously described protocol (Kamoun et al., 2003). Log-phase cells grown in
LB were washed and resuspended in an IB 5.5 medium containing 300 uM acetosyringone (AS). The cells were
incubated at 28 °C with shaking for 20 min, harvested and adjusted to an ODgy, of 1 in IB 5.5 + 300 uM AS. A 5-
pl aliquot of the cell suspension was used to inoculate a wounded N. benthamiana petiole; 15 petioles were
tested for each bacterial strain. Deformation of the petiole (crooked petiole phenotype, tumour formation) was

observed at 4 weeks after inoculation.
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Table 1. Strains and plasmids used in this study

r T . r . . r . .
Ap, ampicillin resistance; Gm, gentamicin resistance; Km, kanamycin resistance

Strain or plasmid

Relevant characteristics

Reference or source

Agrobacterium tumefaciens

NTL4
SPP12
ZA141
ZB141
ZAB141
ZR1423

Escherichia coli

DH5Q
BW20767

Wild-type (WT) strain, a Ti plasmid-cured derivative of strain C58

zur:pKNOCK-Gm, Gm'
ZntA::pKNOCK-Km, Km'
zntB::pKNOCK-Km, Km'
zntA::pKNOCK-Km, Km' and zntB::pKNOCK-Gm, Gm'
zntR::pKNOCK-Km, Km'

Host for general DNA cloning
Host for plasmids pKNOCK-Gm and pKNOCK-Km

Plasmids for gene inactivation

pKNOCK-Gm
pKNOCK-Km
pKNOCKmMZNTA
pKNOCKmZNTB
pKNOCKmMZNTR
pKNOCKZNTB

Suicide vector, Gm'
Suicide vector, Km'
Internal coding region of zntA cloned into pKNOCK-Km, Km'
Internal coding region of zntB cloned into pKNOCK-Km, Km'
Internal coding region of zntR cloned into pKNOCK-Km, Km'
Internal coding region of zntB cloned into pKNOCK-Gm, Gm'

Plasmids for complementation

pBBR1MCS-4
pZNTA
pZNTB
pZNTR

Expression vector, Apr (pBBR)

Full-length zntA cloned into pBBR1MCS-4, Apr
Full-length zntB cloned into pBBR1MCS-4, Apr
Full-length zntR cloned into pPBBR1MCS-4, Apr

Plasmid for the virulence assay

pCMA1

pTiC58traM::nptll, Km'

Luo et al. (2001)

Bhubhanil et al. (2014c)

This study
This study
This study
This study

Grant et al. (1990)
Metcalf et al. (1996)

Alexeyev (1999)
Alexeyev (1999)
This study

This study

This study

This study

Kovach et al. (1995)
This study
This study
This study

Hwang et al. (1995)
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Table 2. Primers used in this study

Gene-primer name and purpose

Sequence (5—>3’)

Gene inactivation

Complementation

zntA-BT4489

znuR-BT4488

zntA-BT4121 CATGCTGGCCAATCGCACGC
zntA-BT4122 CAGCGTGGCGACGATGAAGG
zntB-BT4328 GCGACCGCTTCATCATCACC
zntB-BT4329 ATCAGGGTGAGTACGGTGCG
zntR-BT4091 ATCCGACCTCGAAAGGCTGG
zntR-BT4092 CAATGGGAGACGATGCGTTC

ATGAATATTTCGACACGCGGC

zntA-BT4490 AAAGCTGGGGTCAGGTTTTGC
zntB-BT4492 ATGGATCTCATAACGCCCAC
zntB-BT4493 TTGCTGTCACAAGATACGCG
zZntR-BT4487 ATGCTGTCCATCGGTGAACTG

GCTTTAGCGGTTCAATGCTCG

gRT-PCR

16S rRNA-BT1421 GAATCTACCCATCTCTGCGG

16S rRNA-BT1422 AAGGCCTTCATCACTCACGC

ZntA-BT4121 CATGCTGGCCAATCGCACGC
ZntA-BT4122 CAGCGTGGCGACGATGAAGG
ZntB-BT4533 CGAGATGCCTGACGGTTTCG
ZntB-BT4534 GCAGGAATGCCGTCATCAGC
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3.2 To study regulation and roles of the troBCA operon in zinc homeostasis and virulence of A.

tumefaciens.

3.2.1 A. tumefaciens troC (Atu3180), troB (Atu3179) and troA (Atu3178) genes are co-transcribed.

The A. tumefaciens C58 genome contains a cluster of genes consisting of Atu3178, Atu3179 and Atu3180 that
are annotated as a putative zinc/manganese ABC transport system (http://www.genome.jp/kegg-
bin/show_organism?org=atu). Atu3178 encodes a periplasmic substrate-binding protein belonging to the TroA
(transport-related operon) superfamily. Atu3179 (froB) encodes a permease, and Atu3180 ({roC) encodes an
ATP-binding protein. Hereafter, these genes were named troA, troB and troC, respectively. Atu3181 is a gene
that has a transcription orientation opposite to that of the froCBA operon and encodes a putative metal
chaperone, YciC, belonging to the COG0523 family of GTPases (Haas et al., 2009). The A. tumefaciens genome
sequence analysis (Wood et al., 2001) revealed that the gene arrangement in the tro operon starts with troC
(Atu3180) followed by troB (Atu3179) and froA (Atu3178) (FIG. 1), and these genes may be co-transcribed.
Reverse transcription PCR (RT-PCR) analysis was performed confirming that troC, troB and troA are co-

transcribed (FIG. 2).
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FIG. 1 The genomic context of A. tumefaciens troCBA operon. The rnhA (Atu3177) gene encoding a
ribonuclease H is located downstream of the froCBA operon. The Atu3182 gene encoding a hypothetical protein
with unknown function is located downstream of the yciC gene. Primer sets used to amplify the junctions between
troC and froB (BT4265 and BT4266) and between troB and troA (BT4267 and BT4268) with RT-PCR analysis are

indicated.

troC-troB troB-troA4
M DNA -RT RT Neg M DNA -RT RT Neg

400 bp_jm— 400 bp_|E
300bp— S e <250bp 00bp S e s <310bp

FIG. 2 RT-PCR analysis. RNA was isolated from log-phase cells of wild-type NTL4 grown in LB and treated with
1 mM EDTA for 15 min. Primer sets were used to amplify the junctions between troC and troB (BT4265 and
BT4266) and between troB and froA (BT4267 and BT4268). Abbreviations: M, a 100-bp ladder marker; DNA,
NTL4 chromosomal DNA template (a positive control); -RT, reaction without reverse transcriptase (a DNA
contamination control); RT, reaction with reverse transcriptase; Neg, the PCR reaction without template (a

negative control). The expected sizes of the PCR products are indicated.
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3.2.2 The A. tumefaciens troCBA operon is inducible with zinc depletion. Expression of the froC gene was
determined using quantitative real-time PCR (qRT-PCR). As expected for genes involved in metal acquisition,
expression of troC in wild-type NTL4 was inducible (~103-fold) by the metal chelator EDTA compared to
untreated cells. To investigate the metal-specific response of troC, repression of the EDTA-induced expression by
various metals was determined. It was found that Zn2+ was the most potent metal ion that could repress the
EDTA-induced expression of troC (FIG. 3) compared to other metals, including cadmium, cobalt, copper, iron,
magnesium, manganese and nickel. These results demonstrated that the A. tumefaciens troCBA operon is
inducible, more specifically by zinc depletion, which supported the view that A. tumefaciens TroCBA is involved in

zinc acquisition.
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FIG. 3 Induction of troC is specific to zinc limitation. Expression analysis of {roC was determined by qRT-PCR.
RNA samples were isolated from log-phase cells of wild-type NTL4 strain grown in LB medium. The expression
of troC was normalized to 16S rRNA. Wild-type NTL4 cells grown in LB medium and under metal-limiting
conditions (LB + 1 mM EDTA). Metals (CdCl,, CoCl,, CuSO, FeCl;, MnCl,, NiCl, or ZnCl,) were supplemented
at a final concentration of 0.45 mM. The expression levels are presented as a percentage and are relative to

those in cells grown in LB + 1 mM EDTA (100%).
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3.2.3 A. tumefaciens Zur negatively regulates the troCBA operon. The A. tumefaciens troCBA operon was
predicted to be controlled by Zur (zinc uptake regulator) due to the presence of a Zur box in their promoter region
(Haas et al., 2009). However, the regulation has not been experimentally verified. Expression of troC was
determined using gqRT-PCR. The troC gene was constitutively expressed at high levels in the zur mutant but was
suppressed when complemented with pZUR (FIG. 4). These results supported the view that A. tumefaciens Zur

negatively regulates the troCBA operon.

troC
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FIG. 4 Expression analysis of troC using gqRT-PCR. RNA samples were isolated from log-phase cells of wild-type
NTL4 (WT/pBBR), the zur mutant (zur::Gm/pBBR) and the complemented strain (zur::Gm/pZUR) grown in LB
medium. pBBR is the plasmid vector. pZUR is the plasmid containing a functional zur gene. The expression of
troC was normalized to 16S rRNA, and the fold changes in gene expression in zur::Gm/pBBR and zur::Gm/pZUR
are relative to those in wild-type WT/pBBR (regarded as one). The experiment was performed in biological

triplicate, and error bars indicate the standard deviations.
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3.2.4 Construction of the troC mutant strain. The mutant strain was constructed using a single homologous
recombination method as described previously (Kitphati ef al., 2007). The internal coding region of {roC [BT3751
(5'-TGAAACCGCTCGGCGGTGAG-3") and BT3752 (5-CTGCGCATCCTGCAACATGG-3'), 293 bp)] was
amplified by PCR using the specific primers indicated in the parenthesis. The PCR product was cloned into the
unique Smal site of pKNOCK-Gm (Alexeyev, 1999). The resulting plasmid pKNOCKTROC was electroporated
into wild-type NTL4 (a Ti plasmid-cured derivative of strain C58 with an internal deletion of the fetA-tetR locus)
(Luo et al., 2001). The troC mutant (troC::Gm) was selected on LA plates containing 60 LLg/ml gentamicin (Gm).
The A. tumefaciens mutant strain was confirmed by Southern blot analysis (FIG. 5). Chromosomal DNA was
isolated from wild-type NTL4 and the troC::Gm strain, and digested with Pvul (FIG. 5A). The 293 bp PCR product
containing the internal coding region of {roC gene was labeled with non-radioactive DIG and used as a probe.
The expected size of 2,654 bp and 4,687 bp fragments were detected from wild-type NTL4 and the troC::Km

strain, respectively (FIG. 5B).
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FIG. 5 Southern blot analysis Lane 1: DNA marker; lane 2: wild-type NTL4; lanes 3 and 4; the {roC mutant
(troC::Km).
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3.2.5 The troC mutant is hypersensitive to EDTA treatment.

The troC::Gm mutant strain was constructed to assess the physiological function of froC. Growth was
determined under metal limitation in the presence of 1.2 Mm EDTA. Inactivation of troC caused cells to become
hypersensitive to EDTA. The troC mutant was ~10°fold more sensitive to 1.2 mM EDTA than WT (Fig. 6) and
could be fully rescued by the addition of 50 uM ZnCl, (Fig. 6, EDTA + Zn) but not by other metals (Fig. 6). The
results demonstrated that A. tumefaciens troC is important for zinc acquisition that responds specifically to zinc

limitation.

EDTA EDTA+ Zn

WT

troC::Gm

EDTA+ Cd

EDTA + Ni

FIG. 6 Sensitivity to EDTA. Wild-type (WT) and the troC mutant (troC::Gm) cells were adjusted, serially diluted
and spotted onto plates containing a minimal medium AB, AB + 1.2 mM EDTA and AB + 1.2 mM EDTA

supplemented with 50 uM of ZnCI2, CdCIZ, CoCIz, CuSO4 FeCI3, MnCI2 or NiCI2 plates. Tenfold serial dilutions

are indicated. The plates were incubated at 28°C for 48 h.
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3.2.6 The important role of ZnuA is revealed when TroCBA is disrupted. In other bacteria, the ZnuABC is the
major zinc uptake. Inactivation of either znuA or znuAB had no detectable effect on the growth of A. tumefaciens
under zinc limiting-conditions (Bhubhanil et al., 2014c). However, disruption of znuA in combination with troC
(troC::Gm znuA::Km) led to a growth defect of A. tumefaciens in a minimal AB medium and hyper-sensitivity to
EDTA (Fig. 7). The growth defect of troC::Gm znuA::Km could be rescued by zinc supplementation (1.2 mM
EDTA + Zn, Fig. 7). The results demonstrated that A. tumefaciens ZnuABC system is very important for
supporting growth under zinc limitation in the absence of the TroCBA system. This indicates that A. tumefaciens
ZnuABC may function as a back-up system for high-affinity zinc uptake. It is also possible that the two

transporters function optimally under different conditions such as different pHs.

AB 0.3 mM EDTA 0.6 MM EDTA 0.9 mM EDTA 1.2mM EDTA 12mM EDTA+Zn

1 2 3 4 5 12 3 -4 5 2 3 4 5 2 3 4 5

WT ®

troC::Gm
troC::Gm znuA::Km
troC::Gm zinT::Km

-1
L]
L]

-1
[ ]
L ]
[ ]
L ]

FIG. 7 Sensitivity to EDTA. Wild-type (WT), the froC mutant (froC::Gm), troC::Gm znuA::Km and {roC::Gm
zinT::Km cells were adjusted, serially diluted and spotted onto plates containing a minimal medium AB, AB +

EDTA (0.3, 0.6, 0.9 and 1.2 mM) and AB + 1.2 mM EDTA + 50 uM of ZnCIz. Tenfold serial dilutions are

indicated. The plates were incubated at 28°C for 48 h.
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3.2.7 ZinT may interact with TroCBA. Unlike other bacteria, it has been reported previously that A. tumefaciens
ZinT functions independently of ZnuABC (Bhubhanil et al., 2014c). The inactivation of zinT caused a reduction in
the total zinc content and hypersensitivity to EDTA (Bhubhanil et al., 2014c). To test the possibility of interaction
between A. tumefaciens ZinT (a periplasmic protein) and TroCBA in zinc transport, the froC::Gm zinT::Km strain
(mutations in troC and zinT) was generated, and its sensitivity to EDTA was determined. The troC::Gm (troC
mutation) and froC::Gm zinT::Km (troC and zinT mutations) strains were ~10°fold and ~103-fold, respectively,
more sensitive to 1.2 mM EDTA than WT (Fig. 8). Moreover, the EDTA-hypersensitive phenotype of troC::Gm
zinT::Km could not be reversed to froC::Gm by complementation with the plasmid pZINT (Fig. 8), but the EDTA-
hypersensitive phenotype of zinT::Gm (zinT mutation) could be fully restored by pZINT (Fig. 8). These results

suggested that TroCBA is required for the function of A. fumefaciens ZinT.

WT /pBBR [J
zinT::Gm/ pBBR ®
zinT::Gm/ pZINT[ |

troC::GmzinT::Km/pBBR [ ]
troC::GmzinT::Km/ pZINT [

® o0 0 ofP-
¢ eve of

o0 09 o

FIG. 8 Sensitivity to EDTA. Wild-type (WT), zinT::Gm and troC::Gm zinT::Km cells were adjusted, serially diluted
and spotted onto plates containing a minimal medium AB, AB + EDTA (0.9 and 1.2 mM). Tenfold serial dilutions
are indicated. The plates were incubated at 28°C for 48 h. The mutant strains were complemented with functional

zinT from the plasmid pZINT or with a plasmic vector pBBR.
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3.2.8 Decreased zinc levels in the EDTA-hypersensitive mutants. Total zinc content in the mutant strains
compared to WT was determined using ICP-MS (Fig. 9). The lowest levels of intracellular zinc were detected in

the troC::Gm znuA::Km strain and the troC::Gm zinT::Km strains < troC::Gm < zinT::Gm strain (Fig. 9).

LB+S00 UM EDTA

Zinc content (ppb)

FIG. 9 Intracellular zinc content was determined using ICP-MS. Wild-type (WT) and the mutant strains,
troC::Gm znuA::Km, troC::Gm zinT::Km, troC::Gm and zinT::Gm, were grown in LB + 500 uM EDTA for 24 h. The
results are shown as the mean of samples in triplicate, and error bars indicate the standard deviations. The bars

marked with * are significantly different from WT (P < 0.05 in an unpaired Student’s t-test).
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3.2.9 Virulence assay. N. benthamiana plants were infected with WT and the mutant strains carrying pCMA1 (a
tumor-inducing plasmid). The mutant strains, including troC::Gm (troC mutation) and troC::Gm zinT::Km were
tested. The A. fumefaciens strains were grown under metal limitation in LB + 500 yM EDTA for 24 h and used to
infect plants. However, all the mutants caused tumors on the infected plants and were similar to WT (Fig. 10).
Unfortunately, several attempts were made, the froC::Gm znuA::Km strain carrying pCMA1 could not be selected;

thus the virulence of the troC::Gm znuA::Km was not determined.

A

Controll ControlII

e
G“‘ _,i“
o

tf"c

FIG. 10 Virulence assay. Tumor formation on the petioles of the N. benthamiana plants infected with WT and the
mutant strains: troC::Gm and troC::Gm zinT::Km grown in IB 5.5 medium containing 300 uyM of acetosyringone

(AS). Control I: without inoculation. Control II: inoculation of wounded petiole with IB 5.5 + 300 uM AS.
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Material and Methods

Bacterial strains and growth conditions. The bacterial strains and plasmids are shown in Table 1. A.
tumefaciens and Escherichia coli were aerobically grown at 28 °C and 37 °C, respectively, in Luria-Bertani (LB)
medium. LA refers to LB medium containing 1.5% agar. The growth conditions and antibiotic concentrations used

in the present study have been previously described (Bhubhanil et al., 2014a).

Molecular techniques. General molecular techniques were performed using standard protocols (Sambrook et al.,
1989). DNA sequencing was performed to confirm the sequence of the cloned DNA (Macrogen, Korea). Plasmid

DNA was transferred into A. tumefaciens strains by electroporation (Cangelosi et al., 1991).

Reverse transcription PCR (RT-PCR). Total RNA was extracted from cells grown in LB at 28°C for 4 h and then
treated with 1 mM EDTA for 15 min using a modified hot phenol method (Ngok-ngam et al., 2009). RT-PCR was
performed as previously described (Ngok-ngam et al., 2009). Primer sets were used for amplifying the junction of
troC-troB [BT4265 (5'-AGGCGCGTCATTTCCACGAG-3') and BT4266 (5'-TGAGGCTCATGCGCCGCAAC-3'),
280 bp] and troB-troA [BT4267 (5- GCATGGTCTCCTGCTTTGCC-3') and BT4268 (5-
CGATGATCGAGAAGCTGGCC-3'), 310 bp]. PCR products were visualized using gel electrophoresis on a 1.8%

agarose gel with ethidium bromide staining.

Quantitative real-time PCR (qRT-PCR) analysis. qRT-PCR was performed as previously described (Bhubhanil
et al., 2014b). Log-phase cells grown in LB were not treated or treated with metal and a metal chelator for 15 min
prior to harvest. The metals CdCl,, CoCl,, CuSO,, FeCl;, MgCl,, MnCl,, NiCl, and ZnCl, were used at a final
concentration of 0.45 mM. The metal chelator used was ethylenediaminetetraacetic acid (EDTA, 1 mM). Gene-
specific  primers for troC  [BT3751 (5-TGAAACCGCTCGGCGGTGAG-3') and BT3752 (5-
CTGCGCATCCTGCAACATGG—S'), 293 bp)], and 16S rRNA gene [BT1421 (5'—GAATCTACCCATCTCTGCGG-3')
and BT1422 (5'-AAGGCCTTCATCACTCACGC-3'), 280 bp] were used. The amount of a specific mMRNA target
was normalized to the amount of a housekeeping gene 16S rRNA. Fold changes in gene expression are relative
to untreated samples from wild-type NTL4 using the Z—AACt method (Livak & Schmittgen, 2001). The data were

reported as the means of biological triplicates + SD.

Construction of plasmids expressing functional troA and troCBA for complementation. DNA fragments of
full-length troA [BT4626 (5-ATGTTCAGAACCTTCCGATT-3') and BT4627 (5-GAAACTGTGCGTTTTACTGG-3"),

837 bp], troCBA [BT3809 and BT4627 (5’-GAAACTGTGCGTTTTACTGG-3'), 2747 bp] were amplified by PCR

32



using Pfu DNA polymerase (Fermentas) and the specific primers. The PCR products were cloned into Smal-

digested pPBBR1MCS-4 (Kovach et al., 1995), generating pTROA and pTROCBA, respectively.

Construction of the double mutation strains (troC::Gm znuA::Km and troC::Gm zinT::Km). The plasmid
pKNOCKmMZNUA (Bhubhanil et al., 2014c) was electroporated into the froC mutant strain (froC::Gm), generating
the troC::Gm znuA::Km strain (disruption of both troC and znuA genes), which was selected on LB agar (LA)
plates containing 60 [lg/ml Gm and 30 Llg/ml Km. The plasmid pKNOCKmMZINT was constructed by PCR
amplification of the internal coding region of zinT (238 bp) wusing primers BT3747 (5'—
TGACGGACTGGGAAGGCGAC-S') and BT3748 (5'—ATCTCCTGGCCGTCGCTGAC-B'), which was then cloned
into Smal-digested pKNOCK-Km (Alexeyev, 1999). The plasmid pKNOCKmMZINT was electroporated into the froC

mutant strain, generating the troC::Gm zinT::Km strain (troC and zinT mutations).

EDTA sensitivity test. Log-phase cells grown in LB were adjusted, serially diluted and spotted onto plates
containing AB medium and AB + EDTA (0.3, 0.6, 0.9, 1, 1.1, and 1.2 mM) according to the protocol previously
described (Bhubhanil et al., 2014c). In some experiments, AB + 1.2 mM EDTA plates were individually
supplemented with 50 uM of ZnCl,, CdCl,, CoCl,, CuSO, FeCl;, MgCl,, MnCl, or NiCl,. The plates were then
incubated at 28°C for 48 h. Each strain was tested in duplicate, and the experiment was repeated at least twice.
Measurement of the total cellular zinc content. Zinc ions were measured in parts per billion (ppb) using an
inductively coupled plasma mass spectrometer (ICP-MS), as previously described (Bhubhanil et al., 2014c).
Samples were prepared from cells grown in LB + 500 uyM EDTA at 28°C for 24 h. The data are reported as the
means of biological triplicates + SD.

Virulence assay. A. tumefaciens strains carrying plasmid pCMA1 were used to infect young Nicotiana
benthamiana plants as previously described (Bhubhanil et al., 2014c). Cells grown in LB + 500 yM EDTA at 28°C
for 24 h were washed and resuspended in induction broth (Cangelosi et al., 1991), pH 5.5 (IB 5.5) + 300 uM
acetosyringone (AS). The cells were incubated at 28°C with shaking for 20 min, harvested and adjusted to an
ODgy of 0.1 in IB 5.5 + 300 uM AS. A 5-ul aliquot of the cell suspension was inoculated into a wounded N.
benthamiana petiole. Each bacterial strain was used to infect fifteen petioles. Tumor formation at 4 weeks after

infection was assessed.
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Table 1. Bacterial strains and plasmids

Strain or plasmid

Relevant characteristics

Reference or source

NTL4
zur:Gm
zinT::Gm
znuA::Gm

troC::Gm
troC::Gm znuA::Km

troC::Gm zinT::Km

Escherichia coli

DH5QL
BW20767

pKNOCK-Gm
pKNOCK-Km
pKNOCKTROC
pKNOCKmZINT

pBBR1MCS-4
pZUR
pZNUA
pZINT
pTROA
pTROCBA

Agrobacterium tumefaciens

Wild-type (WT) strain, a Ti plasmid-cured derivative of strain C58

zur::pKNOCK-Gm, Gm’
zinT::pKNOCK-Gm , Gm'
znuA::pKNOCK-Gm, Gm'

troC::pKNOCK-Gm, Gm’

troC::pKNOCK-Gm and znuA::pKNOCK-Km, Gm' and Km'

troC::pKNOCK-Gm and zinT::pKNOCK-Km, Gm' and Km'

Host for general DNA cloning
Host for plasmids pKNOCK-Gm and pKNOCK-Km

Plasmids for gene inactivation

Suicide vector, Gm'

Suicide vector, Km'

Internal coding region of troC cloned into pKNOCK-Gm, Gm'

Internal coding region of zinT cloned into pKNOCK-Km, Km'

Plasmids for complementation
Expression vector, Apr (pBBR)

Full-length zur cloned into pPBBR1MCS-4, Apr
Full-length znuA cloned into pBBR1MCS-4, Apr
Full-length zinT cloned into pBBR1MCS-4, Apr
Full-length troA cloned into pPBBR1MCS-4, Apr
Full-length froCBA cloned into pPBBR1MCS-4, Apr

Luo et al. (2001)
Bhubhanil et al. (2014c)

Bhubhanil et al. (2014c)
Bhubhanil et al. (2014c)

This study
This study

This study

Grant et al. (1990)
Metcalf et al. (1996)

Alexeyev (1999)
Alexeyev (1999)
This study
This study

Kovach et al. (1995)
Bhubhanil et al. (2014c)
Bhubhanil et al. (2014c)
Bhubhanil et al. (2014c)

This study
This study

r . e . r .. . r .
Ap, ampicillin resistance; Gm, gentamicin resistance; Km, kanamycin
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3.3 To study regulation and roles of putative genes involved in cobalt and nickel transport (dmeR and

dmeF) in metal homeostasis and virulence of A. tumefaciens.

3.3.1 The dmeR and dmeF genes are co-transcribed.

The arrangement of the dmeR (Atu0890) and dmeF (Atu0891) genes is shown in Fig. 1A. A.
tumefaciens dmeRF is flanked by the Atu0889 and Atu0892 genes encoding proteins with unknown
function. The dmeR and dmeF genes are co-transcribed as confirmed through RT-PCR analysis

(Fig. 1B).

(A) (B)

BT4733
dmeR-dmeF

M DNA -RT RT Neg

200 bp
163 bp
100 bp _é :

Atu0889 ~ Atu0892
BT4734

FIG. 1. (A) Gene organization of A. tumefaciens dmeRF. The dmeR (Atu0890) gene is located upstream of the
dmefF (Atu0891) gene, separated by 78 bp. The Atu0889 and Atu0892 genes encode proteins of unknown
function. The location of primers BT4733 and BT4734 used for RT-PCR analysis is indicated. (B) Reverse
transcription PCR (RT-PCR) analysis. RNA was isolated from log-phase cells of the wild-type NTL4 strain
grown in LB medium and induced with 500 uM CoCl, for 15 min, then treated with DNasel, followed by treatment
with reverse transcriptase (RT) or being untreated (-RT, a DNA-contamination control). Chromosomal DNA from
NTL4 cells was amplified using the primers BT4733 and BT4734 used as a positive control (DNA). Neg is a
reaction without template used as a negative control. The expected size of the PCR product is indicated. M is a

100-bp ladder marker.
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3.3.2 The A. tumefaciens dmeRF operon is inducible by cobalt and nickel.

The expression of the A. tumefaciens dmeF gene was increased by cobalt and nickel treatment (10, 100 and 250
MM) in a dose-dependent manner (Fig. 2A), with cobalt serving as a better inducer. The expression of dmeF in
response to various metals was determined using qRT-PCR (Fig. 2B). At a high concentration of 500 uM, CoCl,
and NiCl, caused induction of dmeF,, expression by ~30-fold and ~20-fold, respectively, while other metals,

including CuSO,, FeCl;, MnCl, and ZnCl,, caused a less than 2-fold induction.

dmelF dmelF

A) (B)

Relative expression
.5
1

Relative expression
[}
=

0 ol =2 s I — W = =l
LB 10 100 250 10 100 250 LB Co Cu Fe Mn Ni Zn
uM CoCl, nMNiICl, 500 pM metal

FIG. 2. Induction of dmeF by various metals examined through quantitative real-time PCR (qRT-PCR)
analysis. Log-phase NTL4 cells grown in LB were either untreated or treated with CoCl,, CuSO,, FeCl;, MnCl,,
NiCl, or ZnCl, for 15 min. The fold-changes in dmeF expression are expressed relative to the untreated control
(LB, regarded as 1). The experiment was performed in biological triplicate, and the error bars indicate the

standard deviations.
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3.3.3 The dmeRF operon is negatively regulated by DmeR.

The DR151 (dmeR mutation) and DF156 (dmeF mutation) strains were generated to determine the functions of
the transcriptional regulator DmeR and the CDF-type DmeF transporter. To test whether DmeR regulates the

expression of dmeRF, the pDmeRF-lacZ (dmeRF promoter-lacZ transcriptional fusion) plasmid was constructed
and transferred into wild-type NTL4 (WT), mutant and the complemented strains, and B-galactosidase (B-Gal)
activity was measured (Fig. 3). The B-Gal activity obtained from the mutant strain DR151 (DR151/pBBR, ~1.25
U mg protein_1) was higher than that from untreated WT cells (WT/pBBR, ~0.27 U/mg protein) and WT treated

with 500 uM CoCl, for 30 min (~0.59 U/mg protein). The high levels of B-Gal activity observed in DR151 could

be suppressed by expressing the functional dmeR gene from the multicopy plasmid pDmeR (DR151/pDmeR,
~0.03 U/mg protein), but not pDmeF (DR151/pDmeF, ~1.24 U/mg protein). In contrast to DR151, the level of B-
Gal activity produced from DF156 (DF156/pBBR, ~0.33 U/mg protein) was similar to that from WT. These results

demonstrated that DmeR is the repressor of the dmeRF operon.

dmeRF promoter-lacZ

1.6

1.4 1

1.0 1

0.8 1
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al activity (U/mg protein)
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¥
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FIG. 3. B-Gal activity assay. B-Gal activities were determined from log-phase cells carrying the pDmeRF-lacZ
plasmid grown in LB medium. The cells were wild-type NTL4 (WT) and the mutant strain DR151 (dmeR mutation)
containing a plasmid vector (pBBR) or functional dmeR and dmeF genes from the multicopy plasmids pDmeR

and pDmeF, respectively. The error bars indicate the standard deviations.
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3.3.4 The dmeF mutant strain is hyper-sensitive to cobalt and nickel and exhibits increased cellular
accumulation of these metals. The sensitivity of the WT and DF156 (dmefF mutation) strains to various metals
was determined. The DF156 strain was more sensitive to 600 yM CoCl, (103-fold) and 1.2 mM NiCl, (103-fold)
than WT (Fig. 4). However, the levels of sensitivity to other metals, including CuSO,, FeCl;, MnCl, and ZnCl,,
were similar in WT and DF156 (data not shown). The hyper-sensitive phenotype of DF156 could be reversed by

complementation with functional dmefF from the multicopy plasmid pDmeF (Fig. 4).

LA 500 pM CoCl, 600 uM CoCl, 700 pM CoCl,
-1 2 -3 -4 5 - 4 - 2 - 4 5

WT/pBBR

1.2 mM NiCl, 1.4 mM NiCl, 1.6 mM NiCl,
1 2 3 -4 5 1 2 3 -4 5 1 2 -3 -4 5

WT /pBBR '
DF156 / pBBR

DF156 / pDmeF L& B% .

FIG. 4. Sensitivity to cobalt and nickel. Log-phase cells grown in LB were adjusted, serially diluted and spotted
onto LA plates containing CoCl, (500, 600 and 700 uyM) and NiCl, (1.2, 1.4 and 1.6 mM). WT and DF156 (dmeF
mutation) strains containing a plasmid vector (pBBR) or functional dmeF from the multicopy plasmid pDmeF. Ten-

fold serial dilutions are indicated.
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Inductively coupled plasma mass spectrometry analysis was performed to determine the accumulation of

metals in WT and DF156. The results showed that DF156 exhibited an apparently greater increase in intracellular

cobalt (4-fold) and nickel (3-fold) contents than WT (Fig. 5). The iron content in DF156 was slightly lower than

that in WT, whereas the levels of copper, manganese and zinc were similar in DF156 and WT (Fig. 5). These

results demonstrated that DmeF plays an important role in the detoxification of cobalt and nickel in A.

tumefaciens and supported the view that DmeF acts as an exporter of cobalt and nickel.
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FIG. 5. Measurement of intracellular metal contents using inductively coupled plasma mass spectrometry.

WT and DF156 (dmeF mutation) cells were grown in LB individually supplemented with 100 yM CoCl,, NiCl,,

FeCl,;,CuSO,, MnCl, or ZnCl,. Bars marked with * are significantly different from WT (P < 0.05 in an unpaired

Student’s f-test). The error bars indicate the standard deviations.
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3.3.5 Disruption of dmeF does not affect the virulence of A. tumefaciens. The effect of inactivation of dmeF
on A. tumefaciens virulence was tested. N. benthamiana plants were infected with log-phase WT and DF156 cells

grown in LB medium. Tumor formation was similar in plants infected with WT and DF156 (Fig. 6), suggesting that

loss of dmeF does not affect the ability of A. tumefaciens to cause disease in the host plant N. benthamiana

under the tested conditions.

Control 1 Control 11 DF156

Fig. 6 Virulence assay. Tumor formation in N. benthamiana plants infected with the WT and DF156 (dmeF

mutation) strains carrying the pCMA1 plasmid. Log-phase cells of A. tumefaciens grown in LB and then
resuspended in IB 5.5 medium containing 300 pM acetosyringone (AS) were used to inoculate wounded N.
benthamiana petioles. Control I: without infection. Control II: inoculation of wounded petioles with IB 5.5 + 300 uM

AS. Fifteen petioles were inoculated for each bacterial strain, and representative petioles are shown.
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3.3.6 Cobalt stress causes increased expression of iron-responsive genes. A. fumefaciens iron homeostasis
is regulated by RirA and Irr (Hibbing & Fuqua, 2011; Rodionov et al., 2006). The promoter regions of hmuT
(Atu2460, hemin ABC transporter substrate-binding protein), shmR (Atu2287, hemin receptor) and fbpA (Atu0407,
ferric cation ABC transporter substrate-binding protein) contain the IRO motifs (RirA binding site); therefore, these
genes were predicted to be regulated by RirA,, (Rodionov et al., 2006). In contrast, mbfA (Atu0251, iron
exporter), hemA (Atu2613, heme biosynthesis), fdx (Atu1350, ferredoxin) and irpA (Atu0288, iron-regulated
protein A) were predicted to be regulated by Irr,, due to the presence of the ICE motifs (Irr binding site) in their
promoters, while the sufS2 (Atu1825, Fe-S cluster biosynthesis) and fssA (Atu0351, Fe-S scaffold protein)

promoters contain both IRO and ICE motifs (Rodionov et al., 2006).

Cobalt toxicity in E. coli and S. enterica has been shown to disturb iron homeostasis (Ranquet et al.,
2007; Thorgersen & Downs, 2007; Fantino et al., 2010). To investigate whether iron homeostasis in A.
tumefaciens may be perturbed by stress from other metals, WT cells were exposed to a 500 uM concentration of
various metals (CoCl,, CuSO,, FeCl;, MnCl,, NiCl, or ZnCl,) for 15 min, and expression of the iron-responsive
genes was determined using qRT-PCR. It was found that Co, but not Cu, Mn, Ni and Zn, induced the expression
of iron-responsive genes, including hmuT (14-fold), shmR (30-fold), fbpA (5-fold), mbfA (35-fold), sufS2 (7-fold)
and fssA (4-fold) (FIG. 7). These genes were inducible in a concentration-dependent manner, where 500 pM
CoCl, caused greater induction than 250 uM CoCl, (FIG. 8). In contrast, the expression of the hemA, fdx and
irpA genes was not strikingly inducible by Co (FIG. 7). These results demonstrated that cobalt stress perturbs iron

homeostasis in A. tumefaciens.
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FIG. 7. qRT-PCR analysis of iron-responsive genes. Log phase cells of wild-type NTL4 grown in LB were
uninduced or induced with 500 pM of CoCIz, CuSO4, FeCIa, MnCIZ, NiCI2 or ZnCI2 for 15 min. The fold-changes
in gene expression (hmuT, shmR, fopA, mbfA, sufS2, fssA, hemA, fdx and irpA) are expressed relative to the

untreated sample (LB, regarded as 1). The experiment was performed in biological triplicate, and the error bars

indicate the standard deviations.
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FIG. 8. Effect of cobalt stress on the expression of iron-responsive genes determined using qRT-PCR. Log-

phase cells of the NTL4 (WT), PN094 (rirA mutation) and WKO074 (irr mutation) strain grown in LB were either

untreated or treated with CoCl, (250 and 500 yM), FeCl; (50 uM), or Dy (200 puM) for 15 min. The fold-changes

in gene expression (hmuT, shmR, fbpA, mbfA, sufS2 and fssA) are expressed relative to the untreated WT

sample (LB, regarded as 1). The experiment was performed in biological triplicate, and the error bars indicate the

standard deviations.
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3.3.7 Cobalt impairs the activation of the SoxR-regulated gene sodBlIl. SoxR is a superoxide-sensing
transcriptional regulator that requires 2Fe-2S for its activation function (Crack et al., 2012). A. tumefaciens SoxR
(SoxR,;) activates sodBIl expression as a defense response to detoxify superoxide anions (Saenkham et al.,
2007). Cobalt inhibits the activity of Fe-S proteins, as shown in E. coli (Ranquet et al., 2007) and S. enterica
( Thorgersen & Downs, 2007). It is possible that Fe-S clusters may be damaged during cobalt stress in A.
tumefaciens, as many iron-responsive genes under the control of the Fe-S protein RirA were de-repressed under
high cobalt conditions (FIG. 8). To test whether cobalt stress may also affect Fe-S dependent-SoxR,, activity, the
induction of sodBlI by the superoxide generator menadione (MD, 500 uM) in the absence and presence of CoCl,,
CuSO0,, FeCl;, MnCl,, NiCl, or ZnCIl, was measured via gqRT-PCR using RNA isolated from the WT cells (FIG.
9). sodBIl expression was inducible by ~1.4 x 10°fold by MD, but not by cobalt treatment (250, 500 and 750 pM
of CoCl, (data not shown). The MD activation of sodBll was reduced by ~30%, 35% and 50% in the presence of
250, 500 and 750 uM CoCl,, respectively (FIG. 9). These results demonstrated that Co has a negative effect on
the induction of sodBII in response to MD exposure. In addition, Cu and Zn could also inhibit the MD activation of

sodBll, while Fe, Mn and Ni caused a slight effect (FIG. 9).
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FIG. 9. gRT-PCR analysis of sodBIl induction by menadione in the presence of various metals. Log-phase
NTL4 cells grown in LB were either uninduced or induced with 500 uM menadione (MD) in the absence or
presence of 200, 500, and 750 puM concentrations of various metals (CoCl,, NiCl,, FeCl;,CuSO,, MnCl, or
ZnCl,) for 15 min. The expression levels are presented as a percentage, relative to those in cells grown in LB

induced with 500 pM MD (100%).

46



3.3.8 Material and Methods

Bacterial strains and growth conditions. The bacterial strains and plasmids used in the present study are
shown in Table 1. A. tumefaciens and Escherichia coli were aerobically grown at 28 °C and 37 °C, respectively, in
Luria-Bertani (LB) medium. LA refers to LB medium containing 1.5% agar. The growth conditions and antibiotic

concentrations used in the present study have been previously described (Bhubhanil et al., 2014a).

Molecular techniques. General molecular techniques were performed using standard protocols (Sambrook et al.,
1989). DNA sequencing was performed to confirm the sequence of the cloned DNA (Macrogen, Korea). Plasmid

DNA was transferred into A. tumefaciens strains by electroporation (Cangelosi et al., 1991).

Reverse transcription PCR (RT-PCR). Total RNA was extracted from log-phase cells of wild-type NTL4 grown in
LB medium and induced with 500 yM CoCl, for 15 min, and RT-PCR was performed using previously described
protocols (Bhubhanil et al., 2014a; Ngok-ngam et al., 2009). Primers BT4733 (5'-AAGAGCTGGCCCAGGTGCTG-
3') and BT4734 (5'- ATATGGTGATGCTCCGCCGC-S') were used to amplify the junction of the dmeR and dmeF
genes. PCR products were visualized using gel electrophoresis on a 1.8% agarose gel with ethidium bromide

staining.

Quantitative real-time PCR (qRT-PCR) analysis. RNA isolation, cDNA preparation and gRT-PCR were
performed as previously described (Ngok-ngam et al., 2009, Bhubhanil et al., 2014c). The gene-specific primers
for dmeF, hmuT, shmR, fbpA, mbfA, hemA, fdx, irpA, sufS2, fssA and 16S rRNA are listed in Table S1. The
amount of a specific mMRNA target was normalized to the amount of a housekeeping gene 16S rRNA. Fold
changes in gene expression are relative to untreated samples from wild-type NTL4 using the Z_AACt method

(Livak & Schmittgen, 2001). The data were reported as the means of biological triplicates + SD.

Construction of dmeF and dmeR mutant strains (DF156 and DR151). A. tumefaciens mutant strains were
constructed using an insertional gene inactivation method (Ngok-ngam et al., 2009). The internal coding regions
of dmeF [BT4569 (5-TGCGGTAGAAAGTGGCTTGC-3") and BT4570 (5-TGTGCATGCGAACCGTGATC-3"), 222
bp] and dmeR [BT4567 (5'—ACAAGGACAAGCTGCTGACC—S') and BT4568 (5'—ACCACGTGTTCGTGCAGATG—
3'), 176 bp] were PCR amplified from genomic wild-type NTL4 with the gene-specific primers. The PCR products
were cloned into pKNOCK-Km and pKNOCK-Gm, generating pKNOCKmMmDMEF and pKNOCKDMER, respectively.
The resulting plasmids were individually electroporated into the wild-type NTL4 strain. The mutant strains, DF156
and DR151, were selected on LA + 30 Llg/ml of kanamycin (Km) and LA + 60 Llg/ml of gentamicin (Gm) plates,

respectively.
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Cloning of functional dmeF and dmeR genes for complementation. The PCR fragments containing full-length
of dmeR [BT4618 (5'-GGTCCGAAACATTCGCGAGG-B') and BT4619 (5'— TGGCCTGCATTGACCTACCG-3')]
and dmeF [BT4620 (5-ATGACGACGACTTCCGAACC-3") and BT4621 (5-GTCCCATTAGGCACTTGCCG-3')]
genes were individually cloned into the Smal site of pPBBR1MCS-4 (Kovach et al., 1995), generating the plasmids

pDmeR and pDmeF, respectively.

Construction of a dmeRF promoter-lacZ transcriptional fusion and B-galactosidase activity assay. To
construct the pDmeRF-lacZ plasmid, DNA fragments (108 bp) containing the dmeRF promoter region were
amplified from A. tumefaciens NTL4 genomic DNA wusing PCR with the primers BT5395 (5'-
CATCTCGAGGGTCCGAAACATTCG—S') and BT5396 (5'- ATCCTGCAGGACATGTGCACCTCA-3') and then
cloned into the promoter probe vector pUFR027lacZ, a derivative of pUFR027 (Cangelosi et al., 1990), as
previously reported (Bhubhanil et al., 2014c). The B-galactosidase activity assay (Miller, 1972) was performed as
previously described (Bhubhanil et al., 2014c) using log-phase cells carrying pDmeRF-lacZ grown in LB. The

results are presented as specific activity, which was calculated in units per milligram of protein (U/mg protein).

Sensitivity to metals. The dilution method (Ngok-ngam et al., 2009) was used for the metal sensitivity test. Log-
phase cells grown in LB medium were adjusted, serially diluted and spotted onto LA plates containing various
concentrations of metals. The plates were subsequently incubated at 28 °C for 48 h. Each strain was examined

in duplicate, and each experiment was repeated at least twice.

Inductively coupled plasma mass spectrometry. Cells were grown in LB individually supplemented with 100

UM CoCl,, CuSO,, FeCl;, MnCl,, NiCl, or ZnCl, at 28°C for 24 h. Samples were prepared and the metals were

measured in parts per billion (ppb) as previously described (Bhubhanil et al., 2014a).

Virulence assay. A. tumefaciens strains carrying the plasmid pCMA1 were used to infect young Nicotiana
benthamiana plants according to a previously described protocol (Kamoun et al., 2003; Bhubhanil et al., 2014b).

Tumor formation was observed at 3 weeks after inoculation.
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Table 1. Bacterial strains and plasmids used in this work

Strain or plasmid Characteristic or genotype

Reference or source

A. tumefaciens strains

E. coli strains
BW20767 Host for plasmids pKNOCK-Gm and pKNOCK-Km

DH5QL Host for general DNA cloning

Plasmids for gene inactivation

pKNOCK-Gm Suicide vector, Gm'
pKNOCK-Km Suicide vector, Km'
pKNOCKmDMEF Internal coding region of dmeF cloned into pKNOCK-Km, Km'
pKNOCKDMER Internal coding region of dmeR cloned into pKNOCK-Gm, Gm’

Plasmids for complementation

pBBR1MCS-4 Expression vector, Apr (pBBR)
pDmeF Full-length dmeF cloned into pBBR1MCS-4, Apr
pDmeR Full-length dmeR cloned into pBBR1MCS-4, Apr

Promoter-lacZ fusions

pUFRO027lacZ Promoter probe vector, Tc

pDmeRF-lacZ The dmeRF promoter fused to lacZ of pPROTT, Apr

NTL4 Wild-type (WT) strain, a Ti plasmid-cured derivative of strain C58
DF156 dmefF::pKNOCK-Km, Km'
DR151 dmeR::pKNOCK-Gm, Gm’

Luo, 2001
This study
This study

Metcalf, 1996
Grant 1990

Alexeyev, 1999

Alexeyev, 1999
This study
This study

Kovach, 1995
This study
This study

DeFeyter, 1990
This study

r . e . r .. . r . . r . .
Ap, ampicillin resistance; Gm, gentamicin resistance; Km, kanamycin resistance; Tc, tetracycline resistance
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Table S1. Primers used in this study

Gene-primer name and purpose

Sequence (5’>3’)

Gene inactivation

dmeF-BT4569
dmeF-BT4570
dmeR-BT4567
dmeR-BT4568
Complementation
dmeR-BT4618
dmeR-BT4619
dmeF-BT4620
dmeF-BT4621
RT-PCR
dmeR-BT4733
dmeF-BT4734
gRT-PCR

16S rRNA-BT1421
16S rRNA-BT1422

dmeF-BT4569
dmeF-BT4570
hmuT-BT4161
hmuT-BT4162
shmR-BT4059
shmR-BT4167
fbpA-BT4061
fbpA-BT4062
mbfA-BT1666
mbfA-BT1667
hemA-BT3371
hemA-BT3372
fdx-BT5391
fdx-BT5392
irpA-BT5393
irpA-BT5394
sufS2-BT3802
sufS2-BT2727
fssA-BT4165
fssA-BT4166
Promoter-lacZ fusion
dmeRF-BT5395

dmeRF-BT5396

TGCGGTAGAAAGTGGCTTGC
TGTGCATGCGAACCGTGATC
ACAAGGACAAGCTGCTGACC
ACCACGTGTTCGTGCAGATG

GGTCCGAAACATTCGCGAGG
TGGCCTGCATTGACCTACCG
ATGACGACGACTTCCGAACC
GTCCCATTAGGCACTTGCCG

AAGAGCTGGCCCAGGTGCTG
ATATGGTGATGCTCCGCCGC

GAATCTACCCATCTCTGCGG
AAGGCCTTCATCACTCACGC
TGCGGTAGAAAGTGGCTTGC
TGTGCATGCGAACCGTGATC
GAGGCGAAACGCATCGTTGC
AGGATGGAGATGACATCCGC
GGATCTCGGAAACACCACCG
CGCACCACGTCTACAGACGA
TCCAGCCCCTGCTGGAATCC
TGGCATCGCGAAGCTCAGCG
AAGCTCCTGGGTGATCTGGC
CGCTTCAACGGTGATCCACG
CTCGAAGCGAAGCTTAAGGC
TGATCGTCAGACGATCCATC
TGAGCAACGGCTCTACCGTC
GACAGGAAAGCCGCGAAGTG
AGCCTGGATCAAGGCACGTG
TGGAGGCATCGACCTCTTCG
ACGGGTTTAACGCGTACATA

AGATTGGCCGCTTCGGTCGC
CAAGGTGGTGCTGGAAAGCG
GAAGTGCTCCATGATCGAGC

CATCTCGAGGGTCCGAAACATTCG
ATCCTGCAGGACATGTGCACCTCA
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Roles of Agrobacterium tumefaciens C58 ZntA
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in controlling Cd**/Zn"/Co®" resistance and the
peroxide stress response
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The putative zinc exporters ZntA (a Pyg-type ATPase) and ZntB (2-TM-GxN family) in
Agrobacterium tumefaciens were characterized. The expression of the zntA gene is inducible by
CdCly, ZnCl, and CoCly, of which CdCl, is the most potent inducer, whereas zntB is
constitutively expressed. The metal-induced expression of zntA is controlled by the MerR-like
regulator ZntR. The zntA and zntR mutants were highly sensitive to CdCl, and ZnCl,, and
CoClj, sensitivity was demonstrated to a lesser extent. By contrast, the zntB mutant showed
similar levels of metal resistance to the WT strain. Even in the zntA mutant background, zntB
did not play an apparent role in metal resistance under the conditions tested. The inactivation of
zntA increased the accumulation of intracellular cadmium and zinc, and conferred hyper-
resistance to H,O,. Thus, the metal transporter ZntA and its regulator ZntR are important for
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controlling zinc homeostasis and cadmium and cobalt detoxification. The loss of either the zntA
or zntR gene did not affect the virulence of A. tumefaciens in Nicotiana benthamiana.

INTRODUCTION

Zinc plays an essential role in structural protein stabiliz-
ation and as a cofactor for the catalytic activity and regulat-
ory function of many enzymes and proteins. However, at
high concentrations, zinc competes with other metal ions
for active sites, generating non-functional proteins and
thereby inhibiting many vital biological processes. Zinc
homeostasis in bacteria is maintained through the regu-
lation of the uptake, efflux and storage of zinc (Blencowe
& Morby, 2003; Nies, 2003, 2007; Nanamiya et al., 2004;
Hantke, 2005; Akanuma et al., 2006; Shin et al., 2007;
Gabriel & Helmann, 2009). Zinc uptake genes are inducible
under low-zinc conditions. When zinc levels surpass

Abbreviations: AS, acetosyringone; Gm, gentamicin; ICP-MS, inductively
coupled plasma mass spectrometer; Km, kanamycin; gRT-PCR,
quantitative real-time PCR; 5’'RACE, 5' rapid amplification cDNA ends.

Seven supplementary figures and one supplementary table are available
with the online Supplementary Material.

cellular demand, the zinc uptake regulator (Zur) represses
the zinc uptake genes, znuABC and zinT, to prevent excess
zinc-mediated toxicity (Patzer & Hantke, 1998; Petrarca
et al., 2010). Furthermore, expression of the zinc efflux
gene zntA is activated via the Zn*"-responsive transcrip-
tional regulator (ZntR), which maintains intracellular
zinc at suitable levels in Escherichia coli (Brocklehurst
et al., 1999; Singh et al, 1999). ZntA is likely not the
only Zn** efflux pump in Escherichia coli, which also pos-
sesses zntB. In Salmonella enterica serovar Typhimurium,
zntB is known to encode a protein belonging to the
2-TM-GxN family (Knoop et al., 2005), which can mediate
efflux of Zn** and Cd*" ions (Worlock & Smith, 2002).

An association between zinc homeostasis and oxidative
resistance has been reported (Gaballa & Helmann 2002;
Yang et al, 2007; Smith et al, 2009; Cerasi et al., 2014;
Sein-Echaluce et al., 2015). Zinc serves as a cofactor for
oxidant-detoxifying enzymes. Zinc protects thiol groups
from free radicals and inhibits free radical formation by
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competing with redox-active metals, such as copper and
iron. A role for zinc in the protection against metal-
mediated oxidative damage has been demonstrated
(Korbashi et al., 1989; Har-el & Chevion, 1991). The dereg-
ulation of zinc transport affects the bacterial response to
peroxide stress. The overexpression of Zur from cyanobac-
terium Anabaena sp. PCC 7120 confers H,0, resistance
(Sein-Echaluce et al, 2015), while zur mutant strains
from Xanthomonas oryzae pv. oryzae, Corynebacterium
diphtheriae and Anabaena sp. PCC 7120 exhibit increased
sensitivity to H,O, (Yang et al., 2007; Smith et al., 2009;
Sein-Echaluce et al., 2015). In S. enterica serovar Typhi-
murium, the loss of zinc uptake genes znuABC and zupT
leads to H,O, hypersensitivity (Cerasi et al., 2014). The
increased sensitivity to H,O, resulting from decreased
zinc import has also been observed in a Bacillus subtilis
strain lacking the zosA (zinc uptake under oxidative
stress) gene (Gaballa & Helmann, 2002). The expression
of zosA is controlled by the peroxide-sensing transcrip-
tional regulator PerR. The induction of zosA under H,O,
stress elevates zinc levels, which in turn might protect
thiols from oxidation (Gaballa & Helmann, 2002). The
zosA homologue pmtA (PerR-regulated metal transporter)
was identified in Streptococcus pyogenes (Brenot et al.,
2007). In contrast to zosA, pmtA might function as a zinc
exporter and play a role in resistance to zinc toxicity
(Brenot et al., 2007). The pmtA mutant strain exhibits
H,0, hypersensitivity (Brenot et al, 2007). These studies
demonstrate that, in bacteria, zinc uptake and zinc export
genes could play roles in H,O, resistance via different
mechanisms.

A. tumefaciens, a member of alphaproteobacteria, is a soil
bacterium causing crown gall tumour disease in dicotyle-
donous plants (Zhu et al., 2000). The regulation of the
A. tumefaciens C58 zinc uptake genes znuABC and zinT
via Zur has been previously reported (Bhubhanil et al.,
2014c). Mutation of the A. tumefaciens zur gene increased
the expression of znuABC and zinT and increased the
accumulation of intracellular zinc (Bhubhanil et al,
2014c). Herein, we aimed to assess the physiological roles
of the genes annotated zntR (Atu0888), zntA (Atu0843)
and zntB (Atu0731), which may be involved in controlling
zinc efflux in A. tumefaciens C58 (Wood et al., 2001). ZntA
is important for A. tumefaciens survival under high-zinc
conditions, whereas ZntB plays no role in zinc resistance
under the conditions tested. The control of zinc levels
and H,O, stress resistance through Zur via zinc uptake
and ZntR via zinc efflux was also investigated.

METHODS

Bacterial strains and growth conditions. The bacterial strains and
plasmids used in the present study are shown in Table 1. A. tume-
faciens and E. coli were aerobically grown at 28 and 37 °C, respect-
ively, in Luria—Bertani (LB) medium. LA refers to LB medium
containing 1.5 % agar. The growth conditions and antibiotic con-
centrations used in the present study have been previously described
(Bhubhanil et al, 2014a). Minimal AB medium [containing ah:

K,HPO,, 3 g; NaH,PO,, 1.15 g; NH,Cl, 1 g; MgS0O,.7H,0, 0.3 g; KCI,
0.15 g; CaCl,, 0.01 g; FeSO,.7H,0, 2.5 mg; glucose, 0.45 %] and in-
duction broth, pH 5.5 (IB 5.5), were prepared as previously reported
(Bhubhanil et al., 2014a; Cangelosi et al., 1991).

Molecular techniques. General molecular techniques were per-
formed using standard protocols (Sambrook et al., 1989). The primers
are listed in Table S1, available in the online Supplementary Material.
DNA sequencing was performed to confirm the sequence of the
cloned DNA (Macrogen). Plasmid DNA was transferred into
A. tumefaciens strains by electroporation (Angelosi ef al., 1991).

Construction of zntR, zntA, zntB and double-mutant strains.
The mutant strains were generated using a single homologous
recombination method (Ngok-Ngam et al., 2009). The A. tumefaciens
zntR (Atu0888), zntA (Atu0843) and zntB (Atu0731) genes were
individually disrupted. Primer pairs for gene inactivation (Table S1)
were used to amplify the internal coding regions of zntR, zntA and
zntB, and the PCR products were cloned into pKNOCK-Km, gen-
erating pPKNOCKmZNTR, pKNOCKmZNTA and pKNOCKmZNTB,
respectively. The plasmids were electroporated into the WT strain,
and the zntR (ZR1423), zntA (ZA141) and zntB (ZB141) mutant
strains were selected on LA containing 30 pg ml~' kanamycin (Km).

To generate the ZAB141 strain (disruption of both zntA and zntB
genes), the PCR fragment corresponding to the internal coding region
of zntB was cloned into pKNOCK-Gm, generating the plasmid
pKNOCKZNTB. The plasmid was electroporated into the mutant
ZA141 strain, and the mutant ZAB141 was selected on LA containing
60 pg ml ™" gentamicin (Gm) and 30 pug ml~' Km.

To generate the ZRAI5 strain (disruption of both zntR and zntA
genes), the PCR fragment corresponding to the internal coding region
of zntA was cloned into pKNOCK-Gm, generating the plasmid
PKNOCKZNTA. The plasmid was electroporated into the mutant
ZR1423 strain, and the mutant ZRA15 strain was selected on LA
containing 60 pg ml~' Gm and 30 pg ml~' Km. All the mutant
strains were confirmed through Southern blot analysis.

Construction of plasmids expressing functional zntR, zntA and
zntB genes. DNA fragments of full-length zntR, zntA and zntB were
PCR amplified using genomic WT DNA as a template, gene-specific
primer pairs for complementation (Table S1) and Pfu DNA poly-
merase (Fermentas). The PCR products were cloned into Smal-
digested pBBRIMCS-4 (Kovach et al., 1995), generating the plasmids
PZNTR, pZNTA and pZNTB, respectively.

Quantitative real-time PCR (qRT-PCR) analysis. qRT-PCR was
performed as previously described (Bhubhanil et al, 2014b). Expo-
nential-phase cells grown in LB were either untreated or treated with
various metals for 15 min prior to harvest. The metal salts CdCl,,
CoCl,, CuSO,, FeCl;, MgCl,, MnCl,, NiCl, and ZnCl, were used at a
final concentration of 100, 250, 500 or 750 uM. The gene-specific
primers for zntA, zntB and 16S rRNA are listed in Table S1. The
relative gene expression was determined using the 2744“T method.
The fold-changes in gene expression are expressed relative to the
untreated control as previously described (Livak & Schmittgen, 2001).
The data are reported as the means of biological triplicates = sp.

Determination of the transcriptional start site for zntA using 5’
rapid amplification cDNA ends (5'RACE). The transcriptional start
site of zntA was determined using RNA samples isolated from WT
exponential-phase cells grown in LB and treated with 750 pM ZnCl,
for 15 min, followed by 5'RACE (Roche), according to the manu-
facturer’s instructions. Specific primers SP1 and SP2 correspond to
BT4122 and BT4822, respectively.
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Table 1. Strains and plasmids used in this study

Strain or plasmid

Relevant characteristics

Reference or source

A. tumefaciens

NTL4 WT, a Ti plasmid-cured derivative of strain C58 Luo et al. (2001)
SPP12 zur : : pKNOCK-Gm, Gm" Bhubhanil et al. (2014c)
ZA141 zntA : : pKNOCK-Km, Km" This study

ZB141 zntB : : pKNOCK-Km, Km" This study

ZAB141 zntA : : pKNOCK-Km, Km" and zntB : : pKNOCK-Gm, Gm" This study

ZR1423 zntR : : pKNOCK-Km, Km" This study

ZRA15 zntR : : pKNOCK-Km, Km" and zntA : : pKNOCK-Gm, Gm" This study
Escherichia coli

DH50 Host for general DNA cloning Grant et al. (1990)
BW20767 Host for plasmids pPKNOCK-Gm and pKNOCK-Km Metcalf et al. (1996)
Plasmids for gene inactivation

pKNOCK-Gm Suicide vector, Gm" Alexeyev (1999)
pKNOCK-Km Suicide vector, Km" Alexeyev (1999)
pKNOCKmZNTA Internal coding region of zntA cloned into pKNOCK-Km, Km" This study
pKNOCKmZNTB Internal coding region of zntB cloned into pKNOCK-Km, Km" This study
pKNOCKmZNTR Internal coding region of zntR cloned into pKNOCK-Km, Km" This study
pKNOCKZNTA Internal coding region of zntA cloned into pKNOCK-Gm, Gm" This study
pKNOCKZNTB Internal coding region of zntB cloned into pPKNOCK-Gm, Gm" This study
Plasmids for complementation

pBBRIMCS-4 Expression vector, Ap" (pBBR) Kovach et al. (1995)
PZNTA Full-length zntA cloned into pBBRIMCS-4, Ap" This study

PZNTB Full-length zntB cloned into pPBBRIMCS-4, Ap" This study

PZNTR Full-length zntR cloned into pBBRIMCS-4, Ap" This study

Plasmid for the virulence assay

pCMA1 pTiC58traM : : nptIl, Km" Hwang et al. (1995)

Ap', ampicillin resistance; Gm", gentamicin resistance; Km', kanamycin resistance.

Sensitivity to metals. The dilution method (Ngok-Ngam et al.,
2009) was used for the metal sensitivity test. Exponential-phase cells
grown in LB medium were adjusted, serially diluted and spotted onto
plates containing LA, LA +CdCl, (25, 50, 350, 400 and 450 pM),
LA+ CoCl, (0.75, 1 and 1.25 mM) and LA +ZnCl, (350, 400 and
450 uM). The plates were subsequently incubated at 28 °C for 48 h.
Each strain was examined in duplicate, and each experiment was
repeated at least twice.

Measurement of the total cellular metal content. Cells were
grown in LB individually supplemented with 10 uM CdCl, and 50 pM
CoCl,, CuSQy,, FeCls, MnCl,, NiCl, or ZnCl, at 28 °C for 24 h. The
cells were washed three times with 50 mM potassium phosphate
buffer, pH 7.0 (KPB), and 10 mM EDTA. The cells were subsequently
washed twice with 50 mM KPB and resuspended in KPB to achieve
ODggo 1. The cell suspension (2.5 ml) was used for sample prep-
aration, and the metals were measured using an inductively coupled
plasma mass spectrometer (ICP-MS), as previously described
(Bhubhanil ef al., 2014a). The data were reported as the means of
biological triplicates + sp.

Sensitivity to H,0, and diamide. Exponential-phase cells grown in
LB medium were adjusted, serial-diluted and spotted onto plates
containing LA or LA+ 275 uM H,0, in the absence or presence of
50 uM ZnCl, and LA +diamide (600, 700 and 800 uM). The plates
were incubated at 28 °C for 48 h. Each strain was examined in
duplicate, and each experiment was repeated at least twice.

Catalase activity assay. Exponential-phase cells grown in LB
medium were either left untreated or treated with 500 uM H,0, for
30 min. Crude bacterial lysates were subsequently prepared, and
catalase activity was determined based on the degradation of H,O, at
a wavelength of 240 nm using a previously described protocol (Beers
& Sizer, 1952; Kitphati et al., 2007). One unit (U) of catalase was
defined as the amount of enzyme capable of catalysing the turnover of
1 umol H,O, min~" under the assay conditions. Specific activity was
calculated in U (mg protein) ~'. The data are reported as the means of
biological triplicates & spD.

Virulence assay. A. tumefaciens strains carrying the plasmid pCMAL1
were used to infect young Nicotiana benthamiana plants according to
a previously described protocol (Kamoun ef al, 2003; Bhubhanil
et al., 2014c). Exponential-phase cells grown in LB were washed and
grown in an IB 5.5 medium containing 300 M acetosyringone (AS)
for another 20 min. A 5 pl aliquot of the cell suspension (ODgg 1 in
IB 554300 uM AS) was used to inoculate a wounded N. ben-
thamiana petiole. Fifteen petioles were tested for each bacterial strain.
Tumour formation was observed at 4 weeks after inoculation.

RESULTS

zntR mediates the induction of zntA in response
to cadmium, zinc and cobalt

The expression of the putative zinc exporter genes zntA and
zntB in response to zinc levels was determined using
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quantitative real-time PCR (qRT-PCR) analysis. In the WT
strain, the expression of zntA, but not zntB, was increased
after treatments with 100, 500 and 750 uM ZnCl, (Fig. 1a).
The zinc-mediated induction of zntA was abolished in the
zntR mutant strain (ZR1423), suggesting that zntR activates
zntA (Fig. 1a). The loss of zinc-induced zntA expression was
able to be restored in the complemented strain (ZR1423/
PZNTR) (Fig. Sla). Next, the metal-specific response of
zntA was determined using WT cells grown in LB individu-
ally supplemented with 250 uM CdCl,, CoCl,, CuSO,,

FeCl;, MgCl,, MnCl,, NiCl,, PbSO, or ZnCl,. The results
shown in Fig. 1b suggest that Cd was the best inducer
(~100-fold), followed by Zn (~ 14-fold) and Co (~ 8-
fold), while other metals induced less than 3-fold zntA
expression (Ni and Pb) or had no effect (Cu, Fe, Mg and
Mn). The induction of zntA through Cd and Co was also
abolished in the ZR1423 strain (data not shown). The
expression of zntB was not affected by the zntR mutation
(Fig. Sla), and zntB expression was not strikingly changed
upon treatment with zinc (Fig. 1a) or other metals (Fig. S1b).
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Fig. 1. (a) Transcription analyses of zntA and zntB in response to increased zinc levels using qRT-PCR. WT and zntR mutant
(ZR1423) cells were grown to exponential phase in LB medium supplemented with 100, 500 and 750 pM ZnCl, for 15 min.
The expression of the target genes was normalized to 16S rRNA, and the fold-changes in gene expression were assessed
relative to WT cells grown in LB (regarded as 1). The experiment was performed in biological triplicate, and the error bars
indicate sb. (b) gRT-PCR analysis of zntA expression in response to various metals. WT cells were grown in LB medium to
exponential phase and individually supplemented with 250 pM CdCly, CoCl,, CuSO,4 FeCls, MgCly, MnCly, NiCly, PbNO3
or ZnCl, for 15 min. The fold-changes in gene expression were assessed relative to cells grown in LB (regarded as 1). (c)
Features of the A. tumefaciens zntA promoter. The ATG start codons for zntA and Atu0844 are indicated in bold. The tran-
scriptional start site +1 of zntA, determined through 5'RACE, is indicated with an asterisk, and the corresponding guanine
(G) is indicated in bold. The predicted —35 and —10 sequences are shown in bold. The dyad sequence has 6 bp of perfect
symmetry (arrows) separated by 3 bp, indicated with a grey box. The putative ribosome-binding site (RBS) is also indicated.
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The A. tumefaciens zntA promoter (PzntA,;)

To identify the promoter region of zntA,,, we used 5'RACE
to determine the transcriptional start site of zntA,,, and the
—35 and —10 sequences were predicted using BPROM
(www.softberry.com). The features of PzntA,, are shown
in Fig. 1c. The 5'RACE results indicated that the zntA,,
transcript starts at the G residue located 24 bp upstream
of the ATG start codon. The predicted —10 sequence
(CAGATT) and —35 sequence (TTGAAG) share 3/6 and
4/6 bp identity, respectively, with the consensus E. coli
—10 sequence (TATAAT) and —35 sequence (TTGACA).
The spacing between the predicted —10 and —35 boxes
was 19 bp, compared with the 16-18 bp spacing of the con-
sensus E. coli ¢ ° promoter sequences (Harley & Reynolds,
1987). The dyad-symmetrical DNA sequence (the 6-3-6 bp
inverted repeat, CTCTAG-TTG-CTAGAG) identified
within the 19 bp spacer of PzntA,, could be a potential
binding site for the zntA regulator ZntR.

ZntR and ZntA are required for resistance to
cadmium, zinc and cobalt

Next, the zntR (ZR1423) and zntA (ZA141) mutant strains
were generated, and the metal sensitivity was determined
(Fig. 2). The results showed that the ZR1423 strain was
~100-fold more sensitive to 50 uM CdCl, and 450 uM
ZnCl, than WT (Fig. 2). The loss of zntA severely affected
cell tolerance to cadmium and zinc. The ZA141 strain was
~10*-fold more sensitive to 450 pM ZnCl, than WT, while
a low concentration (50 uM) of CdCl, completely inhibited
the growth of ZA141 (Fig. 2). Furthermore, the strains
ZR1423 and ZA141 also exhibited ~ 10-fold more sensi-
tivity to CoCl, than WT (Fig. 2). The sensitive phenotypes
of the zntR (ZR1423/pBBR) and zntA (ZA141/pBBR)
mutant strains to CdCl,, ZnCl, and CoCl, could be
reversed in the complemented strains (ZR1423/pZNTR
and ZA141/pZNTA) (Fig. S2). However, the resistance to
other metal salts (CuSO,4 FeCl;, MgCl,, MnCl,, NiCl,
and PbSO,) was similar in WT and the mutants ZR1423
and ZA141 (data not shown). These results demonstrated
that A. tumefaciens zntR and zntA are important for the
detoxification of cadmium, zinc and cobalt. In addition,
strain ZRA15 (zntR and zntA mutations) did not show
increased metal sensitivity when compared with ZA141
(zntA mutation) (Fig. S2), suggesting that the phenotype
of ZRA15 was likely due to the loss of zntA. This notion
was supported by the fact that the metal-sensitive pheno-
type of ZRA15 could be completely reversed by comple-
mentation with zntA carried on the plasmid pZNTA
(Fig. S2).

ZntB plays no role in zinc resistance under the
conditions tested

It has been reported that S. enterica serovar Typhimurium
ZntB mediates the efflux of Zn*" and Cd*", and the znB
mutant shows increased sensitivity to zinc and cadmium

(Worlock & Smith, 2002). The single inactivation of A. tume-
faciens zntB (ZB141) had no effect on cell tolerance to cad-
mium, zinc, cobalt (Fig. 2) and other metal salts (CuSOy,
FeCls, MgCl,, MnCl,, NiCl, and PbSO,) (data not shown).
The metal sensitivity was also tested in the double-mutation
strain (ZAB141) and the WT strain expressing multiple
copies of zntB (WT/pZNTB). Mutations at zntB and zntA
(ZAB141) showed no additional effect on the sensitivity to
cadmium, zinc and cobalt compared with the single zntA
mutation (ZA141) (Fig. 2). Moreover, the WT/pZNTB
strain showed resistance to cadmium, zinc and cobalt similar
to the WT strain carrying the empty vector (data not shown).
Under the conditions tested, A. tumefaciens zntB did not show
an apparent role for metal resistance.

The zntA mutant showed a striking increase in the
accumulation of cadmium and zinc

ICP-MS analysis was performed to determine the metal con-
tent in the WT and mutant strains (Fig. 3). The cells were
grown in LB medium individually supplemented with
50 uM CoCl,, CuSQy, FeCls, MnCl,, NiCl, or ZnCl,. How-
ever, CdCl, was used at 10 M owing to the Cd-hypersensitiv-
ity of the mutant strains (ZR1423,ZA141 and ZAB141; Fig. 2).
The zur (zinc uptake regulator) mutant strain (SPP12) (Bhub-
hanil et al., 2014c) was used as a control, which showed the
increased accumulation of zinc (~ 5-fold; Fig. 3). The inacti-
vation of zntR (ZR1423) led to the increased accumulation of
Cd (~ 1.5-fold), while the levels of other metals were similar
to thosein WT (Fig. 3). Theloss of zntA increased the accumu-
lation of Cd (~4-fold), Zn (~ 2-fold) and Mn ( ~ 1.2-fold)
compared with WT, and the WT showed higher levels of Co
(~1.6-fold) and Fe (~1.2-fold) than the zntA mutant
(ZA141) (Fig. 3). The zntB mutation had a lesser effect on
the metal content than the zntA mutation, as only the Cu
and Mn contents in the zntB mutant (ZB141) were slightly
changed relative to WT (Fig. 3). In addition, the accumulation
of Ni in all of the mutants and WT was similar. The striking
increase in the accumulation of Cd and Zn in the zntA
mutant suggests that ZntA is an exporter of Cd and Zn ions.

Roles of zinc uptake and export systems in H,0,
resistance

Zinc-mediated protection against H,O, stress has been
reported in B. subtilis (Gaballa & Helmann, 2002) and S. enter-
ica (Cerasi et al, 2014). Thus, to examine whether the
disruption of the zinc exporter or deregulation of zinc
uptake in A. tumefaciens affected the ability of cells to survive
under H,0, stress, the H,0O, sensitivity test was performed.
The ZR1423, ZA141 and SPP12 strains displayed more toler-
ance to H,0, than WT (LA + H,0, and LA + H,0, + ZnCl;
Fig. 4a). Furthermore, the survival of A. tumefaciens cells
under H,0, stress was increased in the presence of ZnCl,.
As hyper-resistance to H,O, in these mutants could also
reflect increased catalase levels, the catalase activity assay
was performed. However, as shown in Fig. S3a, the catalase
levels in the mutant strains were not elevated compared
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Fig. 2. Sensitivity to metals. WT, ZR1423 (zntR mutation), ZA141 (zntA mutation), ZB141 (zntB mutation) and ZAB141
(zntA and zntB mutations) exponential-phase cells grown in LB medium were adjusted, serially diluted and spotted onto
plates containing LA, LA+CdCl, (25, 50, 350, 400 and 450 uM), LA+ZnCl, (350, 400 and 450 uM) and LA+ CoCl,
(0.75, 1 and 1.25 mM). The 10-fold serial dilutions are indicated, and the plates were incubated at 28 °C for 48 h.

with WT. It was possible that increased intracellular zinc levels oxidizing agent diamide was examined. The results showed
might influence the H,O, resistance observed in the mutant that WT and the mutant strains showed similar levels of dia-
strains. To determine whether zinc plays a protective role mide resistance (Fig. S3b). Therefore, the mechanism for
against H,O, stress in A. tumefaciens through the protection enhanced H,0, resistance in the A. tumefaciens mutants
of protein thiols from oxidation, sensitivity to the thiol- (ZR1423, ZA141 and SPP12) remains unknown.
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Fig. 3. Determination of metal contents using ICP-MS. WT, ZR1423 (zntR mutation), ZA141 (zntA mutation), ZB141 (zntB
mutation) ZAB141, (zntA and zntB mutations) and SPP12 (zur mutation) cells were grown in LB medium individually sup-
plemented with 10 uM CdCl, and 50 pM CoCl,, CuSQO,, FeCls, MnCl,, NiCl, or ZnCl, at 28 °C for 24 h. The total metal
contents were measured using ICP-MS. The results are shown as the means of biological triplicate samples, and the error
bars indicate SD. The bars marked with an asterisk are significantly different from WT (P<<0.05 in an unpaired Student’s

t-test). p.p.b., Parts per billion.

The inactivation of either zntR or zntA did not
affect the virulence of A. tumefaciens

A. tumefaciens causes crown gall disease through the insertion
of T-DNA from the tumour-inducing (Ti) plasmid into the
plant genome (Zhu et al., 2000). The virulence of the mutant
strains (ZR1423 and ZA141) compared with WT was examined
after infecting N. benthamiana petioles. The results showed that
tumour formation on N. benthamiana petioles infected with
the mutant strains and WT was similar (Fig. 4b). These results
suggested that zntR and zntA are not important for A. tumefa-
ciens virulence in infecting the N. benthamiana host plant.

DISCUSSION

It has been reported that ZntA (a P,p-type ATPase) and ZntB
(a transporter belonging to the 2-TM-GxN family) are zinc
exporters (Knoop et al., 2005; Smith et al., 2014). In addition
to Zn>", E. coli ZntA (ZntAg.) extrudes Cd*t, Co*" and Pb*"
(Beard et al., 1997; Rensing et al., 1997, 1998; Binet & Poole,
2000), Staphylococcus aureus ZntA (ZntAg,) exports Co>"
(Xiong & Jayaswal, 1998), and S. enterica ZntB (ZntBg,) med-
iates the efflux of Cd*"™ (Worlock & Smith, 2002).
The genomic context of A. tumefaciens zntR, zntA and
zntB is shown in Fig. S4. The expression of zntA,,
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Fig. 4. (a) Sensitivity to HyO,. WT, ZA141 (zntA mutation), ZR1423 (zntR mutation) and SPP12 (zur mutation) cells grown
in LB medium were adjusted, serially diluted and spotted onto plates containing LA, LA+275 pM H,0, and LA+275 uM
H,045+50 uM ZnCl,. Tenfold serial dilutions are indicated, and the plates were incubated at 28 °C for 48 h. (b) Virulence
assay using young N. benthamiana plants. A. tumefaciens strains carrying the plasmid pCMA1 were grown in IB 5.5 medium
containing 300 uM AS and used to inoculate wounded N. benthamiana petioles. Fifteen petioles were tested for each bac-
terial strain. Tumour formation was observed at 4 weeks after inoculation. Representative petioles are shown. Control |: with-
out inoculation. Control II: inoculation of wounded petiole with IB 5.5+ 300 uM AS.

was inducible with the following order of effectiveness: CdCl,
> ZnCl, > CoCl, (Fig. 1b). The A. tumefaciens zntA mutant
was slightly sensitive to CoCl, but highly sensitive to CdCl,
and ZnCl, (Fig. 2), suggesting that ZntA,, might be involved
in the export of these metals. The ICP-MS analysis showed
that the A. tumefaciens zntA mutant apparently accumulated
Cd*t and Zn**, but not Co**, to levels higher than WT
(Fig. 3), further suggesting that ZntA, plays a role in export-
ing Cd*" and Zn®", rather than Co”". In contrast to ZntA
ZntB,, did not show an apparent role for metal resistance
under the conditions tested using various strains, including
the single zntB, mutation (Fig. 2) and the expression of mul-
tiple copies of zntBy, from a plasmid in the WT background
(data not shown). Furthermore, inactivation of zntBy, in the
zntA,, mutant background (ZAB141) showed levels of
metal resistance similar to the zntA,, mutant (ZA141) (Fig.2).

The CorA protein, a member of the 2-TM-GxN family,
facilitates Mg2+ uptake (Smith & Maguire, 1998; Knoop
et al., 2005) and mediates Co”" and Ni*" uptake (Snavely
et al, 1989). Although S. enterica serovar Typhimurium
ZntB (ZntBg,) is a distant CorA homologue (Knoop
et al, 2005) (Fig. S5), this protein does not transport
Mg*" (Worlock & Smith, 2002). Sensitivity to magnesium,
cobalt and nickel was examined to determine whether
zntBy,; is involved in the transport of these metals. How-
ever, WT and the zntB,, mutant strain showed similar
resistance to magnesium, cobalt and nickel (data not

shown). A. tumefaciens contains a gene annotated corA
(Atu0710) (Fig. S5); however the gene function has not
been investigated. The signature motifs of CorA
(YGMNFxxMPEL) and ZntB (GxxG[I/V]NxGGxP) con-
tribute differently to metal selectivity (Knoop et al.,
2005). ZntBy, contains the GxxGMNxDExP motif, which
differs from the highly conserved G[I/V]N and GG dipep-
tide, resulting in the classification of ZntB,, in a different
subclass from ZntBg;, which contains the GxxGVNxGGxP
motif (Knoop et al., 2005) (Fig. S5). The zntB,, gene is
flanked upstream by mmgC (Atu0732), encoding an acyl-
CoA-dehydrogenase (Fig. S4). Downstream of zntB,, is a
gene (Atu0730) encoding a lectin-like protein (Fig. S4).
ZntBys, shares 17 % amino acid identity with ZntBg,
(Fig. S5). The C94 and C307 residues in the ZntBg, protein
may be involved in Zn** transport (Wan et al, 2011). In
ZntB,,, the residues corresponding to C94 and C307 in
ZntBg, are replaced with D94 and S311, respectively
(Fig. S5). The signature motif sequence and corresponding
metal-specific-binding residues in ZntB,, are different
from those in ZntBg,, implying that ZntB,, might serve a
different function, which remains elusive. The expression
of zntB,, in response to metals was not dramatically chan-
ged (Fig. S1b) compared with zntA,, expression (Fig. 1b).
It is possible that ZntB,, could be a metal transporter
with broad specificity. However, ICP-MS analysis revealed
that the zntB,, mutation showed only a minor effect on the
accumulation of metals in the cells grown in LB
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supplemented with metals (Fig. 3). In addition, the lack of
a phenotype in the A. tumefaciens zntB mutant might
reflect the functional redundancy of zntB with zntA and
other putative cation diffusion facilitator genes, such as
Atu0891, Atu0991 and Atu2274, that have not yet been
characterized (Cubillas et al, 2013). ZntB,, is a homologue
of the metal importer CorA (Smith & Maguire, 1998;
Knoop et al., 2005). We could not rule out the possibility
that ZntB,, may function as a metal importer. To test
this idea, ICP-MS analysis was performed using cells
grown in LB and minimal AB medium (Fig. S6). However,
the results showed that the Cu content in the zntB mutant
(ZB141) changed only slightly relative to WT when cells
were grown in LB (Fig. S6). It is possible that the function
of ZntB,, may be masked by functional redundancy with
other metal transporters, and thus was not revealed
under the test conditions.

In E. coliand S. aureus, zntA is under the control of ZntR, but
acts through different mechanisms to activate zntA
expression in response to increased zinc levels
(Brocklehurst et al., 1999; Singh et al., 1999). E. coli ZntR
(ZntRg.) is a transcriptional activator belonging to the
MerR family, while S. aureus ZntR (ZntRg,) is a transcrip-
tional repressor belonging to the ArsR/SmtB family.
ZntRs, binds to the imperfect 9-2-9 bp inverted repeat
(ATATGAACA-AA-TATTCATAT) in the zntAs, promoter
region, and this interaction is inhibited in the presence of
Zn** (Singh et al., 1999). Apo-ZntRg. binds to the perfect
11-11 bp inverted repeat (ACTCTGGAGTC-GACTCCA-
GAGT) in the zntAg. promoter region (Brocklehurst et al.,
1999). ZntRg, acts as an activator upon binding to Zn*",
which mediates zntAg. transcription via a MerR-like DNA
distortion mechanism (Outten et al., 1999). Similar to E.
coli, metal-induced zntA expression is mediated by the acti-
vation of zntRy, (Fig. 1a). The zntA,, promoter contains a
19 bp spacer between the —35 and —10 sequences (Fig. 1¢)
compared with the E. coli ¢’ consensus promoter
sequences, which are spaced 16—18 bp apart (Harley & Rey-
nolds, 1987). The 19 bp extended spacer is a characteristic of
the metal-ion-responsive MerR family promoters, including
the Tn501 mer (Lund et al., 1986), E. coli zntA (Brocklehurst
etal., 1999), E. coli copA (Stoyanov et al., 2001) and Cupria-
vidus metallidurans pbrA (Hobman et al., 2012) promoters.
It has been shown that the 19 bp spacer between —35 and
—10 sequences is essential for both normally weak levels of
activity and the induction of the mer (mercury resistance)
promoter through MerR (Parkhill & Brown, 1990). MerR
mediates both the repression and activation of mer through
MerR bending and Hg-MerR untwisting of the spacer region
(Ansari et al., 1995). The expression of the copper exporter
copA and the lead exporter pbrA is regulated by the MerR
family transcriptional activators CueR and PbrR, respect-
ively. MerR (7-4-7 bp, TCCGTAC-ATGA-GTACGGA),
CueR (7-7-7 bp, ACCTTCC-CCTTGCT-GGAAGGT) and
PbrR (7-1-7 bp, CTATAGT-A-ACTAGAG) bind to different
dyad symmetrical DNA sequences within the 19 bp spacer
sequence in the respective regulated promoters (Lund

et al., 1986; Stoyanov et al., 2001; Hobman et al., 2012). In
contrast to the E. coli zntA promoter (11-11 bp inverted
repeat), the A. tumefaciens zntA promoter contains
a 6-3-6 bp inverted repeat (CTCTAG-TTG-CTAGAG)
within the 19 bp spacer (Fig. 1c). ZntR,, shares 34 %
amino acid identity with ZntRg. (Fig. S7). It has been
shown that cysteine (C79, C114, Cl115, C124 and Cl141)
and histidine (H29, H53, H76, H77 and H119) residues are
important for the ZntRg.-mediated regulation of zntA
expression (Khan et al., 2002). Mutations at these residues
induce changes in metal-ion preference, sensitivity and
induction magnitude. The H29, H53 and H119 residues cor-
responding, respectively, to E29, H53 and H116 in ZntRx;,
are likely involved in either zinc ligation or DNA-bend
modulation (Khan et al., 2002). C79, C114 and C124, corre-
sponding to C78, C113 and C121, respectively, in ZntR, are
conserved metal-binding residues belonging to the MerR
family (Fig. S7). The presence of a characteristic 19 bp
spacer in the zntA,, promoter (Fig. 1c) and the conserved
residues in the ZntR,, protein (Fig. S7) suggest that ZntRy,
might activate zntA,, transcription through a mechanism
similar to that of ZntRg, and the MerR family regulators
(Ansari et al., 1995; Outten et al, 1999; Stoyanov et al.,
2001; Hobman et al, 2012).

The loss of zntR,, (ZR1423) increased the sensitivity to
CdCl,, ZnCl, and CoCl, compared with WT (Fig. 2). Com-
pared with the zntA,, mutant (ZA141), the zntR,, mutant
(ZR1423) showed similar levels of CoCl, tolerance, but
higher levels of resistance to CdCl, and ZnCl,. This finding
might reflect the fact that zntA,, activation is impaired in
the ZR1423 strain. As zntA,, might play a major role in
the efflux of cadmium and zinc, the complete loss of
zntAp, (ZA141) showed a more severe effect on metal resist-
ance. This notion was supported by evidence that the zntA,,
mutant accumulated higher levels of Cd** and Zn*" than
the zntR,, mutant (Fig. 3). Interestingly, the zntA,,
mutant was more sensitive to CoCl, (Fig. 2) but had
reduced intracellular Co*" (Fig. 3) relative to WT. There-
fore, the cobalt hypersensitive phenotype of the zntA,,
mutant was not due to the increased levels of intracellular
Co*". The cobalt hypersensitivity might be an indirect
effect resulting from a disruption of metal homeostasis
affecting metals that are not specific substrates for ZntA,,.

The zinc content in the zur,, mutant was approximately
5-fold higher than that in the WT (Fig. 3), consistent
with the previous report. However, the zur,, mutant
showed levels of zinc resistance similar to WT (0.5—4 mM
ZnCl,) (Bhubhanil et al, 2014c). In contrast, compared
with WT, the zntA,, mutant possessed an approximately
2-fold higher zinc content (Fig. 3) and showed high sensi-
tivity to zinc (0.35-0.45 mM ZnCl,) (Fig. 2). Unlike the
zntA,, mutant, it is likely that zinc is kept safely in the
zura, mutant and does not damage the cell.

The disruption of either zinc uptake or zinc export affects
intracellular zinc levels and might be involved in peroxide
resistance (Gaballa & Helmann, 2002; Brenot et al., 2007;

1738

Microbiology 161



Zinc efflux in Agrobacterium tumefaciens

Yang et al., 2007; Smith et al., 2009; Cerasi et al., 2014; Sein-
Echaluce et al., 2015). Increased zinc levels could protect
some bacteria from H,O; killing (Gaballa & Helmann, 2002;
Cerasi et al., 2014). However, in other bacteria, the upregula-
tion of zinc uptake or reduction of zinc export could lead to
increased sensitivity to H,O, killing (Brenot et al., 2007;
Yang et al., 2007; Smith et al., 2009; Sein-Echaluce et al.,
2015). Either increased zinc uptake (SPP12) or reduced zinc
export (ZA141) increased intracellular zinc (Fig. 3) and
enhanced H,O, resistance (Fig. 4a). Zinc might confer protec-
tion against H,O, stress in Agr. tumefaciens, although the
exact mechanism remains unknown. Oxidative burst is an
initial plant defence mechanism (Wojtaszek, 1997; Fones &
Preston, 2013). The inactivation of the zinc exporter provided
a benefit that would help A. tumefaciens to cope with H,0O,
stress (Fig. 4a); thus, it was not surprising that A. tumefaciens
virulence was fully retained in the zinc-exporter-defective
mutants (ZR1423 and ZA141, Fig. 4b).

In conclusion, the A. tumefaciens zntA gene is an important
metal exporter for the detoxification of cadmium, zinc and
cobalt. The regulation of zinc homeostasis by uptake sys-
tems via Zur and the exporter ZntA via ZntR plays a role
in the ability of A. tumefaciens to survive H,O, stress.
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ABSTRACT

Agrobacterium tumefaciens has a cluster of genes (Atu3178, Atu3179, and Atu3180) encoding an ABC-type transporter, here
named troA, troB, and troC, respectively, which is shown here to be a zinc-specific uptake system. Reverse transcription (RT)-
PCR analysis confirmed that troA, troB, and troC are cotranscribed, with troC as the first gene of the operon. The yciC (Atu3181)
gene is transcribed in the opposite orientation to that of the troCBA operon and belongs to a metal-binding GTPase family. Ex-
pression of troCBA and yciC was inducible under zinc-limiting conditions and was controlled by the zinc uptake regulator, Zur.
Compared to the wild type, the mutant strain lacking troC was hypersensitive to a metal chelator, EDTA, and the phenotype
could be rescued by the addition of zinc, while the strain with a single yciC mutation showed no phenotype. However, yciC was
important for survival under zinc limitation when either troC or zinT was inactivated. The periplasmic zinc-binding protein,
ZinT, could not function when TroC was inactivated, suggesting that ZinT may interact with TroCBA in zinc uptake. Unlike
many other bacteria, the ABC-type transporter ZnuABC was not the major zinc uptake system in A. tumefaciens. However, the im-
portant role of A. tumefaciens ZnuABC was revealed when TroCBA was impaired. The strain containing double mutations in the
znuA and troC genes exhibited a growth defect in minimal medium. A. tumefaciens requires cooperation of zinc uptake systems
and zinc chaperones, including TroCBA, ZnuABC, ZinT, and YciC, for survival under a wide range of zinc-limiting conditions.

IMPORTANCE

Both host and pathogen battle over access to essential metals, including zinc. In low-zinc environments, physiological responses
that make it possible to acquire enough zinc are important for bacterial survival and could determine the outcome of host-
pathogen interactions. A. tumefaciens was found to operate a novel pathway for zinc uptake in which ZinT functions in concert

with the high-affinity zinc importer TroCBA.

Zinc is an essential metal for bacteria because it is required for
the functions of many enzymes and proteins (1, 2). However,
zinc overload is toxic to cells (3—7). Bacteria have mechanisms to
maintain zinc homeostasis via the coordinated response of genes
involved in zinc uptake, efflux, and storage (8-13). The zinc up-
take regulator Zur is a transcriptional regulator belonging to the
Fur family and functions as a repressor of zinc uptake genes, in-
cluding znuABC and zinT (10). To prevent excessive amounts of
zinc in cells under high-zinc conditions, Zur uses Zn>* as its co-
factor to bind to a conserved AT-rich sequence, called the Zur box
(14), found in the promoter region of the zinc uptake genes, lead-
ing to inhibition of gene expression (15-17). ZnuA is a periplas-
mic protein that binds zinc and transfers it to the membrane per-
mease ZnuB and the ATPase ZnuC (15). The ZinT protein is a
periplasmic zinc-binding protein (18-21) that has been shown to
directly interact with and assist ZnuABC in transporting zinc in
Salmonella enterica (22, 23).

Agrobacterium tumefaciens is an alphaproteobacterium that
causes crown gall tumor in plants (24). Negative regulation of zinc
uptake genes, such as znuABC and zinT, by A. tumefaciens Zur
(Zur,,) has been reported previously (25). Expression of A. tume-
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faciens znuABC and zinT was inducible with zinc depletion and
was repressed in response to increased zinc concentrations (25).
Loss of Zur,, led to derepression of the znuABC and zinT genes
and increased accumulation of intracellular zinc content (25). The
roles of the periplasmic zinc-binding proteins A. tumefaciens
ZnuA and ZinT (ZnuA,, and ZinT,,, respectively) have been in-
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vestigated. It was found that ZinT ,, played an important role in A.
tumefaciens survival under severe zinc shortage, whereas ZnuA ,,
did not show an apparent role under the tested conditions (25).
Disruption of both znuA ., and zinT,, slightly affected the total
cellular zinc content (25), implying the existence of other, uniden-
tified zinc uptake genes in A. tumefaciens.

The A. tumefaciens C58 genome contains a cluster of genes
consisting of Atu3178, Atu3179, and Atu3180 that are annotated
as a putative zinc/manganese ABC transport system (http://www
.genome.jp/kegg-bin/show_organism?org=atu). Atu3178 en-
codes a periplasmic substrate-binding protein belonging to the
TroA (transport-related operon) superfamily. Atu3179 encodes a
permease, and Atu3180 encodes an ATP-binding protein. Here,
we have named these genes tr0A, troB, and troC (the first gene of the
operon), respectively. Atu3181 is a gene that has a transcription ori-
entation opposite to that of the troCBA operon and encodes a puta-
tive metal chaperone, YciC, belonging to the COG0523 family of
GTPases (26). In Bacillus subtilis, YciC was proposed to be a zinc
chaperone that participates in an unidentified low-affinity zinc
transport pathway (27, 28). B. subtilis yciC is regulated by Zur
(28). The A. tumefaciens troCBA operon and yciC were predicted
to be controlled by Zur due to the presence of a Zur box in their
promoter regions (26). However, their physiological functions
and metal regulation have not been experimentally verified.

The role of TroABCD in zinc transport was first reported in
Treponema pallidum (29, 30). TroA is a substrate-binding protein,
and TroB is an ATPase, while TroC and TroD form a heterodi-
meric cytoplasmic membrane permease. T. pallidum has the
ZnuABC and TroABCD systems for zinc uptake (30). While the
T. pallidum ZnuABC transporter is specific to zinc, T. pallidum
TroABCD can transport zinc, manganese, and iron (29, 30). T.
pallidum troABCD was shown to be negatively regulated by a zinc-
responsive transcriptional regulator, TroR, a DtxR-like repressor
(29). However, a later study showed that T. pallidum TroR is a
manganese-dependent rather than a zinc-dependent regulator
(31). Unlike many other bacteria, T. pallidum does not contain
Zur, and the regulator of T. pallidum znuABC has not been re-
ported.

Both ZnuA and TroA are substrate-binding proteins that be-
long to the cluster A-1 family (32). While ZnuA has been shown to
respond specifically to zinc, the metal selectivity of TroA proteins
and regulation of fro operons are different among bacteria (29,
33-36). Streptococcus suis TroA is involved in the uptake of man-
ganese, not zinc (36), even though it can bind both Mn*" and
Zn>" with high affinity (35). A gene encoding a protein that has
high similarity to the manganese-responsive transcriptional regu-
lator ScaR, located directly downstream of the S. suis troA gene,
may be involved in the manganese regulation of the troA gene
(36). Treponema denticola troABCD is negatively regulated by
Mn** and Fe®" via TroR (33). In contrast, Corynebacterium diph-
theriae troA is under the control of Zur in a zinc-dependent man-
ner (34).

Here, the physiological functions of the A. tumefaciens troCBA
operon and yciC are characterized. The metal regulation of A.
tumefaciens troCBA and yciC was investigated, and their regulator
was identified. Important roles for A. tumefaciens TroCBA and
YciC in zinc acquisition under zinc-limiting conditions were
demonstrated. A. tumefaciens ZinT may interact with the TroCBA
system. In addition, a role for A. tumefaciens ZnuA under zinc
starvation conditions was revealed when the TroCBA system was

3504 aem.asm.org

Applied and Environmental Microbiology

disrupted. Our findings provide a step toward understanding how
A. tumefaciens controls zinc homeostasis.

MATERIALS AND METHODS

Bacterial strains and growth conditions. The bacterial strains and plas-
mids used in this study are shown in Table 1. The growth conditions,
media, and antibiotic concentrations that were used for A. tumefaciens
and E. coli were reported previously (25, 44).

Molecular techniques. General molecular techniques were performed
according to standard protocols (46). The nucleotide sequence of the
cloned DNA fragment was confirmed by DNA sequencing (Macrogen).
Plasmids were transferred into A. tumefaciens by electroporation (47). All
the A. tumefaciens mutant strains were confirmed by Southern blotting.

Construction of the A. tumefaciens troC mutant and yciC mutant
strains. The A. tumefaciens troC and yciC mutant strains were constructed
using a single homologous-recombination method as described previ-
ously (48). The internal coding regions of troC (BT3751 [5'-TGAAACC
GCTCGGCGGTGAG-3'] and BT3752 [5'-CTGCGCATCCTGCAACAT
GG-3'];293 bp) and yciC (BT5027 [5'-GTGATGGCGACAACCGCACC-
3’] and BT5028 [5'-GCCCTGGCGAAATCGAAGCG-3']; 223 bp) were
amplified by PCR using the specific primers indicated. The PCR products
were cloned into the unique Smal sites of pPKNOCK-Gm and pKNOCK-
Km, respectively (40). The resulting plasmids, pKNOCKTROC and
pKNOCKmYCIC, were electroporated into wild-type (WT) NTL4 (a Ti
plasmid-cured derivative of strain C58 with an internal deletion of the
tetA-tetR locus) (37). The troC mutant (TC142) and yciC mutant (YC154)
were selected on Luria-Bertani (LB) agar plates containing 60 wg/ml gen-
tamicin (Gm) and 30 pg/ml kanamycin (Km), respectively.

Construction of the double-mutant (TCYC15, ZAYC15, ZTYC15,
and ZURYC15) strains. The plasmid pKNOCKmZNUA (25) was electro-
porated into the TC142 strain, generating the TCZA15 strain (with dis-
ruptions of both the troC and znuA genes), which was selected on LB agar
(LA) plates containing 60 pwg/ml Gm and 30 pg/ml Km. The plasmid
pKNOCKmZINT was constructed by PCR amplification of the internal
coding region of zinT (238 bp) using primers BT3747 (5'-TGACGGA
CTGGGAAGGCGAC-3') and BT3748 (5'-ATCTCCTGGCCGTCGCT
GAC-3'), which was then cloned into Smal-digested pPKNOCK-Km (40).
The plasmid pKNOCKmZINT was electroporated into the TC142 strain,
generating the TCZT14 strain (troC and zinT mutations). The plasmid
pKNOCKmYCIC was electroporated into TC142, PS132 (25), PC135
(25), and SPP12 (25) to generate the double-mutant strains TCYC15
(troC and yciC mutations), ZAYC15 (znuA and yciC mutations), ZTYC15
(zinT and yciC mutations), and ZURYC15 (zur and yciC mutations), re-
spectively.

Construction of plasmids expressing functional troC, troCBA, and
yciC for complementation. DNA fragments of full-length troC (BT3809
[5"-ATGAACGATCCGTGCCTCAC-3"] and BT3810 [5'-AAATCAGCC
ATGGGCATTCG-3']; 837 bp), troCBA (BT3809 and BT4627 [5'-GAAA
CTGTGCGTTTTACTGG-3']; 2,747 bp), and yciC (BT5033 [5'-ATGAA
AAAACTCCCTGTCAC-3'] and BT5034 [5'-AATCAGGCCGCCTGTC
TATC-3']; 1,205 bp) were amplified by PCR using Pfu DNA polymerase
(Fermentas) and the specific primers. The PCR products were cloned into
Smal-digested pPBBRIMCS-4 (41), generating pTROC, pTROCBA, and
pYCIC, respectively.

RT-PCR. Total RNA was extracted from cells grown in LB at 28°C for
4 h and then treated with 1 mM EDTA for 15 min using a modified
hot-phenol method (49). Reverse transcription (RT)-PCR was performed
as previously described (49). Primer sets were used for amplifying the
junction of troC-troB (BT4265 [5'-AGGCGCGTCATTTCCACGAG-3']
and BT4266 [5'-TGAGGCTCATGCGCCGCAAC-3']; 280 bp) and troB-
troA (BT4267 [5'-GCATGGTCTCCTGCTTTGCC-3'] and BT4268
[5"-CGATGATCGAGAAGCTGGCC-3']; 310 bp). The PCR products
were visualized using gel electrophoresis on a 1.8% agarose gel with
ethidium bromide staining.
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TABLE 1 Strains and plasmids used in this study

Zinc Homeostasis TroCBA and YciC

Strain or plasmid Relevant characteristics”

Reference or source

Agrobacterium tumefaciens

NTL4 WT strain: a Ti plasmid-cured derivative of strain C58 37

PC135 zinT::pKNOCK-Gm (zinT::Gm); Gm" 25

PS132 znuA:pKNOCK-Gm (znuA::Gm); Gm" 25

SPP12 zur:pKNOCK-Gm (zur::Gm); Gm* 25

TC142 troC:pKNOCK-Gm (troC::Gm); Gm" This study

TCZA15 troC:pKNOCK-Gm and znuA:pKNOCK-Km (troC::Gm znuA::Km); Gm" and Km" This study

TCZT14 troC::pKNOCK-Gm and zinT:pKNOCK-Km (troC::Gm zinT::Km); Gm" Km"* This study

TCYCI15 troC::pKNOCK-Gm and yciC:pKNOCK-Km (#roC::Gm yciC::Km); Gm" Km" This study

YC154 yciC::pKNOCK-Km (yciC::Km); Km" This study

ZAYC15 znuA:pKNOCK-Gm and yciC:pKNOCK-Km (znuA:Gm yciC::Km); Gm* Km* This study

ZTYCI15 zinT::pKNOCK-Gm and yciC:pKNOCK-Km (zinT::Gm yciC::Km); Gm" Km" This study

ZURYCI15 zur::pKNOCK-Gm and yciC::pKNOCK-Km (zur:Gm yciC:Km); Gm" Km" This study
Escherichia coli

DH5a Host for general DNA cloning 38

BW20767 Host for plasmid pKNOCK-Gm and pKNOCK-Km 39
Plasmids for gene inactivation

pKNOCK-Gm Suicide vector; Gm" 40

pKNOCK-Km Suicide vector; Km" 40

pKNOCKTROC Internal coding region of troC cloned into pKNOCK-Gm; Gm" This study

pKNOCKmYCIC Internal coding region of yciC cloned into pPKNOCK-Km; Km" This study

pKNOCKmZINT Internal coding region of zinT cloned into pPKNOCK-Km; Km" This study

pKNOCKmZNUA Internal coding region of znuA cloned into pKNOCK-Km; Km" 25
Plasmids for complementation

pBBRIMCS-4 Expression vector; Ap" (pBBR) 41

pTROC Full-length troB cloned into pPBBRIMCS-4; Ap" This study

pTROCBA Full-length troCBA operon cloned into pBBRIMCS-4; Ap" This study

pYCIC Full-length yciC cloned into pBBRIMCS-4; Ap” This study

pZINT Full-length zinT cloned into pPBBRIMCS-4; Ap" 25

PZNUA Full-length znuA cloned into pPBBRIMCS-4; Ap" 25

pZUR Full-length zur cloned into pBBRIMCS-4; Ap* 25
Promoter-lacZ transcriptional

fusions

pUFR027lacZ Promoter probe vector; Tc" 42

p027troC-lacZ 266-bp DNA fragment containing troC promoter fused to lacZ of pUFR0271acZ This study

p027yciC-lacZ 274-bp DNA fragment containing yciC promoter fused to lacZ of pUFR027lacZ This study
YciC-LacZ and YciC-PhoA

translational fusions

pPROTT Reporter vector, LacZ as a reporter; Ap” 43

pYCLacZ YciC amino acid residues 1-400 fused to LacZ of pPRITT; Ap" This study

p’PhoA 5'-truncated phoA gene lacking its signal peptide sequence cloned into pBBR; Ap" 44

pYCPhoA YciC amino acid residues 1-400 fused to PhoA of p’PhoA; Ap* This study
Plasmid for tumor assay

pCMALl pTiC58traM::nptll; Km" 45

“ Ap*, ampicillin resistance; Gm", gentamicin resistance; Km?, kanamycin resistance; Tc", tetracycline resistance.

qRT-PCR analysis. Quantitative real-time (qRT)-PCR was per-
formed as previously described (50). Log-phase cells grown in LB were not
treated or were treated with metal and a metal chelator for 15 min prior to
harvest. The metals CdCl,, CoCl,, CuSO,, FeCl;, MgCl,, MnCl,, NiCl,,
and ZnCl, were used at a final concentration of 0.45 mM. The metal
chelator used was EDTA (1 mM). Gene-specific primers for troC (BT3751
[5"-TGAAACCGCTCGGCGGTGAG-3'] and BT3752 [5'-CTGCGCATC
CTGCAACATGG-3']; 293 bp), yciC (BT5027 [5'-GTGATGGCGACAA
CCGCACC-3'] and BT5028 [5'-GCCCTGGCGAAATCGAAGCG-3'];
223 bp), and the 16S rRNA gene (BT1421 [5'-GAATCTACCCATCTCT
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GCGG-3'] and BT1422 [5'-AAGGCCTTCATCACTCACGC-3']; 280 bp)
were used.

The amount of a specific mRNA target was normalized to the amount
of a housekeeping gene 16S rRNA. Fold changes in gene expression are
relative to untreated samples from wild-type NTL4 using the 2744
method (51). The data are reported as the means of biological triplicates
and standard deviations (SD).

Determination of the transcriptional start site for troC and yciC us-
ing 5" RACE. RNA samples were isolated from wild-type NTL4 log-phase
cells grown in LB and treated with 1 mM EDTA for 15 min. 5" Rapid
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amplification cDNA ends (RACE) (Roche) was performed according to
the manufacturer’s instructions. The specific primers SP1 and SP2 for
troC are BT3752 (5'-CTGCGCATCCTGCAACATGG-3") and BT3758
(5'-TAGCGCCATCCAGATGATGC-3"), respectively. The specific prim-
ers SP1 and SP2 for yciC are BT5028 (5'-GCCCTGGCGAAATCGAA
GCG-3') and BT5042 (5'-CGAGGATGTGGTTGAGAAGG-3'), respec-
tively.

Construction of promoter-lacZ transcriptional fusions. DNA frag-
ments containing the promoter region of troC (BT3757 [5'-TATGTGC
GACATGTCAACGG-3'] and BT3758 [5'-TAGCGCCATCCAGATGA
TGC-3']; 269 bp) and yciC (BT5041 [5'-TTAGAGTGGCGCGCTGT
TGG-3'] and BT5042 [5'-CGAGGATGTGGTTGAGAAGG-3']; 274 bp)
were amplified from A. tumefaciens NTL4 genomic DNA using PCR. The
PCR products were cloned into a unique HindIII site (and end-gap filled
with Klenow enzyme) of the promoter probe vector pUFR027lacZ, a de-
rivative of pUFR027 (42), to generate the plasmids p027troC-lacZ and
p027yciC-lacZ, respectively.

B-Galactosidase activity assay. 3-Galactosidase ((3-Gal) activity was
measured as described by Miller (52). Log-phase cells grown in LB were
not treated or were treated with 1 mM EDTA for 1 h. The cells were then
harvested. Crude bacterial cell lysates were prepared as previously de-
scribed (48). Protein concentrations were determined using the Brad-
ford Bio-Rad protein assay. Specific activity was calculated in units per
milligram of protein. Data are reported as the means of biological
triplicates = SD.

EDTA sensitivity test. Log-phase cells grown in LB were adjusted,
serially diluted, and spotted onto plates containing AB medium (47) and
AB plus EDTA (0.3,0.6,0.9, 1, 1.1, 1.2, 1.3, 1.4, and 1.5 mM) according to
a protocol previously described (25). In some experiments, AB plates
containing 1.2 mM EDTA were individually supplemented with 50 uM
ZnCl,, CdCl,, CoCl,, CuSO,, FeCl;, MgCl,, MnCl,, or NiCl,. The plates
were then incubated at 28°C for 48 h. Each strain was tested in duplicate,
and the experiment was repeated at least twice.

Construction of yciC-lacZ and yciC-phoA translational fusions.
Primers BT5041 (5'-TTAGAGTGGCGCGCTGTTGG-3') and BT5309
(5'-GCCGCCTGTCTATCCCAGT-3") were used to amplify the yciC pro-
moter region and sequences encoding the entire 400 amino acids of YciC.
The DNA fragments were cloned into the Smal sites of the plasmid vectors
pPRITT (43) and p'PhoA (44) to generate plasmids pYCLacZ and pYC-
PhoA, respectively. The B-galactosidase and alkaline phosphatase activi-
ties were assayed as previously described (44), using wild-type NTL4 car-
rying plasmids pYCLacZ and pYCPhoA, which express the hybrid
proteins YciC-LacZ and YciC-PhoA, respectively.

Measurement of total cellular zinc content. Zinc ions were measured
in parts per billion using an inductively coupled plasma mass spectrome-
ter (ICP-MS), as previously described (44). Samples were prepared from
cells grown in LB plus 0.5 mM EDTA at 28°C for 24 h. The data are
reported as the means of biological triplicates and SD.

Virulence assay. A. tumefaciens strains carrying plasmid pCMA1 were
used to infect young Nicotiana benthamiana plants as previously de-
scribed (25). Cells grown in LB plus 0.5 mM EDTA at 28°C for 24 h were
washed and resuspended in induction broth (47), pH 5.5 (IB 5.5), plus 300
M acetosyringone (AS). The cells were incubated at 28°C with shaking
for 20 min, harvested, and adjusted to an optical density at 600 nm
(ODgqp) 0f 0.1 in IB 5.5 plus 300 wM AS. A 5-pl aliquot of the cell sus-
pension was inoculated into a wounded N. benthamiana petiole. Each
bacterial strain was used to infect 15 petioles. Tumor formation at 4 weeks
after infection was assessed.

RESULTS

The A. tumefaciens troCBA operon and yciC are negatively reg-
ulated by Zur. A. tumefaciens genome sequence analysis (53) re-
vealed that the gene arrangement in the tro operon starts with troC
(Atu3180), followed by troB (Atu3179) and troA (Atu3178) (Fig.
1A), and these genes may be cotranscribed. RT-PCR analysis was
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performed, confirming that tr0C, troB, and troA are cotranscribed
(see Fig. S1 in the supplemental material). The A. tumefaciens
troCBA operon and yciC are divergently oriented. The transla-
tional start codons of troC and yciC are separated by 300 bp
(Fig. 1B). The transcriptional start sites of troC (at the A residue)
and of yciC (at the A residue) were determined by 5" RACE, and
the —10 and —35 sequences were predicted using BPROM (Soft-
berry) (Fig. 1B). A Zur-binding site (5'-TTAATGTTATTTCATT
AC-3'; underlined nucleotides are the center of symmetry for the
inverted palindrome) was identified previously in the intergenic
region between A. tumefaciens troCBA and yciC (26) and over-
laps the predicted —35 site of troC (Fig. 1B). Furthermore, we
identified another Zur-binding site (5'-GTAATGTTATTACG
TTAC-3") that overlaps the predicted —10 site of yciC (Fig.
1B). An alignment of A. tumefaciens Zur boxes found in the Zur-
regulated genes is shown in Fig. 1C.

To assess the promoter activity of troC and yciC, the DNA
fragments upstream of the translational start codon, predicted
—10 and —35 sequences, and a potential Zur-binding site for the
troC promoter or for the yciC promoter were fused to a promot-
erless lacZ reporter gene (transcriptional fusions) (plasmids
p027troC-lacZ and p027yciC-lacZ, respectively) (Fig. 1D), and
B-Gal activity was measured. In wild-type NTL4 (the WT), 3-Gal
activities from both troC-lacZ and yciC-lacZ fusions were in-
creased when cells were treated with EDTA (WT/pBBR) (Fig. 1E).
B-Gal in the zur mutant strain, SPP12, was constitutively ex-
pressed at high levels under all the tested conditions (zur:Gm/
pBBR) (Fig. 1E); however, expression of the zur gene from a mul-
ticopy plasmid, pZUR, could suppress this phenotype (zur:Gm/
pZUR) (Fig. 1E).

The A. tumefaciens troCBA operon and yciC are inducible
with zinc depletion. Expression of the troC and yciC genes was
determined using qRT-PCR. As expected for genes involved in
metal acquisition, expression of the troC and yciC genes in the WT
was inducible (~10°-fold) by the metal chelator EDTA compared
to untreated cells. Both genes were constitutively expressed at high
levels in the zur mutant but were suppressed when complemented
with pZUR (Fig. 2A). These results further supported the view that
A. tumefaciens Zur negatively regulates troCBA and yciC. To in-
vestigate the metal-specific responses of troC and yciC, repression
of the EDTA-induced expression by various metals was determined.
In the wild type, Zn®" was the most potent metal ion that could
repress the EDTA-induced expression of troC and yciC (Fig. 2B)
compared to other metals, including cadmium, cobalt, copper, iron,
magnesium, manganese, and nickel. These results demonstrated that
the A. tumefaciens troCBA operon and yciC are inducible, specifi-
cally by zinc depletion, which supports the view that A. tumefa-
ciens TroCBA and YciC are involved in zinc acquisition.

The troC mutant is hypersensitive to EDTA treatment, and
inactivation of yciC further increases the sensitivity; however,
the TroCBA transporter can function independently of YciC. A.
tumefaciens mutant strains were constructed to assess the physio-
logical functions of troC (TC142) and yciC (YC154). Growth was
determined under metal limitation in the presence of EDTA (1,
1.1, 1.2, 1.3, 1.4, and 1.5 mM [see Fig. S2 in the supplemental
material]). Inactivation of troC, but not yciC, caused cells to be-
come hypersensitive to EDTA. Consistent with a previous report
(25), the znuA mutant (PS132) showed no phenotype, while the
zinT mutant (PC135) was hypersensitive to EDTA (Fig. 3A). Sim-
ilar to the zinT mutant, the troC mutant was ~10*-fold more
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FIG 1 (A) Genomic context of the A. tumefaciens troCBA operon and yciC. The rnhA (Atu3177) gene encoding RNase H is located downstream of the troCBA
operon. The Atu3182 gene encoding a hypothetical protein with unknown function is located downstream of the yciC gene. The primer sets used to amplify the
junctions between troC and troB (BT4265 and BT4266) and between froB and troA (BT4267 and BT4268) with RT-PCR analysis are indicated. (B) troC and yciC
promoters. The ATG start codons for troC and yciC are shown in boldface with bent arrows. The transcriptional +1 start site of troC and yciC was determined
using 5" RACE and is indicated by asterisks. The predicted —10 and —35 sequences are underlined. The Zur-binding sites are shaded. The putative ribosome-
binding sites (RBS) are underlined. (C) Conserved Zur-binding site (Zur box) for A. tumefaciens (14). The sequences of Zur boxes found in the promoter regions
of A. tumefaciens znuA, zinT, troC, and yciC (PznuA, PzinT, PtroC, and PyciC, respectively) are shown. The conserved residues in all the Zur boxes are marked with
dots. (D) Schematic representation of the promoter-lacZ fusions (not drawn to scale) from plasmids p027troC-lacZ and p027yciC-lacZ. (E) B-Galactosidase
activity assay. Wild-type NTL4 (WT/pBBR), the zur mutant strain SPP12 (zur::Gm/pBBR), and the complemented strain (zur:Gm/pZUR) contain either
p027troC-lacZ or p027yciC-lacZ. pBBR is a plasmid vector, while pZur contains a functional zur gene. Cells were grown in LB for 4 h and then were left untreated
(UN) or treated with 1 mM EDTA for 1 h. The results are the means and SD of triplicate samples.

sensitive to 1.2 mM EDTA than the WT (Fig. 3A) and could be
fully rescued by the addition of 50 pM ZnCl, (Fig. 3A, 1.2 mM
EDTA plus Zn) but not by other metals (see Fig. S3A in the sup-
plemental material).

The EDTA-sensitive phenotype of the troC mutant (TC142)
could not be reversed by the plasmid pTROC (see Fig. S3B in the
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supplemental material), suggesting that the troC gene knockout
by insertional inactivation used to generate the TC142 strain may
have a polar effect on other downstream genes in the troCBA
operon. This notion was supported by the observation that the
plasmid pTROCBA could fully restore the growth of the troC mu-
tant (Fig. 3B; see Fig. S3B in the supplemental material).
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FIG 2 (A) Expression analysis of troC and yciC using qRT-PCR. (A) RNA samples were isolated from log-phase cells of the wild type (WT/pBBR), the zur mutant
(zur:Gm/pBBR), and the complemented strain (zur::Gm/pZUR) grown in LB medium. pBBR is the plasmid vector. pZUR is the plasmid containing a functional
zur gene. The expression of the target genes was normalized to that of 16S rRNA, and the fold changes in gene expression in zur::Gm/pBBR and zur:Gm/pZUR
are relative to those in WT/pBBR (regarded as 1). The experiment was performed in biological triplicate, and the error bars indicate the standard deviations. (B)
Induction of troC and yciCs specific to zinc limitation. Shown is qRT-PCR analysis of troC and yciC expression. Wild-type NTL4 cells were grown in LB medium
and under metal-limiting conditions (LB plus 1 mM EDTA). Metals (CdCl,, CoCl,, CuSO,, FeCl;, MnCl,, NiCl,, and ZnCl,) were supplemented at a final
concentration of 0.45 mM. The expression levels are presented as percentages and are relative to those in cells grown in LB plus 1 mM EDTA (100%).

Although the yciC mutant strain showed no phenotype (Fig.
3A; see Fig. S2 and S4 in the supplemental material), the inactiva-
tion of yciC further increased the sensitivity of the troC mutant to
EDTA (Fig. 3B). Growth of the troC mutant strain TC142 (troC::
Gm/pBBR) on the AB plate containing 0.6 mM EDTA was similar
to that of the WT (WT/pBBR), while the TCYCI15 strain lacking
both troC and yciC (troC::Gm yciC::Km/pBBR) was ~10°-fold
more sensitive to 0.6 mM EDTA than the WT (Fig. 3B). Express-
ing the functional yciC gene from the plasmid pYCIC could re-
store the growth defect of TCYC15 (#roC and yciC mutations) to
levels similar to that of TC142 (troC mutation) and the WT at 0.6
mM EDTA, but not at higher levels of EDTA (0.9 and 1.2 mM)
(troC::Gm yciC::Km/pYCIC) (Fig. 3B). In contrast, at 0.6, 0.9, and
1.2 mM EDTA, the EDTA-hypersensitive phenotype of TCYC15
could be fully reversed to WT by complementation with
pTROCBA (troC::Gm yciC:Km/pTROCBA) (Fig. 3B), demon-
strating that A. tumefaciens requires the TroCBA transporter to
survive under severe metal-limiting conditions and that TroCBA
can function even in the absence of YciC.

The important role of ZnuA is revealed when TroCBA is dis-
rupted. Inactivation of either znuA or znuAB had no detectable
effect on the growth of A. tumefaciens on the AB plate containing
1.4 mM EDTA compared to the WT (see Fig. S2 in the supplemen-
tal material) (25). However, disruption of znuA in combination
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with troC (TCZA15) led to a growth defect of A. tumefaciens in a
minimal AB medium and hypersensitivity to EDTA (troC::Gm
znuA::Km) (Fig. 4). The growth defect of TCZA15 could be res-
cued by zinc supplementation (1.2 mM EDTA plus Zn) (Fig. 4).
Furthermore, the EDTA sensitivity of TCZA15 (troC and znuA
mutations) could be reversed to that of TC142 (troC mutation) by
complementation with the plasmid pZNUA (troC::Gm znuA::
Km/pZNUA) (Fig. 5A), but not by the plasmid pZINT or pTROA.
Although TCZA15 showed a growth defect on the AB plate (a
minimal medium), it could grow on the LA plate (a rich medium)
similarly to the WT (troC::Gm znuA::Km/pBBR) (Fig. 5A). These
results demonstrated the role of A. tumefaciens ZnuA (a periplas-
mic zinc-binding protein) in zinc acquisition under zinc limita-
tion and that A. tumefaciens ZnuA function could not be substi-
tuted for by other periplasmic zinc-binding proteins, such as ZinT
and TroA.

ZinT may interact with TroCBA. It has been reported previ-
ously that A. tumefaciens ZinT functions independently of Znu-
ABC (25). The inactivation of zinT caused a reduction in the total
zinc content and hypersensitivity to EDTA (25). To test the pos-
sibility of interaction between A. tumefaciens ZinT (a periplasmic
protein) and TroCBA in zinc transport, a strain (TCZT14) con-
taining mutations in froC and zinT was generated, and its sensi-
tivity to EDTA was determined. The TC142 (troC mutation) and
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FIG 3 Effects of a single mutation (A) and double mutations (B) in the troC and yciC genes on the sensitivity of A. tumefaciens to EDTA. (A) The strains are
wild-type NTL4 (WT), PS132 (znuA::Gm), PC135 (zinT::Gm), TC142 (troC::Gm), and YC154 (yciC::Km). (B) The WT, TC142 (troC::Gm), and TCYC15
(troC::Gm yciC::Km) strains carry the plasmid vector (pBBR). The mutant strains were complemented with functional troCBA or yciC from the multicopy
plasmids pTROCBA and pYciC, respectively. Cells were adjusted, serially diluted, and spotted onto plates containing AB and AB plus EDTA (0.6, 0.9, and 1.2

mM) with or without 50 uM ZnCl,. Tenfold serial dilutions are indicated. The plates were incubated at 28°C for 48 h.

TCZT14 (troC and zinT mutations) strains were ~102-fold and
~10°-fold, respectively, more sensitive to 1.2 mM EDTA than the
WT (Fig. 4). Moreover, the EDTA-hypersensitive phenotype of
TCZT14 (troC and zinT mutations) could not be reversed to that
of TC142 (troC mutation) by complementation with the plasmid
PZINT (Fig. 5B), but the EDTA-hypersensitive phenotype of
PC135 (zinT mutation) could be fully restored by pZINT (Fig.
5B). The results suggested that TroCBA is required for the func-
tion of A. tumefaciens ZinT.

Loss of the zinc chaperones ZinT and YciC causes a severe
EDTA-mediated growth defect. Double mutations in zinT and
yciC (ZTYC15) led to hypersensitivity to EDTA, and this EDTA-
dependent growth defect could be detected at 0.3 mM EDTA
(~10°-fold more sensitive than the wild type) (Fig. 4). At 0.3 and
0.6 mM EDTA, the growth defect of ZTYC15 could be fully re-
stored to PC135 (zinT mutation) by complementation with the
plasmid pZINT or pYCIC (Fig. 5C). At 1.2 mM EDTA, comple-
mentation with either pZINT or pYCIC did not rescue ZTYCI15
(Fig. 5C), but addition of zinc did (1.2 mM EDTA plus Zn) (Fig.
4). These results demonstrated that A. tumefaciens requires both

0.3 mM EDTA

3 4 5
® & “

WT

troC::Gm
troC::Gm znuA::Km
troC::Gm zinT::Km
troC::Gm yciC::Km
zinT::Gm yciC::Km

0.6 mM EDTA

zinc chaperones, ZinT and YciC, to cope with severe zinc-limiting
conditions.

YciC,, is a cytoplasmic protein. B. subtilis YciC (YciCg,) is a
membrane protein (27). Unlike YciCy,, A. tumefaciens YciC
(YciCy,,) is likely to reside in the cytoplasm. The hydropathy of
YciC,, was determined using the Kyte-Doolittle hydropathy plot
(54). The hydropathy plot and other programs, including
HMMTOP (55) and Phobius (56), predicted that there would be
no transmembrane segment in the YciC,, protein. To determine
the localization of YciC,,, the entire 400 amino acids of YciC,, was
fused to PhoA (alkaline phosphatase) and LacZ (3-galactosidase)
to generate YciC,-PhoA and YciC,,-LacZ fusions using a previ-
ously described protocol (44). The alkaline phosphatase and B-ga-
lactosidase activities of the hybrid proteins could be used as indi-
cators for the periplasmic and cytoplasmic locations, respectively,
of the target protein fusion sites (57, 58). The YciC,,-PhoA fusion
displayed low levels of alkaline phosphatase activity (~0.22 U),
while the YciC,-LacZ fusion exhibited high levels of 3-galactosi-
dase activity (~240 U) compared to the negative-control vectors,
p'PhoA (~0.04 U) and pPRITT (~8 U), which showed low ac-

0.9 mM EDTA 1.2 mMEDTA 1.2 mMEDTA+Zn

4 5 3 - 3 4 5

FIG 4 EDTA-sensitive phenotypes of strains containing double mutations of genes encoding zinc uptake proteins and zinc chaperones. The EDTA sensitivities
of TCZA15 (troC::Gm znuA:Km), TCZT14 (troC::Gm zinT::Km), TCYC15 (troC::Gm yciC:Km), and ZTYCI15 (zinT::Gm yciC::Km) were compared to that of
wild-type NTL4 (WT) and TC142 (troC::Gm). Sensitivity to EDTA on plates containing AB and AB plus EDTA (0.3, 0.6, 0.9, and 1.2 mM) with or without 50 uM
ZnCl, was assessed as described for Fig. 3.
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FIG 5 (A) ZnuA under metal limitation conditions could not be replaced by the periplasmic zinc-binding proteins ZinT and TroA. The TCZA15 (troC::Gm
znuA::Km) strain was complemented with functional znuA, zinT, or troA from the plasmids pZNUA, pZINT, and pTROA, respectively. The cells were tested on
plates containing LA (rich medium) and AB (minimal medium). Sensitivity to EDTA on AB plates containing EDTA (0.3, 0.6, 0.9, and 1.2 mM) was assessed as
described for Fig. 3. (B) ZinT could not function when TroCBA was inactivated. The PC135 (zinT::Gm) and TCZT14 (troC::Gm zinT::Km) strains were
complemented with functional zinT from the plasmid pZINT. (C) Important role of zinc chaperones ZinT and YciC. The ZTYCI15 (zinT::Gm yciC::Km) strain
was complemented with functional zinT or yciC from the plasmids pZINT and pYCIC, respectively.

tivity of alkaline phosphatase and [3-galactosidase, respectively.
The results suggest that the YciC,, protein is a cytoplasmic pro-
tein.

YciC,, may possibly catalyze GTP hydrolysis to drive the
TroCBA,, transporter. However, YciC,, is not essential for the
TroCBA,, transporter (Fig. 3B). Another possible function of
YciC,, is as a zinc chaperone that may transfer zinc ions to the zinc
sensor Zur,,. To test this idea, expression of the znuA, zinT, and
troC genes in the yciC::Km strain was determined by qRT-PCR.
Similarly to the WT, EDTA induction and zinc repression of znuA,
zinT, and troC were observed in the yciC::Km strain (data not
shown). Therefore, YciC,, is unlikely to function in zinc loading
to Zur ,, for mediating repression of the Zur,, regulon.

Decreased zinc levels in the EDTA-hypersensitive mutants.
Total zinc content in the mutant strains compared to the WT was
determined using ICP-MS (Fig. 6A). Because the troC znuA dou-
ble-mutant strain has a growth defect in the minimal AB medium
(Fig. 4), ICP-MS was performed using cells grown in LB (rich
medium) for 24 h; however, the zinc levels in the mutant strains
were not dramatically different from those in the WT (data not
shown). When cells were grown in LB plus 0.5 mM EDTA for 24 h,
all the EDTA-hypersensitive mutants showed an obvious reduc-
tion in zinc content compared to the WT (Fig. 6A). It should be
noted that 0.5 mM EDTA in LB did not inhibit the growth of
the WT and all the tested mutant strains (data not shown).
The lowest levels of intracellular zinc were detected in the
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troC::Gm znuA:zKm strain (troC::Gm yciC::Km and troC::Gm
zinT=:Km strains < troC::Gm and zinT::Gm yciC::Km strains <
zinT::Gm strain) (Fig. 6A). The WT and the yciC::Km and znu-
A:zGm yciC:Km mutant strains showed similar levels of EDTA
sensitivity (see Fig. S4 in the supplemental material) and intracel-
lular zinc levels (Fig. 6A).

Virulence assay. N. benthamiana plants were infected with the
WT and the mutant strains carrying pCMA1 (a tumor-inducing
plasmid). The mutant strains TC142 (troC mutation), TCYCI15
(troC and yciC mutations), TCZT14 (troC and zinT mutations),
and ZTYCI15 (zinT and yciC mutations) were tested. All A. tume-
faciens strains grown in LB for 24 h caused similar tumor forma-
tion on infected plants (data not shown). Next, the A. tumefaciens
strains were grown under metal limitation in LB plus 0.5 mM
EDTA for 24 h and used to infect plants. However, TC142,
TCYC15, TCZT14, and ZTYC15 all caused tumors on the infected
plants and were similar to the WT (Fig. 6B). Unfortunately, sev-
eral attempts were made, but we could not select the TCZA15
(troC and znuA mutations) strain carrying pCMA1; thus, we were
unable to determine the virulence of TCZA15.

DISCUSSION
The high-affinity zinc importer ZnuABC is found widely in many
bacteria. Rarely, some bacteria have a second high-affinity zinc

uptake system in addition to ZnuABC, such as T. pallidum
TroABCD (TroABCDvy,) (29, 30) and Haemophilus influenzae
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FIG 6 (A) Intracellular zinc content was determined using ICP-MS. The WT and the mutant strains TCZA15 (troC::Gm znuA:Km), TCYC15 (troC::Gm
yciC:Km), TCZT15 (troC::Gm zinT::Km), TC142 (troC::Gm), ZTYCI15 (zinT::Gm yciC::Km), PC135 (zinT::Gm), YC154 (yciC::Km), and ZAYC15 (znuA:Gm
yciC::Km) were grown in LB plus 0.5 mM EDTA for 24 h. The results are shown as the means of samples in triplicate, and the error bars indicate the standard
deviations. The bars marked with asterisks are significantly different from the WT (P < 0.05 in an unpaired Student’s t test). (B) Virulence assay. Shown is tumor
formation on the petioles of N. benthamiana plants infected with the WT and the mutant strains TC142 (tr0C::Gm), TCYC15 (troC::Gm yciC::Km), TCZT15
(troC::Gm zinT::Km), and ZTYCI15 (zinT::Gm yciC::Km) grown in IB 5.5 medium containing 300 .M AS. Control I, without inoculation; control II, inoculation
of the wounded petiole with IB 5.5 plus 300 wM AS. (C) Proposed model of zinc homeostasis. A. tumefaciens contains two zinc sensors, Zur and ZntR, which
control zinc homeostasis. Zur is the transcriptional repressor of zinc acquisition genes, including znuA, znuBC, zinT, troCBA, and yciC. ZntR is a transcriptional
activator of a zinc efflux gene, zntA. Under low-zinc conditions, Zur is in the apo form and dissociates from DNA to trigger expression of the Zur regulon. The
TroABC system is the major zinc uptake system (thick solid arrow) compared to ZnuABC. ZinT functions in association with TroCBA. ZinT and YciC may
function as zinc chaperones that supply Zn>" (black dots) to zinc-requiring proteins in the periplasm and cytoplasm, respectively. When the intracellular zinc
levels are high, the complexes ZntR-Zn?>* and Zur-Zn>* are formed, which in turn activates zinc efflux by ZntA and represses zinc uptake systems, respectively.
The outer membrane (OM) channels for zinc import and zinc extrusion have not been identified. Zinc ions may also be transported into the cytoplasm via
unknown inner membrane (IM) transporters. ?, unknown; dashed arrows, possible mechanisms.
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ZevAB (59). Listeria monocytogenes contains two zinc permease
systems, ZurAM and ZinABC, which are regulated by Zur (60).
The presence of two high-affinity zinc uptake systems helps these
bacteria to survive in diverse zinc-limiting environments and dur-
ing infection. In addition to ZnuABC, A. tumefaciens has a cluster
of genes (Atu3178, Atu3179, and Atu3180) encoding an ABC-type
transporter. The Atu3178 gene encodes a protein belonging to the
TroA superfamily that has amino acid identity to TroA, (28%),
ZinA (26%), and A. tumefaciens ZnuA (25%). Therefore, we
named Atu3178, Atu3179, and Atu3180 troA, troB, and troC, re-
spectively. In other bacteria, tro operons are involved in metal
uptake and can transport either zinc or manganese and possibly
iron (29, 33-36). The A. tumefaciens troCBA operon (troCBA ,,)
was shown here to respond specifically to zinc limitation.

To survive under a wide range of zinc-deficient conditions, A.
tumefaciens requires the cooperation of Zur-regulated zinc acqui-
sition systems, including two ABC-type zinc importers, TroCBA 5,
and ZnuABC,,, and two zinc chaperones, ZinT,, and YciC,,. Zinc
uptake in A. tumefaciens differs from the systems in many other
bacteria in that TroCBA ,, is the major zinc importer while Znu-
ABC,, plays a lesser role. ZnuABC,, is very important for sup-
porting growth under zinc limitation in the absence of
TroCBA,,. This indicates that ZnuABC,, may function as a
backup system for high-affinity zinc uptake. It is also possible that
the two transporters function optimally under different condi-
tions, such as different pHs. Consequently, TroCBA ,, may play a
dominant role in zinc uptake under laboratory test conditions and
ZnuABC,, may play a more crucial role under other, as yet un-
identified conditions. The severe growth defect of the troC::Gm
znuA::Km strain could be rescued by supplementation with zinc,
suggesting that zinc can be taken up through additional low-affin-
ity zinc transporters.

ZinT proteins in Escherichia coli 0157 (20) and S. enterica (22,
23) (ZinTg, and ZinTs,, respectively) are accessory components of
the ZnuABC transporters that enhance the ability of cells to re-
cruit zinc under severe zinc shortage. In contrast to ZinTy. and
ZinTg,, ZinT 4, plays a critical role for survival under zinc deple-
tion and can function in the absence of ZnuABC,, (25). It was
found that ZinT,, may interact with TroCBA,,. It is likely that
ZinT,, is an additional component of the TroCBA ,, transporter,
and it may help increase the rate of zinc delivery to TroCBA,,
when A. tumefaciens faces severe zinc deprivation. ZinT , may also
supply zinc ions to other periplasmic zinc-requiring proteins.

The members of the COG0523 subfamily of G3E-GTPases
have been reported to function as metal insertases by using GTP
hydrolysis to drive the incorporation of a metal cofactor into the
catalytic site of the target enzyme and/or as metal chaperones to
allocate a metal cofactor to the target zinc-requiring proteins (26).
B. subtilis YciC (YciCy,) belongs to a subgroup, Zur-regulated
COGO0523 proteins. YciCg, is a membrane protein, and it was pro-
posed to be a component of a low-affinity zinc transporter and
possibly a zinc chaperone (27, 28). Unlike YciCy,, YciC,, is a cy-
toplasmic protein. Inactivation of yciC,, in combination with the
mutation of a gene encoding the major zinc importer, troC,,, or
the periplasmic zinc chaperone, zinT,,, caused a growth defect on
LA plates containing EDTA. When A. tumefaciens encounters
conditions of severe zinc shortage, even if the high-affinity zinc
uptake TroCBA ,, and ZnuABC,, systems are still functioning, it
may need ZinT,, and YciC,, to effectively shuttle zinc ions to
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essential zinc-dependent proteins whose functions are required to
cope with low-zinc stress.

Zinc uptake systems are known to be important for virulence
in many bacteria (59, 60). However, in virulence assays using N.
benthamiana as the host plant, growth either in LB (a zinc-replete
condition) or in LB plus 0.5 mM EDTA (a zinc-depleted condi-
tion) had no effect on the virulence of A. tumefaciens mutant
strains lacking zinc uptake genes compared to the wild type. Zinc
availability at the infection site may differ between different types
of plants, and this may alter the sensitivity of the assay in different
host plants.

A model of zinc homeostasis in A. tumefaciens is proposed in
Fig. 6C. Intracellular zinc levels are sensed by two transcriptional
regulators, Zur and ZntR (25, 61). Zur is a repressor in the Fur
family, whereas ZntR is an activator belonging to the MerR family.
Under low-zinc conditions, Zur is in the apo form, which in turn
triggers the expression of zinc acquisition genes, including
znuABC, troCBA, zinT, and yciC. The TroCBA transporter plays a
dominant role in zinc uptake compared to the ZnuABC system.
ZinT may help enhance the efficiency of zinc recruitment to the
TroCBA transporter. When TroCBA is impaired, the ZnuABC
system plays an essential role in zinc uptake to support bacterial
growth. It is likely that zinc can also be transported into the cyto-
plasm by an unidentified low-affinity zinc importer(s). The ZinT
and YciC proteins may act as metallochaperones to allocate zinc to
their target zinc-dependent proteins in the periplasm and cyto-
plasm, respectively. When intracellular zinc is overloaded, the
complexes of 7Zn*" with the zinc sensors, Zur-Zn>" and ZntR-
Zn*", are formed. The Zur-Zn”>* complex represses the zinc up-
take genes, whereas the ZntR-Zn>" complex activates the zinc
efflux gene, zntA. Consequently, the high-affinity zinc uptake sys-
tems, TroCBA and ZnuABC, are shut down, and excess zinc can
be pumped out of the cytoplasm by a P,5-type ATPase, ZntA.
However, the outer-membrane channels for zinc import and zinc
extrusion in A. tumefaciens remain to be identified.

A. tumefaciens was shown here to operate a novel pathway for
zinc uptake in which ZinT,, is part of a high-affinity zinc im-
porter, TroCBA,,. Whether ZinT,, interacts with TroA,, or di-
rectly interacts with the inner-membrane permease, TroB,,
during the process of zinc transport awaits further study. High-
affinity zinc uptake systems, such as TroCBA ,, and ZnuABC,, are
necessary for A. tumefaciens to survive under low-zinc stress, but
zinc allocation to zinc-dependent proteins facilitated by the zinc
chaperones ZinT,, and YciC,, is also essential. Nevertheless, the
exact molecular mechanisms of ZinT,, and YciC,,, as well as their
target proteins, have yet to be elucidated.
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ABSTRACT

The Agrobacterium tumefaciens C58 genome harbors an operon containing the dmeR (Atu0890) and dmeF (Atu0891) genes,
which encode a transcriptional regulatory protein belonging to the RcnR/CsoR family and a metal efflux protein belonging to the
cation diffusion facilitator (CDF) family, respectively. The dmeRF operon is specifically induced by cobalt and nickel, with cobalt
being the more potent inducer. Promoter-lacZ transcriptional fusion, an electrophoretic mobility shift assay, and DNase I foot-
printing assays revealed that DmeR represses dmeRF transcription through direct binding to the promoter region upstream of
dmeR. A strain lacking dmeF showed increased accumulation of intracellular cobalt and nickel and exhibited hypersensitivity to
these metals; however, this strain displayed full virulence, comparable to that of the wild-type strain, when infecting a Nicotiana
benthamiana plant model under the tested conditions. Cobalt, but not nickel, increased the expression of many iron-responsive
genes and reduced the induction of the SoxR-regulated gene sodBII. Furthermore, control of iron homeostasis via RirA is impor-
tant for the ability of A. tumefaciens to cope with cobalt and nickel toxicity.

IMPORTANCE

The molecular mechanism of the regulation of dmeRF transcription by DmeR was demonstrated. This work provides evidence of
a direct interaction of apo-DmeR with the corresponding DNA operator site in vitro. The recognition site for apo-DmeR consists
of 10-bp AT-rich inverted repeats separated by six C bases (5'-ATATAGTATACCCCCCTATAGTATAT-3"). Cobalt and nickel
cause DmeR to dissociate from the dmeRF promoter, which leads to expression of the metal efflux gene dmeF. This work also
revealed a connection between iron homeostasis and cobalt/nickel resistance in A. tumefaciens.

Cobalt is required by coenzyme B,,-dependent enzymes and
several proteins (1, 2). However, cobalt overload can cause
cellular toxicity by catalyzing the generation of reactive oxygen
species (3, 4), which leads to iron and glutathione depletion, and
thus disturbing iron homeostasis (4—6). Cobalt competes with
iron in heme proteins (7) and inhibits the activity of iron-sulfur
(Fe-S) proteins as shown in Escherichia coli (5) and Salmonella
enterica (6). To avoid cobalt toxicity, levels of intracellular cobalt
must be properly controlled. Cobalt trafficking systems in the cell,
including uptake systems, efflux systems, and metallochaperones,
help maintain cobalt at levels suitable for growth (8).

To prevent intracellular cobalt overload-mediated toxicity, ex-
cessive amounts of cobalt are eliminated by efflux systems involv-
ing components such as the major facilitator superfamily (MFS),
P,.4-ATPase, resistance nodulation cell division (RND), cation/
proton antiporter, and cation diffusion facilitator (CDF). The E.
coli RenA (resistance to cobalt and nickel) efflux pump belongs to
a unique family that is responsible for the detoxification of cobalt
and nickel (9). The expression of rcnA is negatively regulated by
RenR (10). CoaT is a P 4-ATPase that is responsible for cobalt
export in Synechocystis (11). Induction of coaT expression is me-
diated by the MerR-like transcriptional activator CoaR in the
presence of cobalt, while the vitamin B,, pathway represses coaT
transcription (11). Mycobacterium smegmatis CtpD (12) and My-
cobacterium tuberculosis CtpJ (13) are also cobalt-exporting P, _4-
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ATPases that have been shown to play an important role in con-
trolling cobalt homeostasis. Cupriavidus metallidurans CH34
extrudes cobalt using two RND systems (the cobalt and nickel
resistance system [CnrCBA] [14] and the cobalt, zinc, and cad-
mium resistance system [CzcABC] [15]), the CDF protein CzcD
(16), and the P,y ,-ATPase CzcP (17). The CzcD protein nega-
tively regulates CzcCBA by extruding the inducing cations (16),
while CzcP functions as a metal-resistant enhancer (17). In addi-
tion to CzcD, C. metallidurans CH34 contains another CDF pro-
tein, DmeF (divalent metal efflux), which plays a role in control-
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Cobalt and Nickel Exporter in A. tumefaciens

TABLE 1 Bacterial strains and plasmids used in this work

Strain or plasmid

Characteristic(s)® or genotype

Reference or source

A. tumefaciens strains

NTL4 Wild-type strain, a Ti plasmid-cured derivative of strain C58 48

DF156 dmeF::pKNOCK-Km, Km" This study

DR151 dmeR:pKNOCK-Gm, Gm" This study

PN094 rirA:z:pKNOCK-Km, Km"* 20

WKO074 irr:pKNOCK-Gm, Gm" 37
E. coli strains

BW20767 Host for plasmids pKNOCK-Gm and pKNOCK-Km 49

DH5a Host for general DNA cloning 50
Plasmids for gene inactivation

pKNOCK-Gm Suicide vector, Gm" 51

pKNOCK-Km Suicide vector, Km" 51

pKNOCKmDMEF Internal coding region of dmeF cloned into pPKNOCK-Km, Km" This study

pKNOCKDMER Internal coding region of dmeR cloned into pKNOCK-Gm, Gm* This study
Plasmids for complementation

pBBRIMCS-4 Expression vector, Ap" (pBBR) 30

pDmeF Full-length dmeF cloned into pBBRIMCS-4, Ap* This study

pDmeR Full-length dmeR cloned into pPBBRIMCS-4, Ap" This study

pRirA Full-length rirA cloned into pBBRIMCS-4, Ap” 20
Promoter-lacZ fusions

pUFR027lacZ Promoter probe vector, Tc" 31

pDmeRF-lacZ The dmeRF promoter fused to lacZ of pPRITT, Ap* This study
Plasmid for the virulence assay

pCMAL1 pTiC58traM::nptll, Km" 52
Plasmids for protein expression and purification

pASK-IBA7 Protein expression vector, Ap” IBA

pStep-tag-DmeR Coding region of dmeR cloned into pASK-IBA7, Ap" This study

@ Ap*, ampicillin resistance; Gm', gentamicin resistance; Km'", kanamycin resistance; Tc", tetracycline resistance.

ling cobalt homeostasis (18). Disruption of the dmeF gene causes
the CnrCBA and CzcCBA RND systems to become ineffective in
cobalt transport. This suggests that cobalt is exported from the
cytoplasm to the periplasm via the CDF proteins and that cobalt is
then transported by the RND systems from the periplasm to out-
side the cell (18).

Agrobacterium tumefaciens is a soilborne plant pathogen that
causes crown gall tumor disease. Cobalt transporters have not
been characterized in A. tumefaciens. Rhizobium leguminosarum, a
close relative of A. tumefaciens, belongs to the Alphaproteobacteria
and contains the dmeRF operon that is responsible for exporting
cobalt and nickel (19). R. leguminosarum DmeR represses dmeRF
transcription. Expression of dmeRF is inducible in response to
increased levels of cobalt and nickel. The R. leguminosarum
dmeRF mutant is hypersensitive to cobalt and nickel. The dmeRF
genes have been shown to play an important role in R. legumino-
sarum during free-living and symbiotic interactions with legume
plants under high-cobalt and high-nickel conditions (19). Cobalt
stress and iron homeostasis are linked. Induction of the ferric
uptake regulator (Fur) regulon has been observed in response to
cobalt stress, which may provide iron to out-compete cobalt (5, 6).
Unlike E. coli, in which iron regulation is mediated by Fur, iron
regulation in A. tumefaciens is controlled by the iron response
regulator (Irr) and the rhizobial iron regulator (RirA) under low-
iron and high-iron conditions, respectively (20, 21). In contrast to
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Irr, RirA is assumed to require the Fe-S cluster as its cofactor (22,
23). Disruption of an Fe-S cluster synthesis gene (suf52) in the suf
operon impairs RirA repression activity in A. tumefaciens (24).
The A. tumefaciens genome contains genes that are homologous to
dmeR (Atu0890) and dmeF (Atu0891) (25). Here, the molecular
mechanism of the regulation of A. tumefaciens dmeRF and its role
in controlling intracellular metal levels were determined. Further-
more, the effect of cobalt toxicity on the activities of Fe-S proteins,
including RirA and SoxR, was investigated. A link between the
control of iron homeostasis via RirA and cobalt/nickel tolerance
was revealed.

MATERIALS AND METHODS

Bacterial strains, culture conditions, plasmids, and primers. The bacte-
rial strains and plasmids used in this work are listed in Table 1. E. coli and
A. tumefaciens were aerobically grown in Luria broth (LB) at 37°C and
28°C, respectively. LA refers to LB medium containing 1.5% agar. The
growth conditions and antibiotic concentrations used were the same as
those previously reported (24). Induction broth with a pH of 5.5 (IB 5.5;
the vir-inducing condition) was used in the virulence assay (26). Primers
are listed in Table S1 in the supplemental material. All mutant strains were
confirmed by Southern blotting. The cloned DNA region was confirmed
by sequencing (Macrogen). Plasmids were transferred into A. tumefaciens
by electroporation (26). General molecular techniques were performed
according to standard protocols (27).
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RT-PCR. Total RNA was extracted from log-phase cells of wild-type
A. tumefaciens strain NTL4 grown in LB medium and induced with 500
M CoCl, for 15 min, and reverse transcription-PCR (RT-PCR) was per-
formed using previously described protocols (20, 28). Primers BT4733
and BT4734 were used to amplify the junction of the dmeR and dmeF
genes.

5’ RACE. The transcriptional start site of dmeR was determined using
RNA that was isolated from log-phase NTL4 cells grown in LB and treated
with 500 uM CoCl, for 15 min. The 5’ rapid amplification of cDNA ends
(5" RACE) (Roche) was performed according to the manufacturer’s rec-
ommendations, using specific primers SP1 (BT4096) and SP2 (BT4619).

qRT-PCR analysis. RNA isolation, cDNA preparation, and quantita-
tive real-time PCR (qQRT-PCR) were performed as previously described
(20, 24). The gene-specific primers for dmeF, hmuT, shmR, fopA, mbfA,
hemA, fdx, irpA, sufS2, fssA, and 16S rRNA are listed in Table SI in the
supplemental material. The amount of a specific mRNA target was nor-
malized to the amount of a housekeeping gene 16S rRNA. Fold changes in
gene expression are relative to untreated samples from wild-type NTL4
(WT) using the 222" method (29). The data were reported as the means
of biological triplicates plus or minus the standard deviation (SD).

Construction of dmeF and dmeR mutant strains (DF156 and
DR151). A. tumefaciens mutant strains were constructed using an inser-
tional gene inactivation method (20). The internal coding regions of dmeF
(BT4569 and BT4570, 222 bp) and dmeR (BT4567 and BT4568, 176 bp)
were PCR amplified from genomic wild-type NTL4 with the gene-
specific primers. The PCR products were cloned into pKNOCK-Km
and pKNOCK-Gm, generating pKNOCKmDMEF and pKNOCKDMER,
respectively. The resulting plasmids were individually electroporated into
the wild-type NTL4 strain. The mutant strains, DF156 and DR151, were
selected on LA plus 30 pg/ml of kanamycin (Km) and LA plus 60 pg/ml of
gentamicin (Gm) plates, respectively.

Cloning of functional dmeF and dmeR genes for complementation.
The PCR fragments containing full-length dmeR (BT4618 and BT4619)
and dmeF (BT4620 and BT4621) genes were individually cloned into the
Smal site of pBBRIMCS-4 (30), generating the plasmids pDmeR and
pDmeF, respectively.

Construction of a dmeRF promoter-lacZ transcriptional fusion and
[3-galactosidase activity assay. To construct the pPDmeRF-lacZ plasmid,
DNA fragments (108 bp) that contained the dmeRF promoter region were
amplified from A. tumefaciens NTL4 genomic DNA using PCR with the
primers BT4618 and BT4735 and then cloned into the promoter probe
vector pUFR027lacZ, a derivative of pUFR027 (31), as previously re-
ported (24). The B-galactosidase (B-Gal) activity assay (32) was per-
formed as previously described (24) using log-phase cells carrying
pDmeRF-lacZ grown in LB. The results are presented as specific activity,
which was calculated in units per milligram of protein.

Overexpression and purification of rDmeR. The coding region of
dmeR was amplified via PCR using the primers BT5406 and BT5407,
which contain a Bsal site. The PCR products were digested with Bsal and
cloned into Bsal-digested pASK-IBA7 (IBA, Germany), generating the
plasmid pStrep-tag-DmeR, to produce Strep-tag II fused to the N termi-
nus of DmeR (recombinant DmeR protein [rDmeR]).

Log-phase E. coli DH5a cells carrying the pStrep-tag-DmeR plasmid
grown in LB at 37°C were induced with 200 ng/ml anhydrotetracycline for
1 h. The cells were then harvested, washed, and resuspended in buffer W
(100 mM Tris-HCI pH 8.0, 250 mM NaCl). The cell suspension was son-
icated, and cell debris was removed via centrifugation. The clear lysate was
allowed to bind to a Strep-Tactin Sepharose column and then washed with
buffer W. The rDmeR protein was subsequently eluted with elution buffer
(100 mM Tris-HCI pH 8.0, 250 mM NaCl, 2.5 mM desthiobiotin). The
eluted fractions were concentrated using Amicon Ultra centrifugal filters,
with a molecular weight cutoff (MWCO) of 10,000 (Millipore). The
rDmeR protein with the expected molecular size (11.8 kDa) was detected,
and protein purity was assessed via SDS-PAGE and Coomassie blue stain-
ing (see Fig. S1 in the supplemental material).
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Electrophoretic mobility shift assay. The DNA fragment that con-
tained the dmeRF promoter region (108 bp) was amplified via PCR using
the primers BT4618 and BT4735. The DNA fragment (2 pmol) was end
labeled with [y-**P]dATP and T4 polynucleotide kinase. The **P-labeled
DNA probe was then purified using Sephadex G-50. Electrophoretic mo-
bility shift assays were carried out in 20-pl reaction mixtures containing
1X binding buffer (20 mM Tris-HCl pH 7, 50 mM KCl, 1 mM dithiothre-
itol [DTT], 5% glycerol, 0.5 pg/ml calf thymus DNA, and 0.05 mg/ml
bovine serum albumin [BSA]), purified rDmeR protein (0.25,0.5,0.75, or
1 M), and 1 pl of diluted **P-labeled DNA probe (1:2,000) in the absence
or presence of 1 mM EDTA and 200 uM metals (CoCl,, CuSO,, FeCl,,
MnCl,, NiCl,, or ZnClL,). Following incubation at room temperature for
30 min, the reaction mixtures were resolved in 8% nondenaturing poly-
acrylamide gels in 1 X TB buffer (89 mM Tris-HCl and 89 mM boric acid)
at 4°C ata constant voltage of 120 V for 1 h. After electrophoresis, the gels
were dried and then subjected to autoradiography using the Typhoon FLA
7000 phosphor imaging system (GE Healthcare Life Sciences).

DNase I footprinting assay. The **P-labeled dmeRF promoter probe
(**P-P,,..rr> 108 bp) was generated via PCR using the primers **P-end-
labeled BT4618 and nonlabeled BT4735. The **P-P,,,..r PCR products
were separated on a 1.8% agarose gel, and the 108-bp band was cut out
and purified using a Qiagen PCR purification column. The DNase I foot-
printing experiment was carried out in a 50-pl binding reaction mixture
containing 1X binding buffer (20 mM Tris-HCl pH 7, 50 mM KCI, 1 mM
DTT, 5% glycerol, 0.5 pg/ml calf thymus DNA, and 0.05 mg/ml BSA), 1
mM EDTA, **P-P,;,,. . probe, and rDmeR. The binding reaction mixture
was incubated at room temperature for 30 min before digestion in a total
reaction mixture volume of 100 pl with 0.2 units of DNase I (Promega), 5
M CaCl,, 10 mM MgCl, and 1 pg/ml salmon sperm at 37°C for 35 s. The
DNase I digestion reaction was stopped by adding 700 .l of stop solution
(650 pl of absolute ethanol, 50 pl of 3 M sodium acetate, and 1 .l of 1
mg/ml yeast tRNA), and then the reaction mixture was incubated at
—20°C for 1 h. The digested DNA products were harvested via centrifu-
gation at 10,000 rpm for 15 min. The resultant DNA pellet was washed
with 70% ethanol, resuspended in Milli-Q water, and separated on an 8%
polyacrylamide and 8 M urea sequencing gel in 1X TBE buffer (89 mM
Tris-HCI, 89 mM boric acid, and 2 mM EDTA [pH 8]) at room temper-
ature ata constant voltage of 1,800 V for 1.15 h. Dideoxy DNA sequencing
of the 108-bp dmeRF promoter was carried out using the primer BT4618
and was run alongside the DNase I footprint.

Inductively coupled plasma mass spectrometry. Cells were grown in
LB that was individually supplemented with 100 pM CoCl,, CuSO,,
FeCl;, MnCl,, NiCl,, or ZnCl, at 28°C for 24 h. Samples were prepared,
and the metals were measured in parts per billion (ppb) as previously
described (33).

Virulence assay. A. tumefaciens strains carrying the plasmid pCMA1
were used to infect young Nicotiana benthamiana plants according to a
previously described protocol (28, 34). Tumor formation was observed 3
weeks after inoculation.

RESULTS

The A. tumefaciens dmeRF operon is inducible by cobalt and
nickel. The arrangement of the dmeR (Atu0890) and dmeF
(Atu0891) genes is shown in Fig. 1A. A. tumefaciens dmeRF is
flanked by the Atu0889 and Atu0892 genes encoding proteins with
unknown functions. The dmeR and dmeF genes are cotranscribed
as confirmed through RT-PCR analysis (Fig. 1B). The expression
of the A. tumefaciens dmeF (dmeF,,) gene was increased by cobalt
and nickel treatment (10, 100, and 250 M) in a dose-dependent
manner (Fig. 1C), with cobalt serving as a better inducer. The
expression of dmeF,, in response to various metals was deter-
mined using qRT-PCR (Fig. 1D). At the high concentration of 500
M, CoCl, and NiCl, caused induction of dmeF,, expression by
~30-fold and ~20-fold, respectively, while other metals, includ-
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FIG1 (A) Gene organization of A. tumefaciens dmeRF. The dmeR (Atu0890) gene is located upstream of the dmeF (Atu0891) gene and is separated by 78 bp. The
Atu0889 and Atu0892 genes encode proteins of unknown function. The locations of the primers BT4733 and BT4734 used for RT-PCR analysis are indicated. (B)
RT-PCR analysis. RNA was isolated from log-phase cells of the wild-type NTL4 strain grown in LB medium and induced with 500 uM CoCl, for 15 min and was
then treated with DNase I, which was followed by treatment with reverse transcriptase (RT) or no treatment (—RT, a DNA-contamination control). Chromo-
somal DNA from NTL4 cells was amplified using the primers BT4733 and BT4734 and was used as a positive control (DNA). Neg indicates a reaction mixture
without a template that is used as a negative control. The expected size of the PCR product is indicated. M indicates a 100-bp ladder marker. (C and D) Induction
of dmeF by various metals examined through quantitative real-time PCR (qRT-PCR) analysis. Log-phase NTL4 cells grown in LB were either untreated or treated
with 500 M CoCl,, CuSO,, FeCl;, MnCl,, NiCl,, or ZnCl, for 15 min. The fold changes in dmeF expression are expressed relative to the untreated control (LB,

regarded as 1). The experiment was performed in biological triplicate, and the error bars indicate the standard deviations.

ing CuSO,, FeCl;, MnCl,, and ZnCl,, caused a less than 2-fold
induction.

The dmeRF promoter is negatively regulated by DmeR. The
A. tumefaciens dmeR (dmeR ,,) gene encodes a protein that belongs
to the RenR/CsoR transcriptional regulator family (35). The up-
stream region of the dmeR ,, gene contains a predicted regulatory
binding site for the RenR/CsoR family that consists of a C-tract
flanked by an AT-rich inverted repeat (5'-ATATAGTATACCCC
CCTATAGTATAT-3") (36), suggesting that the dmeRF,, operon
may be regulated by the DmeR,, protein. The features of the
dmeRF ,, promoter are shown in Fig. 2A. The transcriptional start
site of dmeRF,, at the adenine (A) residue was determined via 5’
RACE (Fig. 2A). The potential —35 and —10 sequences (TG
TGCA and TAGTAT, respectively) were found with respect to the
transcriptional start site.

The DR151 (dmeR mutation) and DF156 (dmeF mutation)
strains were generated to determine the functions of the transcrip-
tional regulator DmeR,, and the CDF-type DmeF,, transporter.
To test whether DmeR ,, regulates the expression of dmeRF,,, the
pDmeRF-lacZ (dmeRF promoter-lacZ transcriptional fusion)
plasmid was constructed and transferred into the wild-type NTL4
(WT), mutant, and complemented strains, and B-galactosidase
(B-Gal) activity was measured. The B-Gal activity obtained from
the mutant strain DR151 (DR151/pBBR, ~1.25 U/mg protein)
was higher than that from untreated WT cells (WT/pBBR, ~0.27
U/mg protein) (Fig. 2B) and WT cells treated with 500 uM CoCl,
for 30 min (~0.59 U/mg protein). The high levels of 3-Gal activity
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observed in DR151 could be suppressed by expressing the func-
tional dmeR gene from the multicopy plasmid pDmeR (DR151/
pDmeR, ~0.03 U/mg protein) but not pDmeF (DR151/pDmeF,
~1.24 U/mg protein) (Fig. 2B). In contrast to DR151, the level of
B-Gal activity produced from DF156 (DF156/pBBR, ~0.33 U/mg
protein) was similar to that from WT. These results demonstrated
that DmeR,, is the repressor of the dmeRF,, operon.

DmeR binds to the dmeRF promoter, and the interaction is
specifically inhibited by cobalt and nickel. The electrophoretic
mobility shift assay demonstrated that the purified recombinant
DmeR protein (rDmeR, Strep-tagged DmeR) bound to the **P-
end-labeled 108-bp dmeRF promoter probe (Fig. 2C; see also Fig.
S1B in the supplemental material). A single shifted band (rDmeR-
probe complex) was observed with increasing rDmeR concentra-
tions when 1 mM EDTA was present in the reactions (see Fig.
S1B). When CoCl, or NiCl, (1, 10, 100, 250, 500, or 1,000 wM)
was added instead of EDTA, the shifted band was not observed
starting at a 100 wM concentration of the metal (see Fig. S1C). At
2200 pM concentration of various metals, the retarded band dis-
appeared in the reaction mixtures containing CoCl, and NiCl, but
was detected in the reaction mixtures containing CuSO,, FeCls,
MnCl,, and ZnCl, (Fig. 2C). Among the retarded bands, the band
from the reaction mixture containing FeCl; moved slightly more
slowly, which may reflect differences in the conformation of the
rDmeR-probe complexes. The results from the electrophoretic
mobility shift assay supported the view that DmeR represses the
dmeRF operon in the absence of cobalt and nickel by directly bind-
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FIG 2 (A) The A. tumefaciens dmeRF promoter. The ATG start codon for dmeR is shown in bold with the bent arrow. The putative ribosome-binding site (RBS)
is marked with black dots. The potential —35 and —10 sequences are indicated in the gray boxes. The transcriptional start site of dmeR at the adenine (A) residue,
determined using 5" RACE, is indicated with a black triangle. The AT-rich inverted repeat (arrows), separated by 6 bp of C-tract, is a predicted regulatory binding
site for the RenR/CsoR family. The TAA stop codon for Atu0889 is marked with asterisks. The locations of the primers BT4618 and BT4735 used for construction
of the pDmeRF-lacZ plasmid (dmeRF promoter-lacZ transcriptional fusion) are underlined. (B) B-Gal activity assay. B-Gal activities were determined from
log-phase cells that carry the pDmeRF-lacZ plasmid grown in LB medium. The cells were wild-type NTL4 (WT) and the mutant strain DR151 (dmeR mutation),
containing a plasmid vector (pBBR) or functional dmeR and dmeF genes from the multicopy plasmids pDmeR and pDmeF, respectively. The error bars indicate
the standard deviations. (C) Electrophoretic mobility shift assay. Effect of Co(II) and Ni(II) on the interaction of rDmeR and the dmeRF promoter. The DNA
fragment that contains the dmeRF promoter region (108 bp) amplified by PCR with the primers BT4618 and BT4735 was end labeled with **P. The **P-labeled
dmeRF promoter (Probe) was incubated with purified rDmeR protein in the absence (—) and presence (+) of 1 mM EDTA or a 200 M concentration of various
metals (CoCl,, CuSO,, FeCl;, MnCl,, NiCl,, or ZnCl,). The free probe and the probe-rDmeR complex are indicated with arrows. (D) DNase I footprint of rDmeR
bound to the **P-end-labeled 108-bp dmeRF promoter. Lanes GATC, dideoxy DNA sequencing of the 108-bp dmeRF promoter using primer **P-end-labeled
BT4618; lane 1, no rDmeR added; lanes 2 to 4, rDmeR added (10, 5, and 1 wM, respectively). The region of the promoter protected by rDmeR from DNase I
digestion is marked with a thick line. The predicted —35 and — 10 sequences, RBS, and the AT-rich inverted repeat are indicated.

ing to its promoter region. A DNase I footprinting assay was per-
formed to determine the rDmeR binding site in the dmeRF pro-
moter. The rDmeR protein protected an approximately 26-bp
region (5'-ATATAGTATACCCCCCTATAGTATAT-3") of the
dmeRF promoter, spanning the predicted —10 sequence and the
AT-rich inverted repeat (Fig. 2D).

The dmeF mutant strain is hypersensitive to cobalt and
nickel and exhibits an increased cellular accumulation of these
metals. The sensitivities of the WT and DF156 (dmeF mutation)
strains to various metals were determined. The DF156 strain was
more sensitive to 600 wM CoCl, (10°-fold) and 1.2 mM NiCl,
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(10°-fold) than the WT strain (Fig. 3A). However, the levels of
sensitivity to other metals, including CuSO,, FeCl;, MnCl,, and
ZnCl,, were similar in the WT and DF156 strains (data not
shown). The hypersensitive phenotype of DF156 can be reversed
by complementation with functional dmeF from the multicopy
plasmid pDmeF (Fig. 3A). Inductively coupled plasma mass spec-
trometry analysis was performed to determine the accumulation
of metals in WT and DF156. The results showed that DF156 ex-
hibited apparently greater increases in intracellular cobalt (4-fold)
and nickel (3-fold) contents than WT (Fig. 3B). The iron content
in DF156 was slightly lower than that in WT, whereas the levels of
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FIG 3 (A) Sensitivity to cobalt and nickel. Log-phase cells grown in LB were adjusted, serially diluted, and spotted onto LA plates containing CoCl, (500, 600,
or 700 uM) and NiCl, (1.2, 1.4, or 1.6 mM). WT and DF156 (dmeF mutation) strains contained a plasmid vector (pBBR) or a functional dmeF from the multicopy
plasmid pDmeF. Tenfold serial dilutions are indicated. (B) Measurement of intracellular metal contents using inductively coupled plasma mass spectrometry.
WT and DF156 (dmeF mutation) cells were grown in LB that was individually supplemented with 100 M CoCl,, NiCl,, FeCl;,CuSO,, MnCl,, or ZnCl,. Bars
marked with an asterisk are significantly different from WT (P < 0.05 in an unpaired Student’s ¢ test). The error bars indicate the standard deviations. (C)
Virulence assay. The images show tumor formation in N. benthamiana plants that were infected with the WT and DF156 (dmeF mutation) strains carrying the
pCMALI plasmid. Log-phase cells of A. tumefaciens grown in LB and then resuspended in IB 5.5 medium containing 300 .M acetosyringone (AS) were used to
inoculate wounded N. benthamiana petioles. Control I, without infection; control I1, inoculation of wounded petioles with IB 5.5 plus 300 M AS. Fifteen petioles

were inoculated for each bacterial strain, and representative petioles are shown.

copper, manganese, and zinc were similar in DF156 and WT (Fig.
3B). These results demonstrated that DmeF plays an important
role in the detoxification of cobalt and nickel in A. tumefaciens and
supported the view that DmeF,, acts as an exporter of cobalt and
nickel.

It was found that insertional inactivation of dmeR,, (DR151,
dmeR::pKNOCK-Gm) also disrupted the downstream gene
dmeF,,. This was supported by the fact that the DR151 strain
showed hypersensitivity to cobalt and nickel similar to that shown
by DF156 (see Fig. S2 in the supplemental material). Furthermore,
the hypersensitive phenotype of DR151 could be completely re-
versed by pDmeF but not by pDmeR (see Fig. S2).

Disruption of dmeF does not affect the virulence of A. tume-
faciens. The effect of inactivation of dmeF on A. tumefaciens vir-
ulence was tested. N. benthamiana plants were infected with log-
phase WT and DF156 cells grown in LB medium. Tumor
formation results were similar in plants that were infected with
WT and DF156 (Fig. 3C), suggesting that the loss of dmeF does not
affect the ability of A. fumefaciens to cause disease in the host plant
N. benthamiana under the tested conditions.
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Cobalt stress causes increased expression of iron-responsive
genes. A. tumefaciensiron homeostasis is regulated by RirA and Irr
(20, 21). The promoter regions of hmuT (Atu2460, hemin ABC
transporter substrate-binding protein), shmR (Atu2287, hemin
receptor), and fbpA (Atu0407, ferric cation ABC transporter sub-
strate-binding protein) contain the iron-responsive operator
(IRO) motifs (RirA binding site); therefore, these genes were pre-
dicted to be regulated by A. tumefaciens RirA (RirA,,) (22). In
contrast, mbfA (Atu0251, iron exporter), hemA (Atu2613, heme
biosynthesis), fdx (Atul350, ferredoxin), and irpA (Atu0288,
iron-regulated protein A) were predicted to be regulated by Irr,
due to the presence of the iron control element (ICE) motifs (Irr
binding site) in their promoters, while the sufS2 (Atul825, Fe-S
cluster biosynthesis) and fssA (Atu0351, Fe-S scaffold protein)
promoters contain both IRO and ICE motifs (22).

Cobalt toxicity in E. coli and S. enterica has been shown to
disturb iron homeostasis (4-6). To investigate whether iron ho-
meostasis in A. tumefaciens may be perturbed by stress from other
metals, WT cells were exposed to a 500 .M concentration of var-
ious metals (CoCl,, CuSO,, FeCl;, MnCl,, NiCl,, or ZnCl,) for 15
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FIG 4 Effect of cobalt stress on the expression of iron-responsive genes determined using qRT-PCR. Log-phase cells of the NTL4 (WT), PN094 (rirA mutation),
and WKO074 (irr mutation) strains grown in LB were either untreated or treated with CoCl, (250 or 500 pM), FeCl; (50 wM), or Dy (200 uM) for 15 min. The
fold changes in gene expression (hmuT, shmR, fbpA, mbfA, sufS2, and fssA) are expressed relative to the untreated WT sample (LB, regarded as 1). The experiment
was performed in biological triplicate, and the error bars indicate the standard deviations.

min, and expression of the iron-responsive genes was determined
using qQRT-PCR. It was found that Co, but not Cu, Mn, Ni, and Zn,
induced the expression of iron-responsive genes, including hmuT
(14-fold), shmR (30-fold), fopA (5-fold), mbfA (35-fold), sufS2
(7-fold), and fssA (4-fold) (see Fig. S3 in the supplemental mate-
rial). These genes were inducible in a concentration-dependent
manner, where 500 wM CoCl, caused greater induction than 250
puM CoCl, (Fig. 4). In contrast, the expression of the hemA, fdx,
and irpA genes was not strikingly inducible by Co (Fig. S3). These
results demonstrated that cobalt stress perturbs iron homeostasis
in A. tumefaciens.

In WT, the level of induction of the iron-repressed genes hmuT
(42-fold), shmR (170-fold), and fbpA (13-fold) by an iron chelator
(200 M 2,2"-dipyridyl [Dy]) was higher than Co induction (Fig.
4). The iron-dependent repression of these genes was lost in the
PN094 (rirA mutation) strain, with similar expression levels ob-
served under high-Fe (50 uM FeCl;) and low-Fe (200 uM Dy)
conditions (Fig. 4) in accordance with the view that RirA,, is the
repressor of these genes under high-Fe conditions. In contrast, the
Dy-induced levels of hmuT (20-fold), shmR (24-fold), and fbpA
(8-fold) in the WKO074 (irr mutation) strain were decreased rela-
tive to those from the WT strain treated with Dy, suggesting that
A. tumefaciens Irr (Irry,) is an activator of these genes under
low-Fe conditions. The level of shmR activation by 200 uM Dy was
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also decreased in PN094 (rirA mutation), suggesting the existence
of unidentified regulation in addition to Irr,, under low-Fe con-
ditions (Fig. 4).

A. tumefaciens mbfA is negatively regulated by Irr and is induc-
ible in response to high Fe (37). In WT, the expression of mbfA was
also inducible by 500 wM CoCl, (30-fold) to an even greater ex-
tent than induction by 50 uM FeCl, (7-fold) (Fig. 4). The level of
mbfA expression in PN094 (rirA mutation) grown in high-Fe con-
ditions (27-fold) was similar to that in the WT strain treated with 500
M CoCl,. In contrast, WK074 (irr mutation) showed higher consti-
tutive expression of mbfA (210-fold) under high- and low-Fe condi-
tions (Fig. 4).

In WT, the expression of sufS2 and fssA was not markedly re-
sponsive to either high-Fe (50 uM FeCls) or low-Fe (200 uM Dy)
conditions, with the observed expression levels lower than those
under Co-treated conditions (Fig. 4). The expression of suf52 and
fssA was derepressed in PN094 (rirA mutation) grown in high Fe
and in WK074 (irr mutation) grown in low Fe (Fig. 4), which is
consistent with the notion that RirA,, and Irr,, are repressors of
sufS2 and fssA under high-Fe and low-Fe conditions, respectively.

Cobalt impairs the activation of the SoxR-regulated gene
sodBII. SoxR is a superoxide-sensing transcriptional regulator
that requires 2Fe-2S for its activation function (23). A. tumefaciens
SoxR (SoxR,,) activates sodBII expression as a defense response to
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FIG 5 qRT-PCR analysis of sodBII induction by menadione in the presence of various metals. Log-phase NTL4 cells grown in LB were either uninduced or
induced with 500 uM menadione (MD) in the absence or presence of 250, 500, or 750 WM concentrations of various metals (CoCl,, NiCl,, FeCl;,CuSO,, MnCl,,
or ZnCl,) for 15 min. The expression levels are presented as a percentage, relative to those in cells grown in LB induced with 500 nM MD (100%).

detoxify superoxide anions (38). Cobalt inhibits the activity of
Fe-S proteins as shown in E. coli (5) and S. enterica (6). It is pos-
sible that Fe-S clusters may be damaged during cobalt stress in A.
tumefaciens, as many iron-responsive genes under the control of
the Fe-S protein RirA were derepressed under high-cobalt condi-
tions (Fig. 4). To test whether cobalt stress may also affect Fe-S-
dependent SoxR,, activity, the induction of sodBII by the super-
oxide generator menadione (MD; 500 wM) in the absence and
presence of CoCl,, CuSO,, FeCl;, MnCl,, NiCl,, or ZnCl, was
measured via qRT-PCR using RNA isolated from the WT cells
(Fig. 5). sodBII expression was inducible by ~1.4 X 10°-fold by
MD but not by cobalt treatment (250, 500, or 750 wM CoCl,; data
not shown). The MD activation of sodBII was reduced by ~30%,
35%, and 50% in the presence of 250, 500, and 750 uM CoCl,,
respectively (Fig. 5). These results demonstrated that Co has a
negative effect on the induction of sodBII in response to MD ex-
posure. In addition, Cu and Zn could also inhibit the MD activa-
tion of sodBII, while Fe, Mn, and Ni caused a slight effect (Fig. 5).

RirA plays a role in coping with cobalt and nickel toxicity.
Iron can protect E. coli from cobalt toxicity (4). An E. coli fur
mutant strain exhibits the derepression of iron uptake genes and
increases in intracellular iron, leading to increased resistance to
cobalt (4). Mutations in A. tumefaciens rirA and irr (rirA,, and
irr,) cause higher and lower levels, respectively, of nonprotein-
bound iron (21). Inactivation of either of the iron-sensing regula-
tors rirA ,, and irr,, (PN094 and WK074 strains, respectively) has
no effect on the metal induction of dmeF (Fig. 6A). However, the
loss of RirA ,,, but not Irr,,, decreased the ability of A. tumefaciens
to cope with cobalt and nickel toxicity (Fig. 6B). The PN094 (rirA
mutation) strain was more sensitive to cobalt and nickel than the
WT strain (Fig. 6B). These results revealed a link between iron and
cobalt/nickel homeostasis in A. tumefaciens via the iron-sensing
transcriptional regulator RirA. At lower concentrations of cobalt
(250 and 350 wM CoCl,) and nickel (0.8 mM NiCl,), PN094 (rirA
mutation) was apparently more sensitive to the metals than
DF156 (dmeF mutation) (Fig. 6B). In contrast, at higher concen-
trations of cobalt (600 and 700 M CoCl,) and nickel (1.4 and 1.8
mM NiCl,), DF156 was more sensitive to the metals than PN094
(Fig. 6B).

DISCUSSION

The DmeF protein is a member of the metal exporter CDF family,
and very little is known about its function and gene regulation.
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Thus far, only two DmeF proteins have been studied, from Cu-
priavidus metallidurans CH34 (DmeF,,) (18) and Rhizobium le-
guminosarum (DmeFyg;) (19). DmeF is classified into the subgroup
1 Zn-CDFs (39). However, the DmeF proteins have been shown to
exhibit broad metal specificity, with the ability to extrude Co(II)
and Ni(II) (18, 19). Like DmeF,, and DmeFy,, Agrobacterium
tumefaciens DmeF (DmeF,,) exhibits six predicted transmem-
brane (TM) domains that contain two motifs, which are charac-
teristic of the CDF family (the HX;H motif at TM2 and the HX;D
motif at TM5) and are a unique characteristic of the subgroup I
CDFs, in the histidine-rich stretch located between TM4 and TM5
(see Fig. S4 in the supplemental material). DmeF, shares 39% and
65% amino acid identity with DmeF,,, and DmeFy,, respectively.
Similar to DmeF,, and DmeFy;, DmeF,, was shown to be in-
volved in the detoxification of cobalt and nickel in the present
study.

The regulation of dmeF gene expression differs in C. metallidu-
rans CH34 and R. leguminosarum. The dmeF,, gene is constitu-
tively expressed and is not inducible by metals (18), whereas
dmeFy, is specifically inducible by cobalt and nickel, with cobalt
acting as a more potent inducer (19). dmeFy, is cotranscribed with
an upstream gene, dmeR. The transcription of the dmeRFy
operon is negatively controlled by dmeR, which encodes a metal-
responsive transcriptional regulatory protein that belongs to the
RenR/CsoR family (19). RenR senses Co(II) and Ni(Il) in the
metal-responsive repression of rcnA and encodes a cobalt and
nickel efflux protein (10, 40), while CsoR is the Cu(I)-responsive
repressor of the copper efflux gene copA (41-43). The predicted
DNA operator sites recognized by RenR/CsoR proteins contain a
G or C tract of three to eight bases flanked by AT-rich inverted
repeats (36).

The arrangement of the dmeR and dmeF genes and the poten-
tial DmeR-binding boxes is conserved in members of Rhizobi-
aceae, including R. leguminosarum, Sinorhizobium meliloti, and A.
tumefaciens (19). Although negative regulation of the dmeRF
operon by DmeR has been observed in R. leguminosarum, the
molecular mechanism of the regulation has not been previously
demonstrated. In the present study, we provide the first evidence
of the molecular mechanism by which DmeR,, regulates dmeRF
expression. The use of a promoter-lacZ transcriptional fusion,
electrophoretic mobility shift assay, and a DNase I footprinting
assay revealed that DmeR,, exerts repression of dmeRF transcrip-
tion through direct binding to the promoter region upstream of
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FIG 6 (A) gqRT-PCR analysis of dmeF induction in NTL4 (WT), PN094 (rirA mutation), and WKO074 (irr mutation). Log-phase cells grown in LB were either
uninduced or induced with 500 wM CoCl, or NiCl, for 15 min. The fold changes in dmeF expression are expressed relative to the untreated WT sample (LB,
regarded as 1). The experiment was performed in biological triplicate, and the error bars indicate the standard deviations. (B) Sensitivity to cobalt and nickel.
Log-phase cells of NTL4 (WT), PN094 (rirA mutation), WK074 (irr mutation), and DF156 (dmeF mutation) grown in LB were adjusted, serially diluted, and
spotted onto LA plates containing CoCl, (250, 350,500, 600, or 700 M) or NiCl, (0.8, 1.2, 1.4, or 1.8 mM). Tenfold serial dilutions are indicated.

dmeR. The apo-DmeR,, form recognizes the 5'-ATATAGTATA
CCCCCCTATAGTATAT-3" DNA sequence, while E. coli RenR
(RenRg,) in the apo form binds to 5'-TACTGGGGGGAGTA-3’
(36). The inverted AT repeats are proposed to form sequence-
specific recognition sites for the regulators, while the G or C tracts
may be important for providing a unique DNA structural feature
to facilitate protein-DNA interaction for the RenR/CsoR family
(36). The location of the DmeR 4, binding site overlaps that of the
predicted —10 sequence of the RNA polymerase recognition site,
supporting the view that DmeR,, is a transcriptional repressor.
The mechanism of metal-responsive repression of DmeR,, is sim-
ilar to that for RenRg, in that the regulatory switch occurs upon
binding to Co(II) and Ni(II). The binding of these metals may
cause conformational changes in DmeR,,, resulting in dissocia-
tion from DNA and thus triggering the transcription of the dmeRF
operon. DmeR,, shares 43% amino acid identity with RenRg.and
exhibits the putative metal-binding residues His3-Cys35-His60-
His64, which are the same as those of RenRy. used for Co(II)/
Ni(II) coordination (10) (see Fig. S5 in the supplemental mate-
rial). The metal-binding residues of the Co(II)/Ni(II)-sensing
regulators RenRg, and DmeR, are different from those of CsoR
(Cys36-His61-Cys65), a protein from the same family that re-
sponds specifically to Cu(I) (41). DmeR,, represses its own tran-
scription, which provides feedback regulation to help rapidly re-
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spond to fluctuations in cobalt and nickel concentrations in the
environment. In contrast to the dmeRF system, the E. coli rcnR
gene is transcribed in the opposite direction relative to rcnA. The
expression of the rcnR and rcnA genes is negatively regulated by
RenR (10); moreover, rcnR expression is inducible by Fur in re-
sponse to iron (44). However, iron has no effect on the induction
of the dmeRF,, operon. In some members of the Alphaproteobac-
teria, including A. tumefaciens, the RirA protein has evolved to
carry out the typical Fur function in the regulation of iron-respon-
sive genes (22). Unlike that observed regarding the connection of
E. coli Fur and the ren system, A. tumefaciens RirA (RirA,,) plays
no role in the induction of the dmeRF operon.

Cobalt toxicity is caused by direct competition with iron, re-
sulting in impaired Fe-S biogenesis, a defect in Fe-S enzymes, and
deregulation of iron homeostasis (4-7). Another aim of this study
was to investigate the effect of cobalt stress on the activity of Fe-S
proteins (RirA and SoxR) and the expression of iron-responsive
genes in A. tumefaciens. RirA and Irr sense iron in the form of Fe-S
and heme, respectively, to control iron homeostasis in Alphapro-
teobacteria (22). Similar to observations made in E. coli (5) and S.
enterica (6), cobalt caused increased expression of many iron-re-
sponsive genes in A. tumefaciens. Derepression of hmuT, shmR,
and fbpA may result from direct damage to the Fe-S regulator
RirA,, and/or disruption of the Fe-S supply by cobalt. Impair-
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ment of the function of another Fe-S regulator, A. tumefaciens
SoxR (SoxR,,), in activating sodBII transcription was also ob-
served at high concentrations of cobalt. In addition to cobalt, cop-
per and zinc were also shown to reduce the activity of SoxR,,. The
effects of copper and zinc on SoxR,, are not surprising because
these metals have also been reported to damage Fe-S clusters (45,
46). In contrast, copper and zinc had no effect on the expression of
hmuT, shmR, and fbpA. One possible explanation is that there are
differences in the sensitivities of Fe-S clusters in RirA , and SoxR 5,
to be damaged by different metals. Cobalt also caused derepres-
sion of the iron exporter gene mbfA, which is under the negative
control of A. tumefaciens Irr (Irr,,). Unlike Rir,,, Irr,, is not an
Fe-S protein. Whether cobalt directly or indirectly damages Irr ,,
remains unknown. Iron has been shown to induce the oxidation
and degradation of Bradyrhizobium japonicum Irr (47). Determi-
nation of whether the stability of Irr,, is affected by iron- and
cobalt-induced oxidative damage awaits further study. Derepres-
sion of sufS2 and fssA under high cobalt conditions may be a con-
sequence of the inactivation of RirA,, and/or Irr,,, as these genes
are negatively regulated by both RirA,, and Irr,,.

The upregulation of gene products involved in iron uptake in
an E. coli fur mutant strain was found to lead to an increased
intracellular iron content, which in turn protects E. coli from co-
balt toxicity (4). An A. tumefaciens rirA mutant strain was shown
to exhibit derepression of iron uptake genes and higher levels of
intracellular iron (21); however, in the present study, this strain
was shown to be hypersensitive to cobalt and nickel. These obser-
vations reflect the different mechanisms used by E. coli and A.
tumefaciens to respond to the toxic effects of metals. Interestingly,
the iron regulator RirA ,, played a more dominant role in bacterial
survival at lower concentrations of cobalt/nickel than the metal
efflux protein DmeF,,, whereas DmeF,, became more important
than RirA,, in coping with the metals at higher concentrations.
These results suggested the existence of differential modes of cel-
lular responses to the toxic effects of cobalt/nickel at low and high
concentrations in A. tumefaciens. Furthermore, the control of the
homeostasis of a particular metal may also affect the ability of
bacteria to resist other metals, although the exact mechanism
through which the iron-responsive regulator RirA 5, mediates co-
balt/nickel resistance is still not known.

One of the common strategies for bacteria to avoid metal tox-
icity is to pump excess metal ions out of the cell. It was demon-
strated in C. metallidurans CH34 that DmeF interacts with the
CnrCBA and CzcCBA RND systems (18). Cobalt must be first
transferred from the cytoplasm to the periplasm via the CDF pro-
tein DmeF, and cobalt can subsequently be transported from the
periplasm to the outside of the cell by the RND systems (18). The
identification and characterization of the RND system(s) working
in cooperation with DmeF,, for metal efflux will be of interest in
future studies aimed at obtaining a better understanding of metal
transport systems and metal tolerance in A. tumefaciens.
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