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Early studies on Agrobacterium tumefaciens showed that development of tumors on plants following infection
by A. tumefaciens was optimal at temperatures around 22°C and did not occur at temperatures above 29°C. To
assess whether this inability to induce tumors is due to a defect in the T-DNA transfer machinery, mobilization
of an incompatibility group Q (IncQ) plasmid by the T-DNA transfer machinery of A. tumefaciens was tested
at various temperatures. Optimal transfer occurred when matings were performed at 19°C, and transfer was
not seen when matings were incubated above 28°C. Transfer of the IncQ plasmid was dependent upon
induction of the virB and virD operons by acetosyringone but was not dependent upon induction of the tra genes
by octopine. However, alterations in the level of vir gene induction could not account for the decrease in transfer
with increasing temperature. A. ftumefaciens did successfully mobilize IncQ plasmids at higher temperatures
when alternative transfer machineries were provided. Thus, the defect in transfer at high temperature is
apparently in the T-DNA transfer machinery itself. As these data correlate with earlier tumorigenesis studies,
we propose that tumor suppression at higher temperatures results from a T-DNA transfer machinery which

does not function properly.

Seventy years ago, A. J. Riker discovered that development
of crown gall tumors on plants following infection by Agrobac-
terium tumefaciens is sensitive to elevated temperatures (37).
Lycopersicon esculentum (37), Vinca rosea (9, 46), and Kalan-
choe diagremontiana (11, 12) all failed to produce tumors when
infected with A. tumefaciens at temperatures greater than 29°C.
The size of tumors produced on plants infected at tempera-
tures below 29°C increased as the incubation temperature de-
creased, with the largest tumors developing on plants kept at
22°C (37). Later experiments established that suppression of
tumor development at higher temperatures was due to the
inability of A. tumefaciens to provide the tumor-inducing prin-
ciple rather than to effects on the plant (10, 11, 13).

This tumor-inducing principle has now been well character-
ized. A. tumefaciens causes tumors on plants by transferring a
segment of DNA, the T-DNA, from the bacterial tumor-induc-
ing (Ti) plasmid to the nucleus of the plant cell (57). Process-
ing and transfer of the T-DNA depend on the vir genes, whose
expression is controlled by the VirA-VirG two-component reg-
ulatory system (22). At temperatures greater than 32°C, the vir
genes are not expressed because of a conformational change in
VirA which inactivates the protein (26). However, the struc-
ture of the transcriptional activator VirG is unaffected by in-
cubation at this temperature. Indeed, inhibition of vir gene
expression at 32°C can be overcome by the expression of a
mutant form of VirG (VirG®) which activates transcription
even in the absence of VirA. Expression of VirG®, however,
does not confer the ability of A. tumefaciens to induce tumors
at 32°C (26). Thus, high temperature must affect a later stage
in the virulence pathway.

One major event of tumorigenesis which occurs after vir
gene induction is the processing of the T-DNA region of the Ti
plasmid. The resulting T-DNA molecule consists of a single-
stranded copy of the T-DNA region of the Ti plasmid with the
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VirD2 protein covalently bound to its 5’ end (57). This T-DNA
is then transferred to the plant cell either separately or in
association with the single-stranded DNA-binding protein
VirE2 (57).

The machinery responsible for transfer of the processed
T-DNA and the VirE2 protein is encoded by the 11 genes of
the virB operon and virD4 (25). The protein products of these
12 genes are essential for efficient tumorigenesis (5, 21, 41, 43,
48, 51), and most have been localized to the membrane frac-
tion of A. tumefaciens (3, 4, 17, 33, 40, 41, 47, 48). Deduced
amino acid sequences of these proteins showed that the VirB
and VirD4 proteins are homologous to membrane proteins
necessary for conjugative transfer of the broad-host-range
plasmids RP4, R388, and pKM101 (27, 30, 35). These se-
quence similarities provide the framework for a conjugative
model for T-DNA transfer (30).

The conjugative model is supported by the observation that
A. tumefaciens can mediate the conjugative transfer of the
IncQ group plasmid RSF1010 (2, 14). RSF1010 is a noncon-
jugal plasmid in that it does not carry all the genetic informa-
tion to promote its own transfer into other bacteria (53). How-
ever, RSF1010 can utilize a transfer machinery encoded by
another conjugative plasmid present in the same host for its
transfer into other bacteria (53). Interestingly, A. tumefaciens
can transfer RSF1010 into both plant cells (14) and other
strains of A. tumefaciens (2) in the absence of a coresident
conjugative plasmid. These observations suggest that RSF1010
utilizes the T-DNA transfer machinery for its entry into plant
cells and other bacteria. Indeed, mobilization of RSF1010 to
other strains of A. fumefaciens requires at least three genes
known to be essential for T-DNA transfer: virB4, virB11, and
virD4 (2, 21, 28, 41). Recently, we have shown that all 11 virB
genes and virD4 are essential for RSF1010 mobilization be-
tween strains of A. tumefaciens, showing that RSF1010 and
T-DNA share the same transfer machinery (20a).

Mobilization of an IncQ plasmid between Agrobacterium
strains was used in this study to monitor the function of the
T-DNA transfer machinery at various temperatures. This assay
is advantageous in this study as effects of temperature on either
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TABLE 1. Bacterial strains and plasmids used in this study

Strain or plasmid

Relevant characteristics®

Source or reference

Strains

Agrobacterium tumefaciens
A136 C58 chromosome, pAtCS8, Rif 52
A348 C58 chromosome, pTiA6NC, pAtC58, Rif" 39
LBA4404 AchS with pAch5, Atra Aocc AT, ATy Rif* 23
MX243 A348 virB1::Tn3HoHol, pPH1JI, Cb" Gm" 43
UIAS C58 chromosome, pTi~, pAtC58~, Rif" 18
UIA143 C58 chromosome, pTi~, recA143 Ery" 20
At11067 A348 virB1::-Tn3HoHo1l, MX243 (43) cured of pPH1JI, Cb" 21
At11068 A348 AvirA::Q) fragment, Sp* Str* 16a
At12506 A348 virD4::-Tn3HoHo1, MX367 (43) cured of pPH1JI, Cb" 21
At12507 A348 virH::Tn3HoHol, MX231 (43) cured of pPH1JI, Cb" This study
At12508 A348 virG::Tn3HoHol, MX363 (43) cured of pPH1JI, Cb* This study
At12509 A348 virC::Tn3HoHol, MX379 (43) cured of pPH1JI, Cb" This study
At12510 A348 virF::Tn3HoHo1l, MX546 (7) cured of pPH1JI, Cb* This study
Atl12511 A348 virD2::Tn3HoHo1, MX334 (43) cured of pPH1JI, Cb" 21
At12515 A348 chvE::Tn3HoHol, MX1 (19) cured of pPH1JI, Cb* This study
At12516 A348 AvirE2::Q) fragment, Sp* Str" This study

Escherichia coli
S17.1 294 rec RP4-2(Tc::Mu, Km::Tn7) 42
TG1 supE hsdD5 thi-1 d(lac-proAB F'[traD36 proAB™ lacI® lacZAM15]) Amersham Corp.

Plasmids
pSWI108 virE operon in pUC7, Ap" 54

pUC19Q Q) fragment in pUC19, Ap* Sp* Str* 6

pKIF82 pSW108 with Q fragment at Stul-HindIII, Ap" Sp" Str" This study
pIB50 IncP virB::lacZ virE::cat Km" 1

pML122 IncQ Km" Gm" 29
pML122AGm IncQ Km" This study

¢ Abbreviations: Ap, ampicillin, Cb, carbenicillin; Ery, erythromycin; Gm, gentamicin; Km, kanamycin; Nal, nalidixic acid; Rif, rifampin; Sp, spectinomycin; Str,

streptomycin.

T-DNA processing or on the plant are eliminated. Using this
system, we show that transfer of the IncQ plasmid pML122 is
sensitive to high temperature. We further demonstrate that the
T-DNA transfer machinery is affected by the temperature
shifts.

MATERIALS AND METHODS

Media, antibiotics, and growth conditions. For growth of A. tumefaciens,
Luria-Bertani (LB) (38) or MG/L (16) medium was used. Matings were done on
CIB agar (21) with 2% glucose. Media were supplemented with the following, in
micrograms per milliliter: acetosyringone, 40; carbenicillin, 100; DNase I, 1;
erythromycin, 150; gentamicin, 100; kanamycin, 100; octopine, 100; rifampin, 20;
spectinomycin, 100; and streptomycin, 200. For growth of Escherichia coli, LB
medium (38) was supplemented with the following antibiotics, in micrograms per
milliliter: ampicillin, 100; gentamicin, 10; kanamycin, 25; spectinomycin, 50; and
streptomycin, 12.5.

Construction and characterization of A. tumefaciens strains. The bacterial
strains used in this study are listed in Table 1. A. tumefaciens strains carrying
Tn3HoHol insertions were cured of pPH1JI by either electroporation or non-
selective passage followed by screening for gentamicin sensitivity. Newly con-
structed strains were characterized by Southern analysis, by Western blotting
(immunoblotting), and for tumorigenesis as previously described (21).

A deletion of the virE2 gene was created by double homologous recombination
following electroporation of pKJF82 into A. tumefaciens A348. The resulting
strain, A. tumefaciens At12516, has an omega fragment insertion beginning at the
Stul restriction site located 33 nucleotides into the virE2 gene which eliminates
1,055 bp of virE2 and blocks downstream transcription and translation. At12516
is avirulent, does not produce VirE2 protein, and can be complemented for
virulence by providing the virE operon in trans (data not shown).

Plasmid constructions. Plasmids used in this study are listed in Table 1.
Plasmid DNA was manipulated by standard recombinant methodology with
techniques previously detailed (21). Plasmids were transferred into A. tumefa-
ciens either by mating with E. coli S17.1 (42) or by electroporation (16).

The 2.0-kb omega fragment consists of the spectinomycin and streptomycin
resistance gene, aadA, flanked by short inverted repeats containing transcrip-
tional and translational termination signals (36). To construct the suicide vector
pKIJIF82 for deletion of the virE2 gene, the omega fragment was isolated from
pUC19Q) as a Smal-Smal fragment. The fragment was ligated into pSW108,

which had been digested with Stul and HindIII and treated with Klenow frag-
ment to create blunt ends.

pML122AGm was created by digesting pML122 with Bg/II and Sacll, treating
with Klenow fragment, and religating the plasmid. Following transformation into
E. coli TG1, kanamycin-resistant cells were screened for gentamicin sensitivity.
The resulting plasmid was then transformed into E. coli S17.1.

Conjugation assay. Cultures of donor and recipient strains were grown over-
night in MG/L with antibiotics at 28°C. Cultures were diluted into CIB broth
without antibiotics to an optical density at 600 nm of about 0.25 and were
incubated at 28°C with shaking for 6 h. Donor and recipient cells were mixed
together at a ratio of 7 to 1 in a 1.5-ml microcentrifuge tube to a combined
optical density at 600 nm of 0.25. Five microliters of the mating mix was spotted
in the center of a 35-mm petri dish containing 4 ml of CIB agar. Plates were
inverted and incubated at various temperatures for 3 days. Bacteria were recov-
ered by washing the surface of the agar three times with 0.9% NaCl to yield a
pooled volume of 1 ml. Recovered bacteria were plated onto LB agar supple-
mented with the appropriate antibiotics to select for transconjugants. Plates were
incubated at 28°C for 4 to 5 days, and colonies were counted.

Spontaneous reversion of donors to Ery" varies with the strain but is always less
than one revertant per assay. For plates with fewer than 20 transconjugants,
colonies were patched onto MG/L agar with rifampin (50 pg/ml) to check for
reversion of donors to Ery". Reversion of UIA143 to Gm" (100 pg/ml) has never
been seen although transconjugants selected for gain of pML122 on gentamicin
were checked for the concurrent gain of Km" in some assays.

Mating plate induction assay. Cultures of A. tumefaciens were prepared as
described for the conjugation assay. Cultures grown in CIB broth were diluted to
an optical density at 600 nm of 0.22, and 5 pl was spotted onto several 4-ml CIB
agar plates. After 3 days, bacteria were recovered as described for the conjuga-
tion assay and were assayed for B-galactosidase activity (32).

RESULTS

Mobilization of the IncQ plasmid pML122 at pH 5.3 is
temperature sensitive. To assess the effect of temperature on
the function of the T-DNA transfer machinery, mobilization of
pML122, a gentamicin- and kanamycin-resistant derivative of
the IncQ plasmid RSF1010, was assayed. The same mixture of
preinduced wild-type A. tumefaciens A348 cells and recipient
UIA143 cells was spotted onto mating plates, which were then
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TABLE 2. Transfer of pML122 by A. tumefaciens A348 at various temperatures”

No. of recovered bacteria/ml

Conjugation frequency

No. of

Temp (°C recovered : No. of transconjugants/
P (C) Donor (105) Recipient (105) transconjugants N?ﬁ;f:;?;fgf?;ggts/ recove(rids lr)e)cipient
15 118 1,110 436 20x 1074 (£0.2) 39x10°° (x0.4)
19 309 4,160 5,620 2.6 X 1073 (x0.5) 1.4 X107 (=0.3)
22 216 4,590 2,350 1.1 x 1073 (=0.3) 52%x10°° (=1.7)
25 97 3,450 1,170 53 %1074 (£1) 35%X107° (=x1.1)
28 38 2,190 4 2.0x%x10°° (=1 20x10°8 (=0.9)
31 17 1,380 0 <4.5x%x 1077 (x0) <73 x107° (=0.8)

“ Five microliters of a mating mix of 4.3 X 10% cells of preinduced donor A348(pML122) per ml and 3.6 X 107 cells of preinduced recipient UIA143 per ml was spotted
onto CIB + acetosyringone agar, and plates were incubated at the indicated temperatures. Following 3 days of mating, cells were recovered and plated onto LB agar
with erythromycin and gentamicin to select transconjugants, LB agar with rifampin to select donors, and LB agar with erythromycin to select recipients. Data shown
are the means and standard deviations of triplicates from a single experiment. A total of five independent experiments were performed with similar results.

incubated at temperatures between 15 and 31°C. The number
of transconjugants recovered from matings incubated at lower
temperatures was markedly greater than when matings were
incubated at higher temperatures. Analysis of the conjugation
frequency (transconjugants per input donor) at the various
temperatures showed that transfer of pML122 between strains
of A. tumefaciens was most efficient on mating plates incubated
at 19°C (Table 2). The transfer frequency then declined at least
50% with every 3°C temperature increase up to 25°C. Then,
between 25 and 28°C, the frequency of transfer declined by 2
orders of magnitude. At temperatures above 28°C, mobiliza-
tion of pML122 was undetectable. Thus, transfer of pML122
by A. tumefaciens was shown to be extremely sensitive to tem-
perature, particularly in the narrow range between 25 and
28°C.

Effects of temperature on the growth and survival of both
the donor and the recipient strain could affect the transfer
frequency at different temperatures. For the donor and recip-
ient cells, the number of viable bacteria recovered after 3 days
of incubation on CIB agar was greatest at 19 and 22°C, respec-
tively, indicating that A. tumefaciens survives better at lower
temperatures when grown under inducing conditions (Table
2). However, the conjugation frequency was greatest at 19°C
even when the frequency was calculated as transconjugants per
recovered recipient, showing that fluctuations in the growth
and viability of the recipient at various temperatures did not
alone affect the transfer frequency (Table 2). Fluctuations in
the donor survival, however, may have influenced the transfer
frequency. The number of recovered viable donors decreased
above 22°C, suggesting that the number of donors available to
form mating pairs late in the course of mating was drastically
altered by the temperature shifts. This difference could have
significantly contributed to the observed decrease in the trans-
fer frequencies at higher temperatures, particularly since trans-
fer occurs over the entire 3-day period (data not shown). Be-
tween 19 and 25°C, the number of recovered viable donors
decreased threefold. This decrease may have contributed to
the observed fivefold decrease in the transfer frequency, al-
though the extent of that contribution is not known. A similar
decrease in recovered viable donors was observed between 25
and 28°C, but the decrease in the transfer frequency was
greater than 250-fold. Thus, although variation in the number
of viable bacteria may in part account for the decrease in
transfer between 19 and 25°C, it cannot account for the sig-
nificant decrease which occurs between 25 and 28°C. To ad-
dress this finding, numerous other possible factors which could
have contributed to the decreased frequency at 28°C were
studied.

Transfer of pML122 at low temperatures occurs by conju-
gation. A. tumefaciens can be transformed by naked plasmid
(24). However, the increased recovery of transconjugants at
lower temperatures was not the result of the activation of an
alternate DNA uptake pathway. Under the conjugation assay
conditions, the recipient UIA143 was not transformed by ce-
sium chloride-purified pML122 DNA (data not shown). Fur-
ther, A348 mobilized pML122 at 19°C in the presence of 1 pg
of DNase I per ml (data not shown). These data show that
mobilization of pML122 between strains of A. tumefaciens
must be via a conjugative mechanism which is temperature
sensitive.

vir gene requirements for conjugal transfer. Transfer of
pML122 via the T-DNA transfer machinery requires induction
of the vir genes by acetosyringone (2) (Table 3). To establish
which vir genes are essential for transfer from A348 at both 19
and 28°C, strains with either deletions or Tn3HoHo1 insertions
in virA-H and chvE (Table 1) were tested for mobilization of
pML122 at both temperatures. Donor strains with a mutation
in vird, virG, or chvE were unable to mobilize pML122, recon-
firming that vir gene induction is essential for IncQ plasmid
transfer (data not shown). Likewise, donor strains with muta-

TABLE 3. Temperature-sensitive mobilization of pML122 in the
presence of various inducing compounds®

Donor strain Mating media® "E?gl)p Cff:dﬁ%itcl;"n
A348 (pML122) CIB + AS 19 20x%x 1073
28 7.1 %X 107°

CIB — AS 19 <71x1077

28 <7.1 %1077

CIB + Oct 19 <71x1077

28 <7.1 %1077

CIB + Oct + AS 19 1.9 x 1073

28 50x%x107°

LBA4404 (pML122) CIB + AS 19 23x1073
28 31x10°°

CIB — AS 19 <83 x 1077

28 <83 x 1077

“ Donor strains and recipient UIA143 were preinduced in either the presence
or the absence of acetosyringone. Mating mixes were spotted to the indicated
medium, and plates were incubated at the indicated temperatures. Following 3
days of mating, cells were recovered and plated onto LB agar with erythromycin
and gentamicin to select transconjugants. Data shown are the means of tripli-
cates from a single experiment. Two independent experiments were performed
with similar results.

® Abbreviations: AS, acetosyringone; Oct, octopine.

¢ Expressed as number of transconjugants per input donor.
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FIG. 1. A348(pIB50) was preinduced in CIB with acetosyringone and kana-
mycin. Five microliters of cells at 2.8 X 10%/ml was spotted onto 21 plates of CIB
agar with acetosyringone and kanamycin, and three plates were incubated at
each of the indicated temperatures. After 3 days, bacteria were recovered and
assayed for B-galactosidase activity. Data shown are the mean of triplicates *1
standard deviation.

tions in either the virB or the virD operons did not transfer
pML122, showing that these previously identified elements of
the T-DNA transfer machinery were essential for transfer of
pML122 (data not shown). Other vir genes, virC, virE2, virF,
and virH, were not essential for transfer (data not shown).
These data demonstrate that there are no differences in the
genetic requirements for transfer at 28 and 19°C, suggesting
that the mechanism of transfer is the same at both tempera-
tures.

Induction of vir genes is optimal at 25°C. Since the T-DNA
transfer proteins encoded by virB and virD4 are critical for
transfer, alterations in their induction level may affect the
frequency of transfer. Thus, we examined the effect of various
temperatures on vir gene induction. The reporter plasmid
pIB50 was first introduced into A348. The resulting strain was
treated under conjugation assay conditions at various temper-
atures between 15 and 34°C, and the level of B-galactosidase
activity produced from virB::lacZ was measured. At all tem-
peratures, induction of vir genes was dependent upon acetosy-
ringone (data not shown). In the presence of acetosyringone,
the optimal temperature for vir gene induction was 25°C (Fig.
1). B-Galactosidase production at 19°C, the optimal tempera-
ture for transfer, was nearly identical to B-galactosidase pro-
duction at 28°C, a temperature at which transfer occurs at only
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a very low frequency. Further, B-galactosidase production at
19°C was only slightly greater than the activity at 31°C, the
temperature which is nonpermissive for transfer. Thus, under
the conjugation assay conditions, vir gene induction at different
temperatures does not correlate with IncQ plasmid transfer;
therefore, it cannot account for the significant effect of tem-
perature on the transfer of pML122.

Mobilization of IncQ plasmids does not depend on the tra
genes. Octopine-stimulated conjugation of the Ti plasmid be-
tween cells of A. tumefaciens is optimal between 23 and 27°C
and is sensitive to temperatures above 30°C (45). This sensi-
tivity is due to the lack of #ra gene induction by homoserine
lactone (34, 55, 56). Since A348 has fra genes on its Ti plasmid,
we considered the possibility that mobilization of pML122 may
require some of the Tra proteins and that the observed in-
crease in the transfer frequency at lower temperatures was due
to the increased expression of the fra genes. This possibility is
unlikely for several reasons. First, transfer of pML122 was
inhibited at temperatures at which the Ti plasmid is transferred
(45) (Table 2). Second, transfer of pML122 was not stimulated
by the addition of octopine to the plates either in the presence
or in the absence of acetosyringone (Table 3). Finally, 4. tu-
mefaciens strains with Ti plasmids having the fra region deleted
mobilize IncQ plasmids (2) (Table 3), and this transfer is
temperature sensitive (Table 3). Thus, we conclude that the tra
genes are not required for IncQ plasmid transfer between
bacteria at any temperature.

Alternate pathways for mobilization of IncQ plasmid
pML122 are functional only at neutral pH. Thus far, we have
established that virB and virD4-dependent transfer of pML122
is temperature sensitive. It is possible that the block to transfer
at higher temperature is due to factors such as an inability of
pML122 to be processed properly or the inability of A. tume-
faciens to conjugate due to membrane alterations or attach-
ment defects. To examine whether A. tumefaciens has a non-
specific defect in its ability to conjugate, mobilization of
pML122 by pathways other than the virB and virD4-dependent
transfer pathway was tested. IncQ plasmids can be mobilized
both by the large plasmid pAtC58, a plasmid resident in most
strains of A. tumefaciens derived from C58, and by an unchar-
acterized pathway in the plasmidless strain UIAS (18). Trans-
fer via these pathways is independent of virB, virD4, and the fra
genes, since the Ti plasmid-cured strains A136 and UIAS were
able to transfer pML122 and this transfer was independent of
acetosyringone (Table 4). However, transfer of pML122 via
these pathways occurred only when matings were performed
on media adjusted to neutral pH, not on media of acidic pH
(Table 4).

When matings were performed at pH 7.0, pML122 was
transferred from the plasmidless strain UIAS at elevated tem-

TABLE 4. Effect of temperature on mobilization of pML122 via three alternative pathways present in different strains of A. tumefaciens®

Conjugation frequency®

Donor strain Plasmid(s)® pH 53 + AS pH 53 — AS pH 7.0 — AS pH 7.0 — AS
(19°C) (19°C) (19°C) (28°0)

A348 pTiA6, pAtC58 3.4 %1073 <38 %1077 1.5%x107° 29x107*

A136 pAtC58 <6.8 x 1077 <5.6 x 1077 6.7 X 1073 8.6 x 107*

UIAS None <5.6% 1077 <52%x1077 47x107° 14x10°*

“Donor strains and recipient UIA143 were preinduced in CIB broth as indicated. Mating mixes were spotted onto CIB agar and incubated as indicated.
Transconjugants were selected on LB agar with erythromycin and gentamicin. Data shown are the mean of triplicates from a single experiment. Two independent

experiments were performed with similar results. AS, acetosyringone.
b All strains have pML122.
¢ Expressed as number of transconjugants per input donor.
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TABLE 5. pPH1JI-dependent mobilization of pML122 at 19 and 28°C*

Donor strain Relevant genotype

Conjugation frequency”

pHS53 + AS pH 53 — AS pH 53 — AS

(19°C) (19°C) (28°C)
A348 (pML122) Wild type 25 %1073 <27% 1077 <27x1077
At11067 (pML122) virB1::Tn3HoHol <77x1077 <3.6x 1077 <3.6Xx 1077
MX243 (pML122AGm)* virBI::Tn3HoHol1, pPH1JT* 21 %1073 1.2x1073 8.8 x107*

“Donor strains and recipient UIA143 were preinduced in CIB broth as indicated. Mating mixes were spotted onto CIB agar and incubated as indicated.
Transconjugants were selected on LB agar with erythromycin and kanamycin. Data shown are the mean of triplicates from a single experiment. Two independent

experiments were performed with similar results. AS, acetosyringone.
b Expressed as number of transconjugants per input donor.

¢ pML122AGm was used in MX243 to allow gentamicin selection for maintenance of pPH1JI.

peratures. The frequency of transfer via this uncharacterized
pathway was increased 30-fold when the temperature was
raised from 19 to 28°C (Table 4). Similarly, transfer of pML122
mediated by the large plasmid pAtC58 was stimulated by in-
creasing the temperature. In both the presence and the ab-
sence of a Ti plasmid, transfer of pML122 was stimulated 10-
to 20-fold when the matings were incubated at 28 compared
with 19°C (Table 4). Whether this increased activity is in part
due to activation of the same pathway as is present in the
plasmidless strain UIAS5 could not be determined from our
data. In all cases, though, transfer of IncQ plasmids by these
alternative pathways exhibited a different temperature prefer-
ence profile compared with the virB and virD4-dependent
pathway.

Mobilization of the IncQ plasmid pML122 by the IncP plas-
mid pPH1JI. IncQ plasmids can also be mobilized by members
of the IncP group of conjugative plasmids (53). At11067 has a
Tn3HoHol insertion at virBI, thereby disabling the virB-de-
pendent mobilization of pML122 at pH 5.3 (Table 5). MX243
is the same strain carrying the IncP plasmid pPH1JI. MX243
transferred pML122 at pH 5.3 both in the presence and in the
absence of acetosyringone (Table 5), showing that pML122 can
be transferred between strains of A. tumefaciens by pPH1JIL.
However, transfer of pML122 by pPH1JI occurred at a similar
frequency regardless of the incubation temperature. Thus,
pPH1JI-dependent transfer of IncQ plasmids at acidic pH
shows a different temperature preference profile from both the
virB and virD4-dependent pathway and the other poorly un-
derstood transfer systems functional at pH 7.0.

Temperature affects only the T-DNA transfer machinery.
Although A. tumefaciens A348 transfers pML122 poorly via the
virB and virD4-dependent pathway at 28°C (Table 2), A348 is
capable of processing and transferring pML122 at 28°C at both
neutral (Table 4) and acidic (Table 5) pH. Thus, the block to
transfer of IncQ plasmids via virB and virD4-encoded transfer
apparatus is not due to a general defect in the ability of A.
tumefaciens to conjugate at higher temperatures. In these ex-
periments, the optimal temperature for conjugation varied
with the transfer machinery provided, showing that it is func-
tion of the transfer machinery which is most affected by
changes in temperature. Thus, the inhibition of transfer of
IncQ plasmids from A348 at elevated temperatures via the virB
and virD4-dependent pathway must be due to adverse effects
on the function of the VirB-VirD4 transfer machinery.

DISCUSSION

In classical experiments performed in 1926, A. J. Riker
showed that development of tumors on plants following infec-
tion by A. tumefaciens was optimal at temperatures around
22°C and was absent at temperatures greater than 28°C (37).

The most obvious decrease in tumorigenesis occurred in the
narrow temperature range between 25 and 28°C (11). In the
subsequent 70 years, the molecular basis for tumor suppression
with increasing temperature has not been elucidated. To gain
insight into the possible mechanism, we have examined the
effect of temperature on the T-DNA transfer machinery by
using mobilization of an IncQ plasmid between bacteria as a
quantitative assay for function. Previous studies have clearly
established that IncQ plasmids can utilize the same machinery
for transfer as the T-DNA (2, 14, 21, 50). To date, this ma-
chinery is known to consist of at least 12 proteins, VirB1 to
VirB11 and VirD4, all of which are required for the transfer of
IncQ plasmids (2, 20a, 21). We have shown that the ability of
this machinery to mobilize an IncQ plasmid is strongly inhib-
ited by incubation at temperatures above 25°C. Further, we
have shown that this temperature sensitivity is not due to
differences in bacterial viability, inability of pML122 to be
processed, alterations in vir gene induction, or transfer via the
Ti plasmid conjugation pathway. Indeed, we have shown that
A. tumefaciens can successfully mobilize IncQ plasmids at
higher temperatures when pathways other than the VirB-
VirD4 pathway are provided. Thus, the defect in transfer at
high temperature is apparently in the T-DNA transfer machin-
ery itself.

Although this impairment of the T-DNA transfer machinery
was shown by assaying for IncQ plasmid transfer, T-DNA
transfer is also affected by temperature. Recently, it has been
reported that T-DNA can be mobilized from A. tumefaciens
into Saccharomyces cerevisiae (15). Similar experiments per-
formed in our laboratory have also demonstrated transfer of
T-DNA to S. cerevisiae. In these studies, the frequency of
T-DNA transfer was increased by decreasing the cocultivation
incubation temperature from 28 to 22°C (33a).

Since the optimal temperature for mobilization of IncQ
plasmids between bacteria and for T-DNA transfer into S.
cerevisiae correlates so well with early studies on tumorigenesis
(37), we propose that the primary cause of tumor suppression
by high temperature is a T-DNA transfer machinery which
does not function efficiently.

The nature of this defect in the T-DNA transfer machinery
at the molecular level is currently unknown. Evidence pre-
sented in this paper shows that induction of the vir genes is
sufficient at temperatures which limit transfer. Also, studies on
the membrane localization of the VirB and VirD4 proteins
were carried out on bacteria grown at 28°C, showing that these
proteins are present at higher temperatures (3, 4, 17, 33, 40, 41,
47, 48). Thus, the components essential to construct an active
complex are presumably not limiting at higher temperatures.
Therefore, either the ability to assemble a functional transfer
apparatus or the stability of the completed apparatus is likely
to be the source of the temperature sensitivity.
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Early studies of the nature of tumor suppression by temper-
ature favored an instability model. In 1950, A. Braun examined
tumorigenesis within narrow temperature ranges and then per-
formed thermodynamic calculations based on the observations.
From these calculations, he postulated that the inability of A4.
tumefaciens to induce tumors on plants at high temperatures
was due to rapid protein denaturation of a complex structure
(11). However, at that time, the components of the structure
were not identified, but we now postulate that this structure is
the T-DNA transfer machinery which is encoded by the virB
and virD4 genes.

The VirB-VirD4 transfer machinery is probably a highly
complex structure, although its structure has not been eluci-
dated. However, evidence from homologous systems suggests
that the VirB and VirD4 proteins assemble into a sex pilus or
a pilus-like structure (27). The VirB proteins and VirD4 are
similar to proteins essential for pilus biogenesis and for con-
jugative transfer of broad-host-range plasmids (27, 30, 35).
VirB2 is 52% identical in amino acid sequence to the pilin
subunit of the F plasmid (40). Although these sequence ho-
mologies are compelling, a sex pilus on induced A. fumefaciens
has not been identified (29a). If a sex pilus is essential for
T-DNA transfer, it is possible that the pilus is absent or un-
stable at 28°C, the standard laboratory growth temperature for
A. tumefaciens.

Loss of pilus structure has already been implicated as the
cause of temperature-sensitive conjugation of two classes of
self-transmissible plasmids (8, 44). IncH1 plasmid conjugation
between cells of E. coli is optimal at 26°C (44), even though the
optimal temperature for both growth of E. coli and mating
bridge formation is 37°C (49). However, at 37°C, E. coli cells
carrying IncH1 plasmids do not have pili and are thus unable
to conjugate (31). The reason for the lack of pili at the higher
temperature has not yet been identified, but this case demon-
strates that elevated temperatures can have a profound effect
on pilus biogenesis and transfer functions.

Another example is provided by the IncT group of plasmids.
E. coli cells carrying plasmids of the IncT group have pili at
37°C, but they are short and rigid, allowing conjugation of IncT
plasmids at 37°C only on solid agar (8). By contrast, at 26°C,
the bacteria have long, flexible pili and can conjugate at high
frequency on both solid and liquid media. In this case, high
temperature affects the superstructure of the sex pilus, thereby
decreasing transfer efficiency. These two temperature-sensitive
conjugative systems illustrate that temperature can exert a
drastic effect on both the presence and the structure of a
conjugative pilus. In light of these studies and our finding that
T-DNA transfer is temperature sensitive, we are currently at-
tempting to identify pili on cells of 4. fumefaciens grown at
19°C.

Regardless of the precise cause of the temperature effect,
the implications of the effect of even small temperature in-
creases on T-DNA transfer are potentially quite broad. Proto-
cols for the genetic engineering of plants should carefully con-
sider the incubation temperature during cocultivation to
optimize cell viability and T-DNA transfer. On the basis of
results presented here, it is conceivable that decreasing tem-
peratures of cocultivation may lead to a significant increase in
the transformation frequency and potentially to the genetic
transformation of recalcitrant plants.

ACKNOWLEDGMENTS

We thank Karine Sicard and Lin Lee for their technical assistance,
Joe Don Heath and Trevor Charles for their helpful suggestions, and
Wanyin Deng for reading the manuscript.

TEMPERATURE AND THE T-DNA TRANSFER MACHINERY 1503

This work was supported by Public Health Service Grant GM32618
from the National Institutes of Health. K.J.F. was supported by Public
Health Service National Research Service Award 5T32 GM07270-21
from the National Institute of General Medical Sciences and by the
University of Washington Graduate School Committee for Plant-
Molecular Integration and Function.

REFERENCES

1. Ankenbauer, R. G., E. A. Best, C. A. Palanca, and E. W. Nester. 1991.
Mutants of the Agrobacterium tumefaciens virA gene exhibiting acetosyrin-
gone-independent expression of the vir regulon. Mol. Plant-Microbe Inter-
act. 4:400-406.

2. Beijersbergen, A., A. Dulk-Ras, R. Schilperoort, and P. Hooykaas. 1992.
Conjugative transfer by the virulence system of Agrobacterium tumefaciens.
Science 256:1324-1326.

3. Beijersbergen, A., S. J. Smith, and P. J. J. Hooykaas. 1994. Localization and
topology of VirB proteins of Agrobacterium tumefaciens. Plasmid 32:212-218.

4. Berger, B. R., and P. J. Christie. 1993. The Agrobacterium tumefaciens virB4
gene product is an essential virulence protein requiring an intact nucleoside
triphosphate-binding domain. J. Bacteriol. 175:1723-1734.

5. Berger, B. R, and P. J. Christie. 1994. Genetic complementation analysis of
the Agrobacterium tumefaciens virB operon: virB2 through virB11 are essen-
tial virulence genes. J. Bacteriol. 176:3646-3660.

6. Bilge, S. S., J. M. Apostol, Jr., K. J. Fullner, and S. L. Moseley. 1993.
Transcriptional organization of the F1845 fimbrial adhesin determinant of
Escherichia coli. Mol. Microbiol. 7:993-1006.

7. Boulton, M. L, D. M. Raineri, J. W. Davies, and E. W. Nester. 1992. Iden-
tification of genetic factors controlling the ability of Agrobacterium to trans-
fer DNA to maize, p. 73-78. In E. W. Nester and D. P. S. Verma (ed.),
Advances in molecular genetics of plant-microbe interactions. Kluwer Aca-
demic Publishers, Dordrecht, The Netherlands.

8. Bradley, D. E., and J. Whelan. 1985. Conjugation systems of IncT plasmids.
J. Gen. Microbiol. 131:2665-2671.

9. Braun, A. C. 1943. Studies on tumor inception in the crown-gall disease. Am.
J. Bot. 30:674-677.

10. Braun, A. C. 1947. Thermal studies on the factors responsible for tumor
initiation in crown gall. Am. J. Bot. 34:234-240.

11. Braun, A. C. 1950. Thermal inactivation studies on the tumor-inducing
principle in crown gall. Phytopathology 40:3.

12. Braun, A. C. 1952. Conditioning of the host cell as a factor in the transfor-
mation process in crown gall. Growth 16:65-74.

13. Braun, A. C. 1958. A physiological basis for autonomous growth of the
crown-gall tumor cell. Proc. Natl. Acad. Sci. USA 44:344-349.

14. Buchanan-Wollaston, V., J. Passiatore, and F. Cannon. 1987. The mob and
oriT mobilization functions of a bacterial plasmid promote its transfer to
plants. Nature (London) 328:172-175.

15. Bundock, P., A. den Dulk-Ras, A. Beijersbergen, and P. J. J. Hooykaas. 1995.
Trans-kingdom T-DNA transfer from Agrobacterium tumefaciens to Saccha-
romyces cerevisiae. EMBO J. 14:3206-3214.

16. Cangelosi, G. A., E. A. Best, G. Martinetti, and E. W. Nester. 1991. Genetic
analysis of Agrobacterium. Methods Enzymol. 204:384-397.

16a.Charles, T. Unpublished data.

17. Christie, P. J., J. E. J. Ward, M. P. Gordon, and E. W. Nester. 1989. A gene
required for transfer of T-DNA to plants encodes an ATPase with auto-
phosphorylating activity. Proc. Natl. Acad. Sci. USA 86:9677-9681.

18. Cook, D. M., and S. K. Farrand. 1992. The oriT region of the Agrobacterium
tumefaciens Ti Plasmid pTiC58 shares DNA sequence identity with the
transfer origins of RSF1010 and RK2/RP4 and with T-region borders. J.
Bacteriol. 174:6238-6246.

19. Doty, S. L., M. Chang, and E. W. Nester. 1993. The chromosomal virulence
gene, chvE, of Agrobacterium tumefaciens is regulated by a LysR family
member. J. Bacteriol. 175:7880-7886.

20. Farrand, S. K., S. P. O’Morchoe, and J. McCutchan. 1989. Construction of
an Agrobacterium tumefaciens C58 recA mutant. J. Bacteriol. 171:5314-5321.

20a.Fullner, K. J. Unpublished data.

21. Fullner, K. J., K. M. Stephens, and E. W. Nester. 1994. An essential viru-
lence protein of Agrobacterium tumefaciens, VirB4, requires an intact mono-
nucleotide binding domain to function in transfer of T-DNA. Mol. Gen.
Genet. 245:705-715.

22. Heath, J. D., T. C. Charles, and E. W. Nester. 1995. Ti plasmid and chro-
mosomally encoded two-component systems important in plant cell trans-
formation by Agrobacterium, p. 367-385. In J. A. Hoch and T. J. Silhavy (ed.),
Two-component signal transduction. ASM Press, Washington, D.C.

23. Hoekema, A., P. R. Hirsch, P. J. J. Hooykaas, and R. A. Schilperoort. 1983.
A binary plant vector strategy based on separation of vir- and T-regions of
the Agrobacterium tumefaciens Ti-plasmid. Nature (London) 303:179-180.

24. Holsters, M., D. de Waele, A. Depicker, E. Messens, M. von Montagu, and
J. Schell. 1978. Transfection and transformation of Agrobacterium tumefa-
ciens. Mol. Gen. Genet. 163:181-187.

25. Hooykaas, P. J. J., and A. G. M. Beijersbergen. 1994. The virulence system
of Agrobacterium tumefaciens. Annu. Rev. Phytopathol. 32:157-179.



1504

26.

27.

28.

29.

FULLNER AND NESTER

Jin, S., Y.-N. Song, W.-Y. Deng, M. Gordon, and E. W. Nester. 1993. The
regulatory VirA protein of Agrobacterium tumefaciens does not function at
elevated temperatures. J. Bacteriol. 175:6830-6835.

Kado, C. I. 1994. Promiscuous DNA transfer system of Agrobacterium tume-
faciens: role of the virB operon in sex pilus assembly and synthesis. Mol.
Microbiol. 12:17-22.

Koukolikova-Nicola, Z., D. Raineri, K. Stephens, C. Ramos, B. Tinland,
E. W. Nester, and B. Hohn. 1993. Genetic analysis of the virD operon of
Agrobacterium tumefaciens: a search for functions involved in transport of
T-DNA into the plant cell nucleus and in T-DNA integration. J. Bacteriol.
175:723-731.

Labes, M., A. Piihler, and R. Simon. 1990. A new family of RSF1010-derived
expression and lac-fusion broad-host-range vectors for gram-negative bacte-
ria. Gene 89:37-46.

29a.Lara, J. C., and E. W. Nester. Unpublished data.

30.

31

32.

33.

Lessl, M., and E. Lanka. 1994. Common mechanisms in bacterial conjuga-
tion and Ti-mediated T-DNA transfer to plant cells. Cell 77:321-324.
Mabher, D., R. Sherburne, and D. E. Taylor. 1993. H-pilus assembly kinetics
determined by electron microscopy. J. Bacteriol. 175:2175-2183.

Miller, J. H. 1972. Experiments in molecular genetics, p. 352-355. Cold
Spring Harbor Laboratory, Cold Spring Harbor, N.Y.

Okamoto, S., Y. A. Toyoda, K. Ito, I. Takebe, and Y. Machida. 1991. Local-
ization and orientation of the VirD4 protein of Agrobacterium tumefaciens in
the cell membrane. Mol. Gen. Genet. 228:24-32.

33a.Piers, K. Unpublished data.

34,

35.

36.

37.

38.

39.

40.

41.

42.

Piper, K. R., S. B. von Bodman, and S. K. Farrand. 1993. Conjugation factor
of Agrobacterium tumefaciens regulates Ti plasmid transfer by autoinduction.
Nature (London) 362:448-450.

Pohlman, R. F., H. D. Genetti, and S. C. Winans. 1994. Common ancestry
between IncN conjugal transfer genes and macromolecular export systems of
plant and animal pathogens. Mol. Microbiol. 14:655-668.

Prentki, P., and H. M. Krisch. 1984. In vitro insertional mutagenesis with a
selectable DNA fragment. Gene 29:303-313.

Riker, A. J. 1926. Studies on the influence of some environmental factors on
the development of crown gall. J. Agric. Res. 32:83-96.

Sambrook, J., E. F. Fritsch, and T. Maniatis. 1989. Molecular cloning: a
laboratory manual, 2nd ed. Cold Spring Harbor Laboratory Press, Cold
Spring Harbor, N.Y.

Sciaky, D., A. L. Montoya, and M. D. Chilton. 1978. Fingerprints of Agrobac-
terium Ti plasmids. Plasmid 1:238-253.

Shirasu, K., and C. I. Kado. 1993. Membrane location of the Ti plasmid VirB
proteins involved in the biogenesis of a pilin-like conjugative structure on
Agrobacterium tumefaciens. FEMS Microbiol. Lett. 111:287-294.

Shirasu, K., Z. Koukolikova-Nicola, B. Hohn, and C. Kado. 1994. An inner-
membrane-associated virulence protein essential for T-DNA transfer from
Agrobacterium tumefaciens to plants exhibits ATPase activity and similarities
to conjugative transfer genes. Mol. Microbiol. 11:581-588.

Simon, R., U. Priefer, and A. Puhler. 1983. A broad host range mobilization

43.

44.

45.

46.

47.

48.

49.

50.

5L

52.

53.

54.

55.

56.

57.

J. BACTERIOL.

system for in vivo genetic engineering: transposon mutagenesis in gram-
negative bacteria. Bio/Technology 1:784-791.

Stachel, S. E., and E. W. Nester. 1986. The genetic and transcriptional
organization of the vir region of the A6 Ti plasmid of Agrobacterium tume-
faciens. EMBO J. 5:1445-1454.

Taylor, D. E., and J. G. Levine. 1980. Studies of temperature-sensitive trans-
fer and maintenance of H incompatibility group plasmids. J. Gen. Microbiol.
116:475-484.

Tempe, J., A. Petit, M. Holsters, M. van Montagu, and J. Schell. 1977.
Thermosensitive step associated with transfer of the Ti plasmid during con-
jugation: possible relation to transformation in crown gall. Proc. Natl. Acad.
Sci. USA 74:2848-2849.

Theis, T. N., A. J. Riker, and O. N. Allen. 1950. The destruction of crown-gall
bacteria in periwinkle by high temperature with high humidity. Am. J. Bot.
37:792-801.

Thorstenson, Y. R., G. A. Kuldau, and P. C. Zambryski. 1993. Subcellular
localization of seven VirB proteins of Agrobacterium tumefaciens: implica-
tions for the formation of a T-DNA transport structure. J. Bacteriol. 175:
5233-5241.

Thorstenson, Y. R., and P. C. Zambryski. 1994. The essential virulence
protein VirB8 localizes to the inner membrane of Agrobacterium tumefaciens.
J. Bacteriol. 176:1711-1717.

Walmsley, R. H. 1976. Temperature dependence of mating-pair formation in
Escherichia coli. J. Bacteriol. 126:222-224.

Ward, J. E.,, E. Dale, and A. Binns. 1991. Activity of the Agrobacterium
T-DNA transfer machinery is affected by virB gene products. Proc. Natl.
Acad. Sci. USA 88:9350-9354.

Ward, J. E., E. M. Dale, P. J. Christie, E. W. Nester, and A. N. Binns. 1990.
Complementation analysis of Agrobacterium tumefaciens Ti plasmid virB
genes by use of a vir promoter expression vector: virB9, virBI10, and virB11
are essential virulence genes. J. Bacteriol. 172:5187-5199.

Watson, B., T. C. Currier, M. P. Gordon, M. D. Chilton, and E. W. Nester.
1975. Plasmid required for virulence of Agrobacterium tumefaciens. J. Bac-
teriol. 123:255-264.

Willetts, N., and C. Crowther. 1981. Mobilization of the non-conjugative
IncQ plasmid RSF1010. Genet. Res. 37:311-316.

Winans, S. C., P. Allenza, S. E. Stachel, K. E. McBride, and E. W. Nester.
1987. Characterization of the virE operon of the Agrobacterium Ti plasmid
pTiA6. Nucleic Acids Res. 15:825-837.

Zhang, L., P. J. Murphy, A. Kerr, and M. E. Tate. 1993. Agrobacterium
conjugation and gene regulation by N-acyl-L-homoserine lactones. Nature
(London) 362:446-448.

Zhang, L. H., and A. Kerr. 1991. A diffusible compound can enhance con-
jugal transfer of the Ti plasmid in Agrobacterium tumefaciens. J. Bacteriol.
173:1867-1872.

Zupan, J. R., and P. Zambryski. 1995. Transfer of T-DNA from Agrobacte-
rium to the plant cell. Plant Physiol. 107:1041-1047.



