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Agrobacterium tumefaciens causes crown gall disease by transferring oncogenic, single-stranded DNA (T
strand), covalently attached to the VirD2 protein, across the bacterial envelope into plant cells where its ex-
pression results in tumor formation. The single-stranded DNA binding protein VirE2 is aiso transferred into
the plant cell, though the location at which VirE2 interacts with the T strand is still under investigation. The
movement of the transferred DNA and VirE2 from A. fumefaciens to the plant cell depends on the membrane-
localized VirB and VirD4 proteins. Further, the movement of the IncQ broad-host-range piasmid RSFi010
between Agrobacterium strains or from Agrobacterium to plants also requires the virB-encoded {ransier system,
Our earlier studies showed that the presence of the RSF1010 plasmid in wild-type strains of Agrobacterium
inhibits both their virulence and their capacity to transport VirE2, as assayed by coinfection with virfs mutanis,
Here we demonstrate that the capacity to form a conjugal intermediate of RSF1010 is necessary for this in-
hibition, suggesting that the transferred form of the plasmid competes with the VirD2-T strand and/or VirE2

for a common export site,

The soil phytopathogen Agrobacterium tumefaciens trans-
forms plant cells by transporting DNA, mobilized from a tu-
mor-inducing (Ti) plasmid located in the virulent bacterium,
into the plant cell nucleus. Expression of this transferred DNA
(T-DNA) leads to the formation of crown gall tumors on most
dicotyledonous plants (for a review, see reference 25). The Ti
plasmid also contains the virulence (vir) region, which provides
several gene products that mediate transformation. The '1-
DNA from the Ti plasmid undergoes site-specific nicking at
the 23-bp border repeats by VirD2, and a single-stranded DNA
intermediate, covalently bound at its 5° end 1o VirD2, is
formed (for rcviews, see references 25, 38, and 51). A single-
stranded DNA binding protein, VirE2, coats the DNA somc-
time during the transfer process, although this interaction may
occur after the VirD2-T strand and VirE2 have been mdepen-
dently translocated to the piant cell (8, 13, 34, 42).

The processing of T-DNA and its movement from Agrobac-
terium to plants is similar to the conjugal transport of a variety
of plasmids in gram-negative bacteria (reviewed in references
12, 29, and 48). During conjugal transfer, single-stranded plas-
mid DNA is thought to move from donor to recipient through
a membrane-spanning pore encoded by the transfer (fra) genes
of conjugative plasmids. Sequencc comparisons have shown
that the virB genes of A. tumefaciens, which most likely pro-
duce a membrane-localized multimeric protein channel for
T-DNA export, are quite similar to several conjugal transport
operons {12). The virB genes of A. tumefaciens also have Sig-
nificant sequence homology with the pt! genes of Bordetella
pertussis (20, 39, 46), the products of which are required for the
export of the six-subunit pertussis toxin. Given this similarity to
a protein export system, it is perhaps not surprising that in
addition to translocating DNA-protein complexes the VirB
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transport apparatus also appears to mediate the movement of
proteins. Strains mutant in VirE2 (34) or VirF (30) can be
complemented for tumorigenesis by coinfection with a helper
strain that carries an intact vir region but lacks a T rcgion,
suggesting that both VirE2 and VirF proteins can be exported
from Agrobacterium independently of the VirD2-T strand. Ex-
tracellular complcmentation assays have also shown that virk
mutant strains are capable of moving an uncoated VirD2-T
strand out of the bacterium into the plant cell (30, 34}. To date,
all of the VirB proteins tesied, with the exception of VirBl, are
essential for the movement of T-DNA (5, 17, 43), VirD2-T
strands (8), VirE2 (8, 14), and VirF (30) from Agrobacterium 1o
plant cells. These observations suggest that the VirB complex
is a multifunctional translocation apparatus that recognizes
and exports diverse substrates, most likely bascd on informa-
tion contained within their protein component.

The hypothesis that the mechanisms of T-DNA transfer and
conjugation are functionally related is further supported by the
observation that plasmid RS¥F10180, a mobilizable, broad-host-
range plasmid of the IncQ incompatibility group, can be trans-
ferred by A. tumefaciens to plant cells (10) in a process that
requires the VirB proteins (44). Interestingly, the VirB and
VirD4 proteins of A. tumefaciens can also direct the conjuga-
tive transfer of RSF1010 between agrobacteria {(4). RSF1010,
which lacks the border sequences upon which the VirD2 pro-
tein acts, carries genes which encode three proteins (MODbA,
MobB, and MobC) and carries an origin of transfer {oriT), all
compactly organized within a 2.9-kb rcgion of the plasmid.
Each of these scquences is required for mobilization during
conjugation (9, 19). Nicking of the DNA strand at ori7 is
carried out in a DNA-protein complex, called the relaxosome,
bv MobA and MobC (36, 49, 50). MobB incrcases the propor-
tion of molecules specifically nicked at ori7, thercby increasing
the efficiency of relaxosome formation (35). After site-specific
nicking of one DNA strand, MobA becomes covalently at-
tached to the 5’ end of the nicked strand and transicr of the
single-stranded DNA into the recipient bacteria is initiated (6,
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TABLE 1. Bacterial strains and nlasmnids

e

Strain or plusmid Characteristicy SOUrce or refercpce
Sirains
E. coli
DHSa A~ OSUdflacZAMIS AllacZYA ~argFIU169 recAl endAT ASARI7(r ™ my ™) supEdd thi-] evrd reld] GIBCO BRL
S17-1 Chromosomally integrated ny genes of pRP4; & 44
HEBE10] S AasdS20 (ry " m,, ) SUpE44 rec413 ara-14 \~ gaiK2 lacY! proA2 rpsL 120 (Smfy xyl-5 mil- 1 Ty T Clontech
A. tumetaciens
Al36 C38 heat cured of pTiCs8 45
A348 A136 containing pTiA6 | 23
A348:virE?2 A348 carrying an insertion mutation in virt2 8
358mx A348 conlaining pTiAS virETniHoHo | 41
1.BA44{}4 Ach5 chromosome; pTiAchs carrying deletion of the T-DNA: Smr 33
Plasmids
pAD1285 Broad-host-range vector derived from high-copy-number mutant of pTISTS; IneP Cb™ Terr 17
pAJT mobAl derivative of nJB31 This study
- pAJS 2.9-kb Aval tragment containing the mobd region from PAUL cloned into pBluescript; Ch7 This study
pAJS ontl'l derivative of pJB31 This study
pBluescript F. coli vector; Chb* Stratagene
PEND4XK Bmary vecior with nos-nptil plant-selectable marker; IncP Cm' Kan' 27
pIB20 | Kan® Sp® derivative of broad-host-range pUCD2; IncW Cb* Ter 3
pJB3; RSF1010-derived broad-host-range vecior; IncQ Sp’ 3
npKT231 RSF1010 derivative; IncQ Kapf | 1
pLS1 5.7-kb Xmn/Pst fragment containing the mob and rep regions from pKT231 cloned into pBluescript; Cb' This study
pLS2 2.7-kb Xmnl/PstT fragment containing the mob and rep regions from pAJl cloned inta pBluescript; Cb’ This study
pl.S7 2.9-kb Aval fragment containing the mob region from pAJb cloned into pBluescript; Cb* ‘This study
pLS§ 5.7-kb Xmrl/Pst1 fragment containing the mob and rep regions from pAl6 cloned into pBluescript; Cb* ‘This study
pLSY 2.9-kb Aval fragment contamning the wild-type mob region from pKT231 cloned into pBluescript; Ch* This study
plL.S17 PAD128S with nos-NPTi/ plant-selectable marker; IncP b Thus study
pLSI18 2.9-kb Avai fragmen containing the wild-type mob region from pKT231 cloned into piS17; Ch? This study
pL.S50 £5tl Gm' gene fragment from pML122 cloned into pJB20; IncW Tet” Gmr This study
pML122 RSF1010-derived broad-host-range vector: Gm® Tet® ]
pRK2013 Self-transmissible, ColE1 replicon, tra functions of PREZ; IncP Kan’ 21
pSW213 Broad-host-range plasmid with Joc promoter and lacl% IncP Tetf 11
pUCD2 ~ Broad-host-range cloning vector; IncW Cb* Kan’ Sp" Tet 15

36). MobA and the oriT site are also essential for the transfer Calif.). The resulting piasmid was then cut with Accl, the sticky ends were filled
of RSF1010 1nio p]am cells from Agmbaf:z‘erium Sp. strain in with Kicnow and deoxynucleoside iriphosphates, and the DNA was religaled

~ : A 1 SRRy £ 10y s 1o mtroduce an extra 2 bp. Next, the mutated 2.8-kb EcoRV picee was cloned
LBA4404 (10)‘ Apparemiy, kamg of the RSF1010 ori by the into pJB31, replacing the wiid-type FcoRV fragment and thus altering the read-

. L EET e -t oy | .. nto Cing ‘ _ _
Mob proicins is functionally equivalent to nicking at the Ti g frame of the 72-kDa MobA protein, creating pAJl. In a second construct,
plasmid border sequences by VirD2, and the resultant complex PAJS was created to introduce point mutations in two bases Ranking the nic site
1s then translocated into plant cclls via the normal T-DNA At oril {onT1) (7). To achieve this, the 2.8-kb £coRV fragment in pBluescript,
transfer DIOCESs described above, was subjected to PCR-based site-dirccted mulagenesis accord-

. ) | A ‘ ing to the QuickChange protocol {Stratagene) by using two complcmentary
Our previous results (&, 44) have shown that PIW323, an 29-bp oligonucleotides containing G-to-A transitions Hanking the oriT nic site at

RSIF1010 derivative cont&ining the noslP-nptll plant-selectable op 3133 and 3135 (base pair numbering according to reference 37). At the same i.
marker, inhibits the virulence Of Agrobacterium sp. strain A348. lime, the C at position 3136 was changed (0 A and the A at position 3137 was

Overexprassion of virB9-17 in such a DJW'%Z.?-COHtaiHiﬁg sirain changed to G to create a Hindil] site for use in screening products of the

S _— L g et mutagenesis reaction. The sequence of the mutated feoRV fragment was then
restored virulence (44). lnterestmg]}- » A8 demonstrated by €x- confirmed in ils entircty by automated ilnorescence sequencing reactions

tracellular compiementation eXperiments, pJW323 dmsticaﬂy (PRISM Ready Reaction DyeDeoxy Terminator Cycle Sequencing Kit, Perkin-

reduccs the ability of Agrobacterium str ains to serve as VirE? Elmer) run on the Applied Biosysterns, Inc., modcl 373A DNA sequencing £
donors, while only partially inhibiting the capacity of virE2 ;i.?ﬁtﬁm- Finally, the W}iﬁd-typci Eﬂ‘ﬂ;R‘y" ffﬂgmﬁf_f; of §9§_531 E; rzzgfﬂct;d with the
. : Lt 7 L4 ; i : ragment containing the point mutations at onL, yieiding p : oLler cioning
ml‘ltfmt strams_ to act as VIED;Z_T > trand d?nOrS (8:" These was performed with standard protocols, Plasmids were imtroduced into £, coli by
hn‘:}mgs Sugg_‘eﬁ"i Fhat pJW323 mhlbl’ls tm:fmr.zgeneszs by COMm- clectroporation and into agrobacteria by either electroporation or conjugal
peting for a ]im}img tactor essential for VirE2 tr ansport, most transier from £, coli $17-1 (40}, which contains the #ra genes of the RP4 plasmid
]jkel}; the VirR complex, In this study, we tested the hypothesis integrated into the chromﬂ_sumc. The presence of the desired plasmid in trans-
that formation of an intermediate of RSF1010 capable of con- iun:ned Agrobacterium strains was confirmed by restriction analysis of plasmid
: oy g e, . . DNA isolated from clones presciected by plating on medium comtaining the
jugal _??ansfcr 18 mecessary for the inhibition of fumorigenesis appropriate antibiotic
and VirE2 movement. Conjugation assays. For conjugation between E. coli strains, donor strains,
| either 817-1 containing Amp® pBluescript derivatives or DI{5q carrying these ?
MATERIALS AND METHODS deriyativcs and pRK2013 as 4 helper plasmid, and th_e: recipient strain HRB101
(Str') were grown to log phase, pelleted, resuspended in .99 NaCl at a ratio of ]
Bacterial strains and plasmid constructions, Table 1 fisis 1he Dacterial strains 1:100 {donor 10 recipient} in a final volume of 10 wl, and spotted onto 1.5 ml of
and plasmid constructs used in this study, To create pPAJL, a [rameshift mutation iuria-Bertani agar in 24-wef] piates. After 1 h the conjugation mix was resus-
(mobAI) was made at the Acel site at the 57 end of the mobA coding sequence pended in 500 wi of 0.99% NaCl, diluted appropriately, and plated onto medium
(13) in pIB31, an IncO Sp" RSF1010 derivative (3). First, a 2.8-kb EcoRV conitaining carbenicillin and sireptomycin o select for transconjugants,
fragment from pJB31 containing oriT and the 5’ end of the mobA gene was For conjugation between Agrobacterium sirains, Sp' plasmids pIB31, pAJl,
cloned into the Escherichia coli cloning vector pBlucscript (Stratagene, Ly Jolla, and pAJ6 and Cb’ plasmids P51, pLS2, and pLS8 were transformed N A348.
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FIG. 1. Structures of RSF1010 derivatives. Base pair numbering iy according to reference 38. (A) The mobilization region and replication genes of RSF1016. The
approximate positions of the genes and DNA sites discussed in this paper are indicated as are the locations and orientations of the corresponding promoters and the
DNA scquence surrounding the nic site (arrowhead) at oriT. Relevant restriction sites are shown. (B) Frameshift mutation in mob4d. Two base pairs ai the Accl site
in mobA (underlined) were added by digestion with Acel, blunt-ending with Klenow and deoxynucleoside triphosphates and religation. (C) Transition mutations in or T
1Two base pairs (boldface and underiined) were changed by oligonucieotide-directed mutagenesis 1o destroy the nic site at or:T; an additional 2 bp were changed

(underlined) to create a HindIl1 site.

These plasmids were then tested for their capacity t0 mobilize into recipient
strain A348 that contained pLS50, 4 Gm® nonmobilizable plasmid, during incu-
bations on minimal medium contaiming the vir inducer acetosyringone {AS)
(Aldrich Chemieal). The conjugation experiments were carried out as previously
described (3). Bacteria were then washed from the agar and plated on medium
containing speciinomycin and gentamicin or medium containing carbenicillin
and gentamicin to select for transconjugants. Donors were Guaniitated by growth
On spectinomycin- or carbenicitlin-containi ng medium, and recipients were guan-
titated by growth on gentamicin-contuining medium. Colonics were scored after
5 days. |
Yirulence assays. Virulence assays using Kalanchoe doigremontiana were car-
ried out as described previously (43) with strain A348 carrying the various
RSF1010 derivatives and with A348 alone and with A348(pJBB31) as positive and
negative controls, respectively. All inoculations were scored for the level of
tumor formation after 14, 21, and 28 days. Nicotiana tabacum cv. Havana 425 was
used for all tobacco leaf square transformation assays as previously described (2).
Leaf squares were scored for rumor growth 1@ days after cocultivation with the
Agrobucierium strains, The ability of various RSF1010 derivative ptasmids to
block the capacity of disarmed (no T-DNA} strain LBA4404 to serve as a VirE?
donor was assayed by infecting Icaf square explants with a 1:1 mixture {each at
an optical density at 600 nm 1 OD¢u] 0f 0.5) of LBA4404 carrying the various
plasmids and virE2 mutant 4348:virE?. Aftor 2 days of cocultivation on hor-
monc-free MS medium (31) contauning 100 uM AS, the leaf squares were
washed and transferred to selection (hormone-free MS) medium and were
scored for tumor formation 10 days after cocultivation. {n similar cxperiments,
the abilities of various RSF1010 derivative plasmids (o block the capacity of A348
10 serve as a VirE2 donor were assayed by infecting leaf square explanis with a
'l mixture (each at an ODgy of 0.5) of the various A348 strains and virE?2
mutant strain 358mx carrying the hinary vector pPEND4K (8). After 2 days of
cocuitivation on hormone-free MS medium (32) containing 100 uM AS, the leaf
Squarcs were washed and transferred to MS selection medium containing the
plant hormones kinetin (1 M) and naphthalene acetic acid {10 uM), antibiotics
lo eiminate the bacteria (200 ig of timentin and 200 pg of vancomycin per mi),
and 100 pg of kanamycin per mi. Kanamycin-resistant growih, resulting from the
transter of the pEND4K T-DNA into plant cells, was scored after 21 days.

" RESULTS

The MobA protein and oriT nic site of pJB31 are necessary
for plasmid movement between E. col; strains, Our earlier
results showed that the presence of an RSF1010 derivative in
A348 blocked this strain’s ability to transform Kalanchoe and
tobacco (44). We sought to test the hypothesis that the conju-
gal intermediate of this plasmid was responsible for the ob-
served inhibition. Therefore, mutations predicted to abolish
mobilization were constructed by altering either the mobA
coding sequence or the nic site of 057 of RSF 1010. Previously
published data on RSF1010 (10) have shown that oriT and the
entire mob region are within a 2.9-kb Avgl fragment (Fig. 1A)
and that a mutation at the Accl site in the mohd gene leads
to a nonfunctional mob region ( Fig. 1B). In addition, Bhatta-

-

charjee et al. have shown, using in vitro assays for cleavage of
single-stranded oriT sequence by purified MobA* B-galactosi-
dase hybrid protein, that two G-to-A transitions in bases brack-
eting the nic site at the oriT of plasmid R1162 (nearly identical
to RSF1010) decrease cleavage by at least 90% (7) (Fig. 1C).
To confirm that mob regions with Imutations at these sites no
longer support conjugation between E. coli strains, the mob re-
gion of the RSF1010 derivative pJB31 was mutagenized (see
Materials and Methods for details) so that it contained a frame-
shift mutation at the 5' end of mobA (yielding mobAl in
pAJ1) or the transition mutations at oriT (vielding oriT] in
PAJ6). The 2.9-kb Aval fragments carrying the mutagenized or
wild-type mob regions were then cloned into pBluescript
(Stratagene), a small nonmobilizable E cok plasmid, to create
pAJS (mobAl), pLS7 {oriT]), and pPLSY (wild-type mob region).
Whereas pBluescript carrying the wild-type Aval fragment
(pLS9) is mobilizable at a high frequency from E. coli §17-1
(carrying the fra genes of RP4 in the chromosome) to HB101
(1.7 = 0.2 transconjugants/donor input {5 x 10° bacterial)
PAJS (mobAl) is very poorly mobilized (48 X 1077 = 2 x
107 transconjugants/donor nput {5 X 10° bacteria]) and pLS7
(oriT1) is essentially nonmobilizable (no transconjugants). (A
total of 5 X 10° HB101 bacteria were used as the recipient cells
for each experiment.) In the case of PAJS a very small number
of transconjugants were observed, presumably because the
function of MobA can be partially replaced by a gene encoded
by the host bacterium (10). Similar results were observed when
DHu strains containing the pBluescript derivatives, as well as
the helper plasmid pRK2013 that contains the fra genes of
RKZ (21), were used as the donor (data not shown).

The MobA protein and oriT nic site of pJB31 are necessary
for plasmid movement between Agrobacterium strains. In ad-
dition to being mobilizable between E. coli strains, RSF1010
can be transferred between Agrobacterium strains in a PToCess
that is mediated by the Ti-borne VirB and VirD4 proteins (4,
22) rather than the Ti-borne Tra proteins (16). To demonstrate
that pJB31 derivatives with mutations in mohA or oriT are
no longer capable of using the virB-encoded transfer systcm,
strains carrying the mutated RSF1010 derivatives, pAJ1 (mobAdl)
and pAl6 (oriTl), were tested for VirB-dependent movement
between Agrobacterium strains. In these experiments, specti-
nomyein-resistant pJB31, pAJl, and PAJ6 were transformed
Into the tumorigenic strain A348 and tested tor their ability to
be mobilized to a gentamicin-resistant recipicnt. Table 2 shows
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TABLE 2. Mobilization of RSF1010 derivatives beiween Agrobacterivm strains
Donor ‘ Dongr No. of trans- viean no. (£8D) of % of A34B(pJB31)
Sirain Feature(s) Quiput coniugants Erameanﬁ;z‘lgants/ TATNSCORIEAnts
1 (107) JUg output donor PIIE
A348(pdB31) Wild-type mob region 5.2 21¢,06060.0 40X 1077 = 0.4 X 1675 140,60
A348(pAJ1) pIB31 with mobAl 10.3 4.7 46 X 107" £ 65 x 16710 0.001
A348({npAl6) pdB31T with ori?7 12.0 (3.{) 0.6x0 0.0
A348(pLST) incQ mob-rep region in pBS 6.3 2(15,000.0 33X W77 x03x 105 8Z.5
348(pLS2) pLS1 with mobAl 8.0 3.3 4.2 x 10 "M 52 0 0.001
A348(pLSK) pLSI with ori7T 1.4 1.7 1LOX "+ 18x10 ¢ (3.002
A348(pLsi?) IncP vector | 2.1 {.7 34X 10 W x29x 10710 0.001
A348({pl.518) pLS17 and RSF1010 mob region 0.4 31.0 73X 107 £ 08 x 107 0.2

il e, ——— T cselinkeie i

“ Data arc the means of triplicate determinations from a single experiment, A total of three mdependent experiments with similar results were performed. Totals

of 2 X 107 donors and 10° recipients {A348[pLS850]) were used as input in the conjugation mix. The number of recovered (output) recipients after 3 days” growth at

25°C on induction medium was approximaltely 4 X 10 cells.

that little if any pAJ1 or pAJ6 transfer was observed compared
to that of the wild-type pJB31.

A third set of plasmids was constructed to determine which
regions of RSF1010 are sufficient to creatc a plasmid that is
mobilizable through the Agrobacterium VirB transfer appa-
ratus. The 2.9-kb Aval fragment (Fig. 1A) that conferred to
pBluescript the capacity to be mobilized between E. coli strains
was cloned into an IncP broad-host-range vector, pLS17, which
cannot be mobilized between agrobacteria via the VirB pro-
teins. Surprisingly, the resultant fusion plasmid, pLS18, could
not be efficiently mobilized between agrobacteria. The transfer
frequency was approximately 500 times less than that of the
wild-type RSF1010 derivative pJB31 (Table 2). While ex-
tremely incfhicient, this transfer was reproducible and required
AS {data not shown).

1o determinc the minimum amount of RSF101{ required
for high-efficiency transfer between Agrobacterium strains, a
5.7-kb Pstl/Xmnl fragment (Fig, 1A), containing the mob re-
gion along with the rep genes necessary to create a plasmid that
could be maintained in agrobacteria, was cloned into pBlue-
script to create pLS1. The mob and rep rcgions of
pAJ1{(mobAT) and pAJ6(oriTI) were also cloned into pBlue-
script to create pl.S2 and pLSS8, respectively. These hybrid
plasmids were then tested for their ability to mobilize betwecen
agrobacteria. Only pLS1, which carrics the wild-type mob re-
gion, was capable of conjugal movement (Table 2).

pJB31 MobA protein and the nic site at ori7T are necessary
for inhibition of tumerigenesis. We next tested the effect of the
RSF1010 derivative plasmids pAJ1 (mobAI) and pAJ6 (oriTl])
on the virulence of wild-type strain A348. Assays using K
daigremontiana leaves (data not shown) as well as tobacco leaf
disk assays (Fig. 2) showed that virulence, as demonstrated by
tumor formation, was inhibited by the wild type (pJB31) but
not by the nonmobilizable (pAJ1 and pAJ6) RSF1010 deriva-
tives, Thesc results indicate that both the MobA protein and
the oriT nic site are essential to the inhibition of virulence.
Because the nonmobilizable plasmid pAJ6 is mutant for oriT
but wild type for MobA, these results also rule out the POSSi-
bility that the MobA protein itself can inhibit virulence inde-
pendent of the transferrcd intermediate. Thereforc, by sepa-
rately mutating the MobA coding sequence and the oriT nic
site of pJB31, we have shown that a functional mob region is
necessary for the inhibition of virulence and that inhibition of
virulence correlates with the capacity of the plasmid to be
mobilized between A. tumefuaciens strains via the VirB pore.

We also determined that tumor formation was not affected
by pL.S18, a fusion of the mob region of RSF1010 with the IncP
plasmid pLS17. In contrast, the mobilizable plasmid pLSi, con-

sisting of the wild-type mob region plus rep genes of RSF1010
m pBluescript, did prevent tumorigenesis (Fig. 2), further sug-
gesting that the capacity to be efficiently mobilized through the
VirB transfer apparatus corrclates directly with virulence in-
hibition.

Both MobA and the oriT nic site of pJB31 are necessary for
inhibition of Virk2 transfer. Having demonstrated that a mo-
bilizable version of the RSF1010 derivative pIB31 was neces-
sary to inhibit virulence, we next sought to determine whether
the capacity for mobilization was necessary to inhibit the ca-
pacity of an Agrobacterium strain to serve as a VirE2 donor in
the extracellular complementation of virE2 mutants (8, 34). In
the assays used in this study, plant tissues are exposed to a mix-
ture of two strains, a virE mutant strain containing the wild-
type T-DNA or a standard binary vector, pEND4K, carrying a
plant-expressible neomycin phosphotransferase gene (r108P-
nptll) and a strain producing VirE2 but lacking the T-DNA or
the binary vector. The stable transformation of plant cells by
the T-DNA from either of the virE2 mutant T strand donors
requires coinfection with the helper strain wild type for virE.
Using such cxtracellular complementation assays, we previ-

Experiment [

207

Experiment |

1o~

No. of tumors per leaf piece

Plasmid in A348

FIG. 2. Viruience assay of N. tabacum. N. tabacum cv. Havana 425 leaf
explants were infected with A348 strains without and with RSF1010 derivative
plasmids for Z days and were then transferred o antibiotic-containin g medium gs
described in Materials and Mcthods. The mean numbers of tumors + standard
crrors (n = 15 to 17 leaf picees) were determined after 10 days of incubation.
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rlG. 30 Edects of different RSF1010 derivatives on the capacity of Agrobac-
terium Sp, strain LBA44{4 to serve as a Virt2 donor. NV, tabacim cv. Havana 425
icaf explanis were infecied with a VirkZ2 donor strain {LBA4404 without or with
RSF1010 derivative plasmids) cither in the absence (—) or presence {4) of the
T-strand donor strain A348:virk2 for 2 days, as described in Materials and
Methods, and then (ransisrred (o seicction medium. The mean numbers of
tumors per explant & stundard errors (r = 18 leaf pieces) were determined after
a 10-day mcubation on selection medium,

ously demonstrated that mobilizablc RSF1010 derivatives block
the capacity of cither LBA4404 or A348 to serve as a VirE2 do-
nor, resulting 1 little transformation of the leaf pieces (8).
Here we tested the ability of LBA4404 carrying either nonmo-
bilizable pAJ1 or pAJ6, or wild-type pJB31 as a control, to
function as a VirE2 donor in extracellular complementation
assavs when mixed with the virf mutant strain A348:virk2’.
After coinfection, the leaf explants were monitored for trans-
formation by scoring for the number of tumors formed. The
results shown in Fig. 3 clearly indicate that pIB31 greatly in-
hibits the capacity of LBA4404 to serve as a VirE2 donor where-
as pAJT and pAJ6 have no such effect. Similar results were ob-
served when A348 carrying an RSF1010 derivative was tested
for its capacity to serve as a VirEZ donor when mixed with the
virE2 mutant 358mx (41) carrving pEND4K, In this case, the
Icaf explants were monitored for transformation by pEND4K,
as assaved by the growth of kanamycin-resistant calli. The non-
mobiizable RSF1010 derivatives did not inhibit the capacity of
the A348 strain to serve as a VirE2 donor (data not shown).
Thus, these results demonstrate that a functional mob region is
needed for RSF1010 to inhibit not only tumorigenesis but also
the capacity of an Agrobacterium strain to serve as a VirE2
donor in extracellular complementation assays.

The capacity of virE2 mutants, carrying either pJB31 or its
mutant derivatives, to deliver their T-DNA was tested by cxira-
cellular complementation assays using strain LBA4404 as the
VirE2 donor. Consistent with our previously published results
(8), the wild-type RSF1010 derivative pJB31 only moderately
inhibited VirD2-T strand {ransfer from the vir£2 mutant A348::
virke2 (50 to 75% reduction of the tumors compared to control)
(data not shown). When this strain carried the mutant deriva-
tive pAJ1 (mobAlI) or pAJb6 (oriT1), this inhibitory effect was
not observed {data not shown). Thus, a functional meb region
1s needed in order to inhibit, albeit moderately, the transfer of
the VirD2-T strand from virE2 mutant strains of Agrobacterium
to plant celis.

DISCUSSION

We demonstrated previously that the IncQ broad-host-range
plasmid RSF1010 inhibits the virulence of sirain A348 despite
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the 1act that it can, 1sell, oe traasicrred {rom thesc Agrobac-
reriunt cells to piant cclis. Adaitionally, we found that this
plasmid also blocks the capacity of this strain to serve as g
VirE2 donor in extraceilular compiementation assays {8, 44)
but darely mhibis the transfer of the VirD2-T strand from
virklZ mutants mnto plant celis. These results suggest that dis-
ruption of VirB-mediated VirE2 transfer by RSF 101@ is largely
ra,s.,pam;b;e for this plasmid’s efiects on virulence. Here we
show that RSF1010 derivatives with mutations in either the
1w0bA coding sequence or the ric site at oriT cannot be mobi-
lized between aambaﬂ ria in a virB-dependent manner (Tabie
2y and no lanﬂer ithibit virulence E\Fw 2) or the transfer of
Virk2 (Fig. 3} from agrobacteria to piants. We have also shown
that a small nonmobilizable E. coli plasmid carrying the rep
oenes as well as the mob region of RSF1010 (Fig. 1) is effi-
ciently mobilized between Agrobacterium strains (Table 2) and
inhibits Agrobacterium virulence (Fig. 2). Takcen together, these
findings support the hypothesis that it 18 the conjugal interme-
diatc of RSF1010 that mhibits virulence and the movement of
VirE2Z, most likely by competing for the multisubstrate VirB
{ransport apparatus.

Intriguingly, we were unable {o prove that the mobilization
region of RSFIG10 is sufficient to inhibit tumorigenesis or
VirkZ movement when it is ¢arried in an {ncP broad-host-
range vector. 'The promoters and coding sequences of MobA,
MobB, and Mob(, as well as the sequences for ori7, the origin
of transfer, and oriV, the vegetative origin of replication, were
isolated as a 2.9-kb Aval fragment (Fig. 1A) and cloned into
pL517, a high-copy-number IncP plasmid (18) carrying a plant~
selectable marker, to create pLS1&. In contrast to the RSEFI010
derivative pJB31, however, the hybrid plasmid was mobilizable
onlv at a very iow frequency between Agrobacterium strains
(virB-dependent conjugation rates were at least 500-fold less
than that of pJB31) (Table 2). Similar results were obtained
when the 2.9-kb mobd region was ¢loned info two other broad-
nost-range vectors, pSW213 (IncP) and pUCD2 {(IncW) (data
not shown). 1t is possible that local conformation of the hybrid
plasmid helix affects the activity of the RSF10G10 o 7T or of the
adjacent mob gene promoters {30za). Because vegetative and
transfer modes of replication may be coordinated (26, 32),
competition between oriV or oriT from RSF1010 with those of
the IncW and IncP plasmids may prevent efficient relaxosome
assembly and formation of conjugal intcrmediates. None of the
three RSF1010-broad-host-range hybrid plasmids tested dem-
onstrated an cffect on virulence or VirE2 transfer (Fig. 2 and
data not shownj, again supporting the hypothesis that the
conjugal intermediates are required for inhibition of vir8-me-
diated transport.

Plant transformation assays aid, however, show that pl.S18,
put not pLS17, was capabie of movement into plant cells (data
not shown). These results confirm the findings of Buchanan-
Wollaston et al. {10), who showed that thc mob rcgion of
RSF1010 can mediate the transfer of an IncP broad-host-range
plasmid from Agrobacterium into piant cells. The level of con-
jugal cfiicicncy cxhibited by pLS18 is evidently sufficient to
torm complexes necessary for transfer to plants but is not suf-
ficient to oulcompeie VirE2 for available export sites.

How could the RSF1010 transfer intermediate block or dis-
rupt access of VirE2, and 1o a lesser extent that of the VirD2-T
strand, to the VirB pore? Certainly the relative abundance of
RSF1010 in agrobacteria (at least 20 copies/ccll) may contrib-
lte to this. Hf}wever we have shown that high copy number of
the plasmid alonc, without the mpdcﬂy to mobilize e thciently

via the Virb transport apparatus, 18 not sutficient for inhibition.
1 he mutant high-copy-number RSF1010 derivatives pAJl and
pAJ6 do not affect A348 virulence. Additionally, the poorly
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mobilizabie hybrid plasmid n1.S18, which aiso had o eifect on
A34R virulence, 1§ MmOst likely present in agrobacteria al a very
high copy number, sround 30 to 45 copies per cell (18). An
ajternative is that the cransterred intermediate ot RSF1010 has
advantages over VirkEZ (or the VirD2-T strand) in interacting
with the Virb pore. wobilizable plasmids such as RSF1010 can
be isolated from donor cells as relaxosomes, DNA-protein
complexes that exist in an equilibrium of cleaved and un-
cleaved nic sites at the oriT. The formation of the relaxosome
complex appears to be constitutive and does not depend on the
presence of a recipient cell or any other conjugative trigger
(reviewed in reference 28). Free, single-stranded DNA. trans-
fer intermediates of mobilizable broad-host-range plasmids
have not been found in donor cells, suggesting that plasmid
DNA movement is coupled 1o processing of the transferred
intermediate (28). In contrast, vir-inducing condifions are re-
quired for the production of Vir proteins and the formation of
single-stranded T-DNA rransfer intermediates that have been
detected in the donor A. sumefaciens cell (47). Thus, the rel-
axosome may be more readily available as potentially limiting
VirB pore components are sssembled after vir induction. The
relatively smaller effect of RSF1010 on VirD2-1 strand trans-
fer (compared to VirE2) may reflect the possibility that less of
this intermediate than VirE2 needs to be transferred into plant
cells as long as VirE2 1s available from another source.
Another important factor allowing RSF1010 to interfere
with the interaction of other cubstrates and the Virb pore may
be that the movement Of RSF1010 through the Virb system 1S
very inefficient. kor example, VirB-mcdiated mobilization ef-
teiencies are usually on the order ol 1073 to 107 transconju-
gants pet donor cell, a process that takes three days (references
3 and 22 and this study). In contrast, mobilization through
broad-host-range plasmid conjugal transier systems in E. coll
yields about 10" to 10~ transconjugants per donor oI about
100 to 10,000 times more transconjugants (24). Amazingly, this
transfer takes place in 1 h rather than 3 days. In addition, the
transfer of RSF1010 derivatives out of agrobacteria 1nto plant
cells is less efficient than the transfer of wild-type T-DNA (8).
The results of this and previous studies suggest that inefficient
utilization of the VirB porc by the RSF1010 conjugal mterme-
diate may limit the access of Virkl, particularly, to this transfer

complex.
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