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ABSTRACT Agrobacterium tumefaciens transfers a piece
of its Ti plasmid DNA (transferred DNA or T-DNA) into plant
cells during crown gall tumorigenesis. A. tumefaciens can
transfer its T-DNA to a wide variety of hosts, including both
dicotyledonous and monocotyledonous plants. We show that
the host range of A. tumefaciens can be extended to include
Saccharomyces cerevisiae. Additionally, we demonstrate that
while T-DNA transfer into S. cerevisiae is very similar to
T-DNA transfer into plants, the requirements are not entirely
conserved. The Ti plasmid-encoded vir genes ofA. tumefaciens
that are required for T-DNA transfer into plants are also
required for T-DNA transfer into S. cerevisiae, as is vir gene
induction. However, mutations in the chromosomal virulence
genes of A. tumefaciens involved in attachment to plant cells
have no effect on the efficiency of T-DNA transfer into S.
cerevisiae. We also demonstrate that transformation efficiency
is improved 500-fold by the addition of yeast telomeric se-
quences within the T-DNA sequence.

Agrobacterium tumefaciens causes crown gall tumors in plants
by transferring a segment of DNA (transferred DNA or
T-DNA) from its tumor-inducing (Ti) plasmid to the nucleus
of plant cells. The T-DNA becomes integrated into the plant
nuclear genome where it functions to give rise to the charac-
teristic tumor (reviewed in refs. 1 and 2). This process depends
on the induction of a set of Ti plasmid-encoded virulence (vir)
genes. vir genes are induced via the virA/virG two-component
regulatory system which senses monosaccharides and phenolic
compounds from wounded plants (reviewed in ref. 3). The
T-DNA is a single-stranded DNA molecule produced by a
virDl/D2-encoded site-specific endonuclease that nicks within
two 24-bp direct repeat sequences on the Ti plasmid (4). These
repeats, termed border sequences, flank the T-DNA. Follow-
ing cleavage and excision, the T-DNA is coated by the single-
stranded DNA binding protein VirE2 (5), and the resulting
T-DNA complex is transferred to the plant cell.
The mechanism by which the T-DNA complex is transported

through the inner and outer bacterial membranes and into the
plant cell is not well understood. It is believed on the basis of
several lines of evidence that the VirB proteins and VirD4 are
involved in T-DNA transport (reviewed in ref. 6). Once the
T-DNA complex enters the plant cell, it is targeted to the
nucleus via nuclear localization sequences in the VirD2 and
VirE2 proteins (7, 8). Upon entering the nucleus, the T-DNA
is integrated into the plant genome by illegitimate recombi-
nation, a process likely mediated by host factors (9).
The study of host factors involved in T-DNA transfer has

been difficult and would be greatly facilitated by the availabil-
ity of a host model amenable to genetic manipulation. Given
the similarities between T-DNA transfer and conjugative
transfer of broad-host-range plasmids (reviewed in refs. 1, 6,
and 10), we set out to determine ifA. tumefaciens can transfer
T-DNA to the yeast Saccharomyces cerevisiae. It has been
demonstrated that Escherichia coli can conjugate with both S.
cerevisiae (11, 12) and Saccharomyces kluyveri (13). Bundock et
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al. (14) recently demonstrated T-DNA transfer from A. tume-
faciens to S. cerevisiae. In this report, we confirm many of their
observations and show additionally that A. tumefaciens-
mediated transformation of yeast requires most but not all of
the same conditions that are required for T-DNA transfer into
plant cells. We also demonstrate that the efficiency of trans-
formation is greatly influenced by the presence of stabilizing
factors on the T-DNA.

MATERIALS AND METHODS
Strains. Bacterial and yeast strains used in this study are

listed in Table 1. E. coli cells were grown on LB medium (21)
supplemented with appropriate antibiotics to maintain plas-
mids: 100 jig of carbenicillin or 25 jig of kanamycin per ml.
Cultures of A. tumefaciens were grown in mannitol glutamate
Luria salts medium (MG/L) or induction broth as described
(22), except induction broth (IBPO4) was buffered to pH 5.5
with 62.5 mM potassium phosphate. Antibiotics (carbenicillin
and/or kanamycin) were added to final concentrations of 100
Kg/ml.

S. cerevisiae was maintained on YPD medium (23). Recip-
ients from the transformation assay were recovered on mini-
mal (or B) medium (23). B medium was supplemented with
uracil (20 ,ug/ml), lysine (30 ,ug/ml), tryptophan (40 ,ug/ml),
and adenine (40 ,ug/ml) (23) to ensure growth of the yeast
cells. Transformants were selected on the same medium
lacking tryptophan. To prevent growth of the donor A. tume-
faciens cells on B medium plates, 200 jig of cefotaxime per ml
was included. The cocultivation medium (CM) consisted of
IBPO4 (pH 5.5) containing lysine, tryptophan, adenine, and
uracil at the concentrations given above for B medium, as well
as 100 jig each of carbenicillin and kanamycin per ml.

Genetic Techniques. All recombinant DNA techniques were
performed as described by Ausubel et al. (23) or Sambrook et
al. (21). Enzymes were purchased from BRL, New England
Biolabs, or Boehringer Mannheim. Competent E. coli DH5a
cells (21) were purchased from BRL and transformed accord-
ing to the manufacturer's protocol. DNA was introduced into
A. tumefaciens by electroporation as described (22).

Plasmid Constructions. The salient features of pKP506,
pKP509, and pKP5IO are diagrammed in Fig. 1. pSc4128, a gift
from B. Brewer (University of Washington) (24) consists of a
7.7 kb Xho I-Sal I yeast DNA fragment containing ARSI and
the TRPJ and GAL3 genes ligated into the Sal I restriction site
of pBR322. A 2.25-kb Sph I fragment containing a kanamycin
resistance gene (neo) and two yeast telomeric sequences in an
inverted orientation was isolated from pYLPVK, a derivative
of pYLPV (25) in which the leu2-d gene has been replaced by
the neo gene (V. Zakian, personal communication). The
2.25-kb fragment was treated with the Klenow fragment of
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Table 1. Strains

Strain Description Reference

A. tumefaciens
EHA105 C58 strain containing pTiBo542 15

harboring a T-DNA deletion
A348 C58 strain containing pTiA6Nc 16
At10002 A348 AvirDl,D2 SlnptII This study
At12506 A348 virD4::Tn3HoHol, 17, 18

MX367 cured of pPHIJI
AtI 1067 A348 virBl::Tn3HoHol, 17, 19

MX243 cured of pPHlJI
S. cerevisiae
YPH45 MATa ura3-52 lys2-801amber 20

ade2-101Jo,hre trpl-A\l
Yl04 MA Ta ura3-52 lys2-80a1 7.er 20

ade2-1O o-/1re

DNA polymerase I to fill in the ends. This blunt-ended
fragment was ligated into the Nru I site of pSc4128 to create
pKP505. The neo gene was excised from pKP505 by using Kpn
I, and the large fragment containing the TRPJ gene and ARS]
flanked by yeast telomeres was inserted between the T-DNA
borders of the A. tumefaciens binary vector pBIN19 (26),
previously cleaved with Kpn I, thereby creating pKP506.
To construct a binary control vector that lacked the T-DNA

border sequences, pBIN19 was cleaved with Bgl II, and the
large fragment was isolated. The vector p34E (27), which
contains a duplicate of the pUC multiple cloning site in an

inverted orientation, was digested with BamHI and Bgl I (to
reduce the frequency of p34E religation) and ligated to the
large fragment isolated from the Bgl 1I-digested pBIN19 to
form pKP507. The large Kpn I fragment from pKP505 was then
ligated into Kpn I-cleaved pKP507, resulting in the T-DNA-
borderless plasmid pKP509.
The plasmid containing ARS] and the TRPJ gene, without

telomeres, between T-DNA borders (pKP510) was con-

structed by linearizing pSc4128 with Nru I and inserting the
entire plasmid into pBINl9 that had been cleaved with Sma I.

Construction of A. tumefaciens virDI/D2 Deletion Mutant.
The HindIII-Sph I fragment of pTiA6 containing virD3 and a

portion of virD4 (28) was ligated into the HindIll and Sph I
sites of pEMBL130(+) (29), to generate pKS121. The Sma
I-Pst I fragment containing the virD/virC promoter and a

portion of virC (4, 28) was ligated into the HincIl and Pst I sites
of pEMBL130(+), to generate pKS122. The HindIII-Xho I
fragment from pKS122 was ligated to the HindlIl and Sal I
sites of pKS121, to generate pKS123. pKS123 now contains the
virD/virC promoter and virD3 flanking a unique HindlIl
restriction site. The nptII gene with its promoter was excised
from Tn5 by using Sal I and HindIll. The Sal I site was

converted to a HindlIl site with appropriate linkers (18), and
the fragment was ligated into the Hindlll site of pKS123, to
generate pKS124. This plasmid contains no coding sequence

for VirDi and is missing the coding sequence for the first 391
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FIG. 1. Plasmids used in this study. For complete construction
details see Materials and Methods. Abbreviations: ARS], yeast auton-
omous replicating sequence 1; TRP1, yeast tryptophan gene; Tel, yeast
telomeric sequences; LB and RB,A. tumefaciens left and right T-DNA
borders, respectively; nptll, kanamycin-resistance gene; bla, carbeni-
cillin-resistance gene.

amino acids of VirD2 (33 remaining). The virDl/virD2 dele-
tion and nptII insertion were placed into the Ti plasmid via
marker exchange (22) by electroporating strain A348 with
pKS124, selecting for kanamycin resistance, and screening for
carbenicillin sensitivity. The resulting strain is AtlO002.
Transformation Protocol. Yeast cells were prepared for

transformation by inoculating a single colony from a fresh
YPD plate into 5 ml of YPD broth. The cells were grown
overnight at 30°C with shaking. The cells were then diluted
20-fold with fresh YPD medium and grown for an additional
6 h. The cells were harvested by centrifugation, washed once
with IBPO4 [no acetosyringone (AS)], and resuspended at a
final cell concentration of 1 x 109 cells/ml.A. tumefaciens cells
were grown overnight in MG/L medium containing the ap-
propriate antibiotics. The cells were pelleted, resuspended in
an equal volume of IBPO4 (with or without 100 ,uM AS), and
incubated for an additional 6 h. The cells were harvested and
resuspended in the same medium to a concentration of 1 x
1011 cells/ml. The cocultivation of bacteria and yeast was
initiated by mixing 50 ,ul each of the donor and recipient cells
at a ratio of 100 A. tumefaciens cells to 1 yeast cell. The cell
mixture was deposited by using vacuum filtration on a 25-mm
diameter nitrocellulose filter (0.45-,um pore diameter)
(Schleicher & Schuell) which was then placed on CM plates
with or without AS and incubated for 72 h at 22°C. The cells
were washed off the filters with 1 ml of TNB (20 mM Tris HCl,
pH 7.5/10 mM NaCl), and 100 p.l of the appropriate dilutions
was plated on B medium plates with or without tryptophan to
recover recipients or select for transformants, respectively.
The plates were incubated at 30°C, and the colonies were
counted after 3-4 days.

Yeast DNA Isolation and Clamped Homogeneous Electric
Fields (CHEF) Gel Analysis. Yeast total DNA was isolated
essentially as described (23). DNA was analyzed by using a
Bio-Rad CHEF DRIII variable angle pulsed field electro-
phoresis system. Solution containing -25 jig of yeast DNA was
mixed with an equal volume of 2% pulsed-field certified
agarose in 0.5x TBE (lx TBE = 89 mM Tris buffer/89 mM
boric acid/2 mM EDTA) and placed in the wells of a 1%
agarose gel. Electrophoresis conditions consisted of an initial
switch time of 0.1 s, a final switch time of 2.5 s, 6 V/cm, 44°C,
0.5x TBE, and an included angle of 120° for 12.3 h. The DNA
was transferred for 2 h to a Nytran Plus positively charged
nylon membrane (Schleicher & Schuell) by using a VacuGene
transfer apparatus (Pharmacia) and 1.5 M NaCl/0.5 N NaOH
as the transfer buffer. The membrane was probed with an
internal 650-bp Xba I-Pst I fragment of the TRPJ gene on
plasmid pKP506. The probe was labeled, and the blot detected
with the ECL random prime labeling and detection system
(Amersham) by following the manufacturer's protocols.

RESULTS
A. tumefaciens Transfers T-DNA into Yeast. Initially, we set

out to determine whether A. tumefaciens could transfer T-
DNA into yeast cells and if this transfer had the same
requirements as transfer into plant cells. Since the T-DNA
complex is linear (30), we first established a system for DNA
transfer in which the linear DNA could be stably maintained
in the recipient yeast cell, thereby removing any requirement
for integration into the chromosome. pKP506 (Fig. 1) is a
pBIN19-based vector containing the yeast TRP] gene and an
associated origin of replication, ARS], between the T-DNA
borders. The TRP] gene allowed for selection of tryptophan
prototrophs from recipient Trp- auxotrophs, while ARSJ
allowed the transferred linear DNA to replicate extrachromo-
somally. Since telomeres are required for maintenance of
linear DNA molecules (31), yeast telomeric sequences were
engineered onto the ends of the yeast DNA within the T-DNA
borders (Fig. 1). Under conditions that induce the A. tumefa-
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ciens virulence genes, T-DNA transferred to the recipient cell
could be established as a linear, stable, extrachromosomal
element due to the ARSI locus and the telomeric sequences.
The transformation/cocultivation conditions consisted of

donor A. tumefaciens cells with wild-type vir genes in an
induction medium composed of monosaccharides, low pH, and
the vir-inducing compound AS. When yeast were cocultivated
with strain EHA105 (pKP506) under the transformation con-
ditions described above, a transformation frequency of 3 x
10-3 was observed (Table 2). No transformants were detected
when recipient cells were incubated in cocultivation conditions
in the absence of any donor cells or when EHA105 without a

binary vector was used as the donor strain. No spontaneous
Trp+ revertants were observed because the Trp- phenotype
results from a deletion of the entire TRPJ gene. Similarly, no
transformants appeared when 5 jig of the plasmid pKP506 was
added directly to the recipient cells, suggesting that neither the
cocultivation conditions nor the presence of EHA105 makes
the yeast cells competent to take up DNA directly. EHA105
(pBIN19) also failed to yield Trp+ recipients. To ensure that
transformation of yeast by EHA105 (pKP506) is not due to the
uptake of T-DNA strands released from dead A. tumefaciens
cells, DNase was added to the cocultivation mixture. DNase
did not significantly reduce the transformation frequency,
leading to the conclusion that the T-DNA is not taken up as
free DNA by yeast.
A similar set of experiments usingA. tumefaciens strain A348

(C58 chromosome, A6 Ti plasmid) as the donor cell demon-
strated that yeast transformation is not limited to a specific
genetic background of the donor cells. However, the transfor-
mation efficiency of the two donor strains differed signifi-
cantly. The transformation frequency when using A348
(pKP506) as the donor strain was lower by a factor of -100
than when EHA105 (pKP506) was the donor (Table 2). The
increased transformation frequency obtained when using
EHA105 as the donor correlates with previous results which
show that A281, the parent of EHA105, is more virulent in
dicot transformation than A348 (32).

Requirements for A. tumefaciens-Mediated Transformation
of Yeast. vir gene induction. T-DNA transfer to plant cells is
dependent on the presence of specific plant wound signal
molecules, such as phenolics and monosaccharides, to serve as
inducers of the vir genes. To determine if a phenolic inducer
is required for A. tumefaciens-mediated yeast transformation,
the phenolic inducer AS was omitted from both the induction

medium in which the A. tumefaciens cells were grown and the
cocultivation medium. No transformants were observed when
the AS was omitted, indicating that vir gene induction is
necessary for yeast transformation.
T-DNA borders. T-DNA border sequences are necessary for

the transfer of T-DNA from A. tumefaciens to plant cells but
are not required for the conjugative transfer of the Ti plasmid
between A. tumefaciens strains (S. Farrand, personal commu-
nication). To determine whether the A. tumefaciens-mediated
transformation of yeast depends on T-DNA border sequences,
a binary vector lacking T-DNA borders was constructed (Fig.
1). The cocultivation of EHA105 harboring the T-DNA-
borderless plasmid pKP509 with YPH45 yielded no transfor-
mants, even in the presence of AS (Table 3), indicating that
T-DNA border sequences are required for transfer. This
finding suggests that transformation by A. tumefaciens strains
requires a T-DNA complex and that the borders are necessary
for processing that T-DNA complex in A. tumefaciens.

vir genes. Since vir gene inducers as well as border sequences
are required for transformation, it appears that T-DNA pro-
cessing is required. To verify this assumption, we used donor
strains of A. tumefaciens with various vir gene mutations to
determine if key Vir proteins are required for transformation
of yeast.
A virDl/D2 deletion mutant of A348 (AtlO002) was con-

structed to determine if T-DNA processing is required for
transformation. Western blot analysis confirmed that this
mutation was not polar on other virD genes. In addition, the
restoration of AtlO002 virulence by complementation with
cloned virDl/D2 genes demonstrated that the avirulence is the
result of the deletion (K.M.S., K. Fullner, and W. Deng,
unpublished data). When AtlOO02 (pKP506) was cocultivated
with YPD45, no transformants were recovered (Table 3),
indicating that T-DNA strand formation is required for trans-
formation. This conclusion is consistent with the observation
that T-DNA borders are necessary for yeast transformation
(Table 3).

Vir mutants that are deficient in the synthesis of the putative
T-DNA transfer channel were also tested as T-DNA donors. A.
tumefaciens strains Atl2506(virD4-) (33) and Atl 1067(virB1-;
polar on the complete virB operon) (33) containing pKP506
were unable to transform yeast (Table 3). Taken together,
these data suggest that T-DNA must be processed by cleavage
at the border sequences, and, once formed, the T-strands are

Table 2. A. tumefaciens-mediated yeast transformation

Colonies on Colonies on
minimal medium minimal Transformants per

Cocultivation without Trp, medium, x10-6 recovered recipient,
Donor strain additions cells/ml cells/ml cells/ml

None None 0 130 <7.7 x 10-9
None pKP506, 5 jig 0 142 <7.0 x 10-9

DNA
EHA105 None 0 195 <5.1 x 10-9
EHA105 pKP506, 5 ,ug 0 105 <9.5 x 10-9

DNA
EHA105(pBIN19) None 0 125 <8.0 x 10-9
EHA105(pKP506) None 440,000* 119 3.7 x 10-3
EHA105(pKP506) DNase, 100 ng/ml 180,000* 102 1.8 x 10-3
A348 None 0 110 <9.1 x 10-9
A348 pKP506, 5 ,ug 0 120 <8.3 x 10-9

DNA
A348(pKP506) None 7,500t 108 6.9 x 10-5
A348(pKP506) DNase, 100 ng/ml 4,000t 84 4.8 x 10-5

All results are from representative experiments that were repeated a minimum of three times. The recipient strain in all
experiments, including those with no donor strain, was S. cerevisiae YPH45.
*Colonies were counted from a 10-3 dilution of the original culture.
tColonies were counted from a 10-1 dilution of the original culture.
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Table 3. Genetic requirements of A. tumefaciens-mediated yeast transformation

Colonies on Colonies on
minimal medium minimal Transformants per

Relevant donor Plasmid without Trp, medium, X 10-6 recovered recipient,
Donor strain genotype AS* featurest cells/ml cells/ml cells/ml

EHA1O5(pKP506) Wild type + B, T 440,000t 119 3.7 x 10-3
EHA105(pKP506) Wild type - B, T 0 141 <7.1 x 10-9
EHA105(pKP509) Wild type + T 0 126 <7.9 x 10-9
EHA1O5(pKP509) Wild type - T 0 133 <7.5 x 10-9
EHA1O5(pKP510) Wild type + B 4,100§ 530 7.7 x 10-6
A348(pKP506) Wild type + B, T 7,500§ 108 6.9 x 10-5
AtlOO02(pKP506) AvirDlD2, virD4+ + B, T 0 133 <7.5 x 10-9
Atl2506(pKP506) virD4- + B, T 0 172 <5.8 x 10-9
At11O67(pKP506) virBi- + B, T 0 153 <6.5 x 10-9
The recipient strain in all experiments was S. cerevisiae YPH45.

*+, 100 PM AS included in the cocultivation medium; -, no AS present.
tB, T-DNA border sequences present; T, yeast telomeric sequences present.
tColonies were counted from a 10-3 dilution of the original culture.
§Colonies were counted from a 10-1 dilution of the original culture.

transported through the same apparatus used for the transfer
of T-DNA into plant cells.
Chromosomal virulence genes. A. tumefaciens cells with mu-

tations in the chromosomal genes chvA, chvB, or exoC are
defective in either the synthesis or transport of ,B 1,2-glucan
which appears to be required for efficient attachment to and
transformation of plant cells (34-40). To determine if the
same attachment apparatus is utilized in the transformation of
yeast as in the transformation of plants, chvA-, chvB-, and
exoC- mutant strains ofA. tumefaciens were used as donors in
the transformation of yeast strain YPD45. No reduction in
yeast transformation efficiency was observed (X.L., unpub-
lished data). This result indicates that, at least in the attach-
ment step, the yeast transformation system does not emulate
plant cell transformation.

State of the Transferred T-DNA. The system employed in
this study does not require that the transferred T-DNA be
integrated into the yeast genome to obtain a stable transfor-
mant. The ARS1 locus and telomeric sequences within the
T-DNA border sequences should ensure stable maintenance of
the transferred, linear DNA. To determine if the telomeric
sequences function as predicted, a binary vector lacking the
telomeres (pKP510) was constructed and tested in the trans-
formation assay. When EHA105 (pKP510) was cocultivated
with yeast, transformants were obtained at a frequency of 7.7
x 10-6 (Table 3), lower by a factor of 500 than when using the
binary vector with the telomeres (pKP506). This result suggests
that while integration of the transferred DNA can occur, it
does not occur each time there is a transfer event.
To characterize the state of the transferred DNA in the yeast

transformants, we first measured the stability of Trp+ proto-
trophy. If Trp+ prototrophy is conferred by an extrachromo-
somal, autonomously replicating element, then segregation of
colonies to Trp- auxotrophy should occur following growth in
nonselective conditions-i.e., rich media. Conversely, if the
T-DNA has integrated into the genome of the transformant,
no reversion to Trp- auxotrophy should be observed. We
tested the Trp+ stability of transformants derived by coculti-
vation with EHA105 (pKP506) and with EHA105 (pKP510).
The yeast transformants resulting from the donor EHA105
(pKP506) each demonstrated Trp+ instability (J.D.H., unpub-
lished data). Conversely, all but one of the transformants
resulting from the donor strain EHA105 (pKP510) exhibited
100% stability of the Trp+ phenotype. The one transformant
resulting from the donor strain EHA105 (pKP510) that was
unstable demonstrated a 100% loss of Trp+ prototrophy,
indicating a high level of instability of the marker.
These results suggest that the TRP1 marker is harbored on

an extrachromosomal, autonomously replicating element in

the transformants resulting from cocultivation with the te-
lomere-containing donor EHAlOS (pKP506). The majority of
the transformants resulting from cocultivation with the te-
lomere-lacking donor EHA105 (pKP510) exhibited Trp+ sta-
bility, consistent with integration of the marker into the yeast
genome. The single EHA105 (pKP510)-derived transformant
exhibiting Trp+ instability likely harbors the TRPI gene on an
extrachromosomal element resulting from circularization and
ligation of the incoming T-DNA molecule.
To further investigate the state of the T-DNA in the yeast

transformants, we isolated total DNA from the above trans-
formants. In addition, DNA was isolated from YPH45 (trplA)
and Y104 (TRPI). Southern analysis of EcoRI-cleaved DNA
from the Trp+ transformants confirmed that each possessed
the expected 1.45-kb fragment containing the TRP1 gene,
while none of them contained sequences that hybridize to the
8-kb Bgl II fragment from pBIN19 (K.L.P., unpublished data).
This result suggests that only the sequences between the
T-DNA borders on pKP506 and pKP510 were transferred to
the recipient cells and, therefore, the transformants did not
arise from conjugative transfer of the entire plasmid.
Uncleaved total DNA isolated from the transformants, as

well as from YPH45 (trplA) and Y104 (TRPJ), was subjected
to CHEF gel electrophoresis and transferred to a membrane
for Southern analysis. If the DNA is maintained as a linear
plasmid with telomeres at the ends, a discrete 13-kb DNA
fragment is expected when the membrane is probed with an
internal fragment of the TRP1 gene. However, if the TRP1
gene is integrated into the chromosome, no distinct DNA
bands would be expected to hybridize due to the heterogeneity
of DNA fragments produced by shearing during DNA isola-
tion.

In the transformants resulting from cocultivation with
EHA105 (pKP506), a distinct DNA band of approximately 13
kb was detected (Fig. 2, lanes 10-15). These bands correspond
in size to the large Kpn I restriction fragment from pKP506
(Fig. 2, lane 16) which represents the DNA fragment that
would be formed upon transfer into yeast. Thus, the transfor-
mants derived from EHA105 (pKP506) appear to contain the
TRP1 gene in the form of a linear, autonomously replicating
extrachromosomal element.
A distinct TRPl-hybridizing fragment was not detected in

either Y104, known to have a chromosomal copy of TRP1 (Fig.
2, lane 1) or any of the transformants produced by using the
binary vector lacking telomeric sequences (Fig. 2, lanes 3-9).
Taken with the Trp+ phenotype segregation data and the
evidence that the TRP1 sequence is indeed present (see
above), this result implies that the TRPI gene in most of these
transformants has been integrated into the chromosome. One
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FIG. 2. CHEF gel analysis of transformants. Total, uncleaved yeast
DNA was isolated and subjected to CHEF gel electrophoresis. After
the DNA was transferred to a nylon membrane, it was probed with an
internal fragment of the yeast TRPI gene. Lane 1, Y104; lane 2,
YPH45; lanes 3-9, transformants derived by using EHA105(pKP510)
as the donor; lanes 10-15, transformants derived by using
EHA105(pKP5O6) as the donor; and lane 16, pKP5O6 cleaved with
Kpn I.

exception is the transformant that demonstrated 100% insta-
bility of the TRPI marker, implying its presence on an extra-
chromosomal element. The absence of any observed bands in
the DNA from this transformant might be explained by the fact
that circular molecules migrate anomolously in pulsed-field
gels and also by the fact that the TRPI gene, due to its
instability in this transformant, may not be present at a
detectable level.

DISCUSSION
The exchange of genetic information between unrelated or-
ganisms has been well documented (41, 42). The case of
T-DNA transfer from A. tumefaciens to plants represents a
singular example of genetic transfer in nature since it involves
species from different kingdoms. Although our understanding
of the mechanism of T-DNA transfer has increased dramati-
cally in the last decade, further advances in this unusual
host-parasite interaction will require a concerted effort to
unravel the roles that host factors play. The identification of
such host factors has been elusive, primarily because of the
innate difficulties associated with plant genetics and biology.
To circumvent this problem, we set out to establish an A.
tumefaciens-mediated transformation system involving a host
that is more amenable to genetic and biochemical investiga-
tion.

Given that different Saccharomyces species have been suc-
cessfully used as conjugative recipients of plasmids from E. coli
(11-13), we chose S. cerevisiae as the host organism for this
study. S. cerevisiae provides many advantages that can be
utilized in such a study. First, it is a well-characterized eu-
karyotic organism, and its cell biology has been intensively
investigated. Second, molecular biological methods and clon-
ing vectors are available, making yeast amenable to genetic
manipulation. Third, characterized yeast mutants are available
which can be used to analyze eukaryotic factors or structures
that may be involved in T-DNA transfer. These advantages
make yeast an attractive choice for dissecting the host-factor
requirements in T-DNA transfer.

In establishing the transformation assay, the binary vectors
were constructed such that the transferred T-DNA would be
stably maintained once in the recipient cell. The key advantage
to the system described here is that, although homologous
recombination between the incoming DNA and the yeast
chromosome can take place, the production of transformants
does not depend on it. Thus, each yeast cell that receives the
DNA may become a Trp+ prototroph and will not require a
recombination event to establish a stable transformant. Con-
sequently, T-DNA transfer, not recombination or integration,
is the limiting step in this system.

In a recently published article Bundock et al. (14) report A.
tumefaciens-mediated transformation of S. cerevisiae at a fre-
quency of approximately 10-6 transformants per recovered
recipient and show a requirement for many of the same A.
tumefaciens virulence genes that are required for plant trans-
formation. In this report, we confirm these observations and
describe a yeast transformation assay which has yielded trans-
formation frequencies up to 10-3 transformants per recovered
recipient. We confirm that T-DNA is transferred to yeast by a
mechanism that mimics the transfer of T-DNA from A.
tuimefaciens to plant cells and not the conjugative transfer of
the entire binary plasmid. Several pieces of evidence support
the former hypothesis. vir gene induction is necessary for yeast
transformation, as are T-DNA borders and T-DNA processing
by VirDl/D2. Studies reported here and previously (14) show
that virB- or virD4-mutant A. tumefaciens donors do not
transform yeast, demonstrating a requirement for a transport
apparatus for the T-DNA molecule. This present work has
shown, however, that parallels with plant transformation are
not complete. A. tumefaciens mutants blocked in attachment
and subsequent transformation of plant cells are unaffected in
T-DNA transformation of yeast.
The A. tumefaciens/plant genetic transfer system is a valu-

able tool in the field of plant biotechnology. However, limi-
tations of this system to efficiently transform all plant species
are, in part, a result of our lack of understanding of the
mechanism of T-DNA transfer. Very little is known about the
host factors that play a role in the transport, targeting, and
chromosomal integration of the T-DNA. The present obser-
vation that A. tumefaciens-mediated T-DNA transfer to yeast
parallels transfer to plants in many respects opens a new field
of study that may provide insight into T-DNA transformation.
Although direct comparisons between plants and yeast are
premature at this point, studies indicate that some of their host
mechanisms are similar. Janda and Ahlquist (43) demon-
strated that yeast can support the replication of the brome
mosaic virus (BMV) genome. Given that BMV is a plant virus
suggests that yeast must contain cellular factors homologous to
those in plants that allow the replication of higher eukaryotic
viruses. Even more pertinent to the A. tumefaciens/yeast
transformation system is the fact that the nuclear localization
sequences of VirD2 function in yeast as well as in plants (44),
suggesting that host components necessary for nuclear target-
ing of the T-DNA complex are present in both lower and
higher eukaryotes. Future work will involve the identification
of host factors involved in T-DNA transfer in yeast and the
application of those observations to the A. tumefaciens/plant
system.

We thank Karla J. Fullner and Wanyin Deng for critical evaluation
and discussion of this work and Bonita Brewer, Luca Comai, and
Wanyin Deng for their critical review of the manuscript. This work was
supported by a grant from the National Institutes of Health to E.W.N.
(GM32618). J.D.H. was supported by a fellowship from the National
Institutes of Health (GM15097).

1. Hooykaas, P. J. J. & Beijersbergen, A. G. M. (1994) Annu. Rev.
Phytopathol. 32, 157-179.

2. Winans, S. C. (1992) Microbiol. Rev. 56, 12-31.
3. Heath, J. D., Charles, T. C. & Nester, E. W. (1995) in Two-

Component Signal Transduction, eds. Hoch, J. A. & Silhavy, T. J.
(Am. Soc. of Microbiology, Washington, DC), pp. 367-385.

4. Yanofsky, M. F., Porter, S. G., Young, C., Albright, L. M., Gor-
don, M. P. & Nester, E. W. (1986) Cell 47, 471-477.

5. Christie, P. J., Ward, J. E., Winans, S. C. & Nester, E. W. (1988)
J. Bacteriol. 170, 2659-2667.

6. Zupan, J. R. & Zambryski, P. (1995) Plant Physiol. 107, 1041-
1047.

7. Citovsky, V., Zupan, J., Warnick, D. & Zambryski, P. (1992)
Science 256, 1802-1805.

8. Rossi, L., Hohn, B. & Tinland, B. (1993) Mol. Gen. Genet. 239,
345-353.

Microbiology: Piers et al.



Proc. Natl. Acad. Sci. USA 93 (1996)

9. Gheysen, G., Villarroel, R. & Van, M. M. (1991) Genes Dev. 5,
287-297.

10. Lessl, M. & Lanka, E. (1994) Cell 77, 321-324.
11. Heinemann, J. A. & Spraue, G. F. (1989) Nature (London) 340,

205-209.
12. Nishikawa, M., Suzuki, K. & Yoshida, K. (1990) Jap. J. Genet. 65,

323-334.
13. Inomata, K., Nishikawa, M. & Yoshida, K. (1994) J. Bacteriol.

176, 4770-4773.
14. Bundock, P., den Dulk-Ras, A., Beijersbergen, A. & Hooykaas,

P. J. J. (1995) EMBO J. 14, 3206-3214.
15. Hood, E. E., Gelvin, S. B., Melchers, L. S. & Hoekema, A. (1993)

Transgen. Res. 2, 208-218.
16. Sciaky, D., Montoya, A. L. & Chilton, M. D. (1978) Plasmid 1,

238-253.
17. Stachel, S. E. & Nester, E. W. (1986) EMBO J. 5, 1445-1454.
18. Koukolikova-Nicola, Z., Raineri, D., Stephens, K., Ramos, C.,

Tinland, B., Nester, E. W. & Hohn, B. (1993) J. Bacteriol. 175,
723-731.

19. Ward, J. E., Akiyoshi, D. E., Regier, D., Datta, A., Gordon, M. P.
& Nester, E. W. (1988) J. Bio. Chem. 263, 5804-5814.

20. Sikorski, R. S. & Heiter, P. (1989) Genetics 122, 19-27.
21. Sambrook, J., Fritsch, E. F. & Maniatis, T. (1989) Molecular

Cloning: A Laboratory Manual (Cold Spring Harbor Lab. Press,
Plainview, NY).

22. Cangelosi, G. A., Best, E. A., Martinetti, G. & Nester, E. W.
(1991) Methods Enzymol. 204, 384-397.

23. Ausubel, F. M., Brent, R., Kingston, R. E., Moore, D. D., Seid-
man, J. G., Smith, J. A. & Struhl, K. (1991) Current Protocols in
Molecular Biology (Wiley, New York).

24. Stinchcomb, D. T., Mann, C. & Davis, R. W. (1982) J. Mol. Biol.
158, 157-179.

25. Wellinger, R. J., Wolf, A. J. & Zakian, V. A. (1993) Cell 72,
51-60.

26. Bevan, M. (1984) Nucleic Acids Res. 12, 8711-8721.
27. Tsang, T., Copeland, V. & Bowden, G. T. (1991) Biotechnology

10, 330.
28. Porter, S. G., Yanofsky, M. F. & Nester, E. W. (1987) Nucleic

Acids Res. 15, 7503-7517.
29. Dente, L. & Cortese, R. (1987) Methods Enzymol. 155, 111-119.
30. Stachel, S. E., Timmerman, B. & Zambryski, P. (1986) Nature

(London) 322, 706-712.
31. Blackburn, E. H. (1994) Cell 77, 621-623.
32. Jin, S. G., Komari, T., Gordon, M. P. & Nester, E. W. (1987)

J. Bacteriol. 169, 4417-4425.
33. Fullner, K. J., Stephens, K. M. & Nester, E. W. (1994) Mol. Gen.

Genet., in press.
34. Douglas, C. J., Halperin, W. & Nester, E. W. (1982) J. Bacteriol.

152, 1265-1275.
35. Lippincott, B. B. & Lippincott, J. A. (1969) J. Bacteriol. 97,

620-628.
36. Robertson, J. L., Holliday, T. & Matthysse, A. G. (1988) J.

Bacteriol. 170, 1408-1411.
37. Uttaro, A. D., Cangelosi, G. A., Geremia, R. A., Nester, E. W. &

Ugalde, R. A. (1990) J. Bacteriol. 172, 1640-1646.
38. Cangelosi, G. A., Martinetti, G., Leigh, J. A., Lee, C. C., Theines,

C. & Nester, E. W. (1989) J. Bacteriol. 171, 1609-1615.
39. de Iannino, N. I. & Ugalde, R. A. (1989) J. Bacteriol. 171,

2842-2849.
40. Glogowski, W. & Galsky, A. G. (1978) Plant Physiol. 61, 1031-

1033.
41. Heinemann, J. A. (1991) Trends in Genet. 7, 181-185.
42. Mazodier, P. & Davies, J. (1991) Annu. Rev. Genet. 25, 147-171.
43. Janda, M. & Ahlquist, P. (1993) Cell 72, 961-970.
44. Tinland, B., Koukolikova-Nicola, Z., Hall, M. N. & Hohn, B.

(1992) Proc. Natl. Acad. Sci. USA 89, 7442-7446.

1618 Microbiology: Piers et al.


