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Abstract An Autonomously Replicating Sequence ele-
ment adjacent to the RIB1 gene encoding GTP
cyclohydrolase II of the yeast Pichia guilliermondii was
identi®ed by transformation experiments. Detailed se-
quence analysis unveiled two potential ARS elements
located 5¢ and 3¢ of the RIB1 open reading frame. The
chromosomal fragment containing the ARS-like se-
quence 3¢ to the RIB1 structural gene, called PgARS,
conferred high transformation frequencies of 104±105

transformants/lg of DNA to a pUC19-derived plasmid
in P. guilliermondii. The PgARS element also conferred
autonomous replication to hybrid plasmids in this host.
Based on this element a series of Escherichia coli shuttle
vectors for e�cient transformation of the ¯avinogenic
yeast P. guilliermondii was developed.
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Introduction

The ¯avinogenic yeast Pichia guilliermondii is of in-
creasing scienti®c and industrial interest. In addition to
a large variety of carbohydrates this microorganism
can utilize hydrocarbons as a sole source of carbon and
energy (Shchelokova et al. 1974). The ability to syn-
thesize ribo¯avin (vitamin B2) in large quantities under
conditions of iron starvation (Shavlovsky and Log-
vinenko 1988 a, b) has attracted industrial interest.
Flavin biosynthesis is under the control of negative,
Rib80p and Rib81p, and positive, Rib83p and Rib84p,
transcription factors, and iron (Shavlovsky and Log-
vinenko 1988 a, b). Despite progress in developing ef-
®cient transformation systems for other ``non-
conventional'' yeast species, like Kluyveromyces lactis
(Das and Hollenberg 1982; Bianchi et al. 1987), Kluy-
veromyces fragilis (Das et al. 1984), Pichia pastoris
(Cregg et al. 1985), Pichia stipitis (Yang et al. 1994),
Hansenula polymorpha (Gleeson et al. 1986; Roggen-
kamp et al. 1986; Tikhomirova et al. 1986), Candida
maltosa (Takagi et al. 1986; Sasnauskas et al. 1992),
Candida albicans (Kurtz et al. 1987) and Yamadazyma
(Pichia) ohmeri (Piredda and Gaillardin 1994), so far
no ARS elements have been identi®ed in P. gu-
illiermondii and transformation was restricted to the use
of Saccharomyces cerevisiae vectors (Kunze et al. 1985
a, b). The construction of high e�ciency transforma-
tion systems is thus necessary to explore the regulatory
mechanisms involved in ¯avinogenesis and to further
exploit the technological applications of this host
strain.

The P. guilliermondii genes RIB7, coding for ribo-
¯avin synthase (Logvinenko et al. 1993), and RIB1,
coding for GTP cyclohydrolase II (Zakal'sky et al.
1990), have been cloned and sequenced (Y. Boretsky,
unpublished; Liauta-Teglivets et al. 1995). 5¢ and 3¢ to
the RIB1 open reading frame ARS-like elements with
homology to the ARS consensus sequence, ACS, as
de®ned for S. cerevisiae (Cregg et al. 1985; Rowley et al.
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1994) were identi®ed. Here we report on the analysis of
an ARS element 3¢ to the RIB1 ORF, called PgARS,
that confers high transformation e�ciency to a pUC19-
derived plasmid containing RIB1 or RIB7 structural
genes in P. guilliermondii.

Materials and methods

Strains, media and culture conditions. P. guilliermondii ribo¯avin-
de®cient mutants rib1-21 and rib7-162 with defective GTP
cyclohydrolase II and ribo¯avin synthase, respectively (Shavlovsky
et al. 1979), were used in yeast transformations. Escherichia coli
ribo¯avin-de®cient strains ribA802-81 and ribB802-45 [F)e14)

(McrA)) lacY1 supE44 galK2 galT22 rfbD1 metB1 mcrB1 hsdS3
(rÿk mÿk )] with defective GTP cyclohydrolase II and ribo¯avin syn-
thase, respectively, were used to select and propagate various
plasmids that contain RIB1 or RIB7 genes of P. guilliermondii
(Tesliar and Shavlovsky 1983). Standard LB and YPD (1% yeast
extract, 2% bacto pepton and 2% dextrose) media were used to
propagate bacterial and yeast cells (Ausubel et al. 1990). Trans-
formed E. coli strains were maintained on media containing
100 mg/l of ampicillin. Ribo¯avin-de®cient strains of bacteria and
yeasts were grown on media containing ribo¯avin at a concentra-
tion of 50 mg/l and 200 mg/l. P. guilliermondii cells were cultivated
at 29 °C. Transformed yeast and bacterial strains were maintained
on ribo¯avin-de®cient media.

Cloning and transformation procedures. E. coli transformations
were performed according to the method of Cohen (Maniatis et al.
1982). DNA manipulations were carried out as described by Ma-

niatis et al. (1982). P. guilliermondii was transformed by the lithium
chloride method (Gleeson et al. 1986) or by using a modi®ed
spheroplast method as described for P. pastoris (Cregg et al. 1985).
1 M sorbitol was replaced by 1 M sucrose in all bu�ers (SED, SCE,
CaS). Transformed spheroplasts were diluted in 1 M sucrose and
plated directly on YPD plates containing 2% agar and 1 M su-
crose, without using overlay agar. Colonies grew within 4±7 days.
Plasmid constructs used in this study are listed in Fig. 1 a and b.
Plasmid p19R1 contains a 2.1-kb SalI fragment of the chromo-
somal DNA fragment carrying the RIB1 gene (GTP cyclohydrolase
II) cloned into the SalI site of pUC19 (Yanish-Perron et al. 1985).
Plasmid p19R1Xh contains a 1.68-kb SalI-XhoI fragment of the
RIB1 region, and plasmid p19R7 contains a 1.4-kb HindIII-EcoRI
fragment of the RIB7 gene (ribo¯avin synthase), inserted into the
respective sites of pUC19. Plasmids p19R7R1-1 and p19R7R1-5
are derivatives of p19R7 containing a 2.1-kb fragment of RIB1
cloned into the EcoRI site of p19R7 in opposite orientations.
Plasmids p19R7-34 and p19R7-38 contain a 0.76-kb HincII frag-
ment of the 5¢ region, and plasmids p19R7-51 and p19R7-55 con-
tain a 1.33-kb PstI fragment of the RIB1 gene in both orientations,
cloned into the EcoRI site of p19R7 (Fig. 1 b). Plasmids p19R7-3
and p19R7-7 contain a 0.82-kb HincII fragment of the 3¢ region of
the RIB1 gene, in both orientations, cloned into the EcoRI site of
plasmid p19R7 (Fig. 1 b). Isolation of plasmid DNA from P. gu-
illiermondii transformants was carried out by the ``10-min. method''
(Ho�man and Winston 1987). Stability of the P. guilliermondii
transformants was analysed as described previously (Cregg et al.
1985). Southern blot analysis was performed on undigested chro-
mosomal DNA using a 0.76-kb HincII fragment of the RIB1 gene
and a 1.4-kb HindIII-EcoRI fragment of the RIB7 gene as
hybridization probes. DNA fragments were labelled using a non-
radioactive digoxigenin-probe labelling system (Boehringer Man-
nheim).

Fig. 1 a, b Clones used in this
study. a plasmid p19R1 harbors
a 2.1-kb P. guilliermondii geno-
mic DNA fragment carrying the
RIB1 gene. Plasmid p19R1Xh is
a DXhoI/SalI p19R1. Plasmid
p19R7 harbors the RIB7 gene
within a 1.4-kb P. guilliermondii
genomic DNA fragment. The
RIB1 insert of p19R1 was
cloned into the EcoRI site of
plasmid p19R7 in opposite ori-
entations. b RIB1 gene frag-
ments cloned into the EcoR1
site of plasmid p19R7. Thin
lines depict vector sequence,
triangles are the multiple clon-
ing sites, thick lines represent
the cloned yeast genomic DNA
fragments
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Results

Identi®cation of a P. guilliermondii ARS element

The e�ciency of transformation of P. guilliermondii rib1
mutant cells with plasmid p19R1 containing the RIB1
gene (Fig. 1 a) was about 150 times higher compared to
P. guilliermondii rib7 mutants transformed with plasmid
p19R7 harboring the RIB7 gene (Table 1), using the
lithium chloride method. The spheroplast method re-
sulted in a transformation e�ciency of 1.5 ´ 104 trans-
formants/lg of DNA for rib1 mutants transformed with
plasmid p19R1, whereas rib7 mutants transformed with
plasmid p19R7 yielded only 50 transformants/lg of
DNA. Both mutants, rib1 and rib7, are isogenic deriv-
atives of the L2 P. guilliermondii genetic line, di�ering
only in the RIB1 and RIB7 loci. Both p19R1 and p19R7
plasmids used for transformation are based on the
bacterial vector pUC19 (Yanish-Perron et al. 1985).
Thus, the high transformation e�ciency of the plasmid
complementing the rib1 mutation suggests the presence
of an ARS element on the genomic fragment harboring
the RIB1 gene.

To analyze this phenomenon in greater detail, a
number of p19R7-derived plasmids, as outlined in
Fig. 1 a and b, were constructed. Transformation e�-
ciencies, using both lithium chloride and spheroplast
transformation procedures, are summarized in Table 1.
The 1.68-kb RIB1 gene fragment (p19R1Xh) confers
similar transformation e�ciencies as the original RIB1
construct (p19R1). Insertion of the RIB1 gene fragment
in both orientations into plasmid p19R7 harboring the
RIB7 gene (plasmids p19R7R1-1 and p19R7R1-5) re-
sulted in a 950±1500-fold increase of the transformation
e�ciency of the rib7 mutant (Table 1), further support-
ing the presence of an autonomously replicating se-
quence (ARS) adjacent to the RIB1 gene. The presence
of an ARS sequence on a plasmid is known to increase
the transformation e�ciencies of yeast cells 100±10 000-
fold (Beggs 1978; Struhl et al. 1979; Cregg et al. 1985).

Characterization of an ARS element adjacent to the
RIB1 gene

Sequence analysis of the RIB1 gene revealed the pres-
ence of two ARS-like sequences 5¢ and 3¢ to the open
reading frame, 5¢ARSLS and 3¢ARSLS (Fig. 2). Both
areas are rich in A and T (71±73% over 120±130 bp),
which is signi®cantly higher than the average A+T
content of 55±65% reported for chromosomal DNA of
Pichia species (Storck and Alexopoulos 1970). Further-
more, the ARS-like sequences contain regions similar to
the ARS consensus sequence, ACS, de®ned for S. cere-
visiae (Rowley et al. 1994). Like PARS sequences in
P. pastoris (Cregg et al. 1985) the P. guilliermondii ARS-
like sequences contain numerous short repeats. No
comparable regions were identi®ed within, or adjacent
to, the RIB7 gene (Boretsky, unpublished).

To localize and further characterize the putative
P. guilliermondii ARS, numerous plasmids were con-
structed that contain the 5¢ARSLS or 3¢ARSLS inserted
into the reporter plasmid p19R7 harboring the RIB7
gene. Transformation of rib7 mutants and restoration of
ribo¯avin prototrophy was more than 1000-fold higher
with plasmids p19R7-3 and p19R7-7, harboring the
3¢ARSLS in both orientations. By contrast, the trans-
formation e�ciency of rib7 mutants transformed with
plasmids p19R7-34, p19R7-38, p19R7-51 and p19R7-55
containing the 5¢ARSLS was as low as with the control
plasmid p19R7 without an insert (Table 2). These data
suggest that only the 3¢ARSLS confers high transfor-
mation e�ciencies and that the 5¢ARSLS does not
function as an autonomously replicating sequence on a
plasmid in this yeast species.

Mitotic stability of transformed plasmids

rib7 mutants transformed with plasmids harboring the
RIB7 gene and various 5¢ and 3¢ ARSLS-containing
inserts (see Table 2) were grown for ten generations
under non-selective conditions in the presence of
200 mg/l of ribo¯avin. Transformants harboring plas-
mids carrying the 5¢ARSLS retained the Rib+ pheno-
type even after ten generations under non-selective
conditions, which might be due to integration of the
plasmids into the chromosome. By contrast, 70±90% of
the transformants harboring the 3¢ARSLS on the plas-
mid lost their Rib+ phenotype (Table 2), which is con-
sistent with the observation that plasmids carrying
chromosomal ARSs are rather unstable under non-se-
lective growth conditions (Glover 1988). The fact that a
residual 10±30% of transformants maintained the plas-
mid might be the result of the formation of multimeric
plasmids, which was described previously for H. poly-
morpha and C. albicans (Tikhomirova et al. 1986; Kurtz
et al. 1987). Thus, high frequency plasmid-loss suggests
the presence of an ARS adjacent to the cloned RIB1
gene.

Table 1 Transformation frequency of P. guilliermondii with plas-
mids that contain either RIB1, RIB7 or both RIB1 and RIB7 genes
of this yeast species

Strain Plasmid Transformation frequency,
transf./lg DNA

Spheroplast
method

Lithium chloride
method

rib1-21 p19R1 1.5 ´ 104 1.5 ´ 102

rib1-21 p19R7R1-1 5 ´ 104 ±
rib1-21 p19R7 0 0

rib7-162 p19R7 5 ´ 101 1.2
rib7-162 p19R7R1-1 4.7 ´ 104 1.2 ´ 102

rib7-162 p19R7R1-5 7.5 ´ 104 ±
rib7-162 p19R1 0 0

``±'': not determined
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Fig. 2 DNA sequence and de-
duced amino acid sequence of 5¢
and 3¢ end regions of the
P. guilliermondii RIB1 ORF
(EMBL, accession number
Z49093). 5¢ ARS-like
(5¢ARSLS) and 3¢ ARS-like
(3¢ARSLS) sequences are
shown inversed. Sequences
homologous to the S. cerevisiae
ARS consensus sequence (ACS)
are shown by thick dark arrows.
Inverted repeats (IRs) are
shown by thin arrows with their
respective numbers. The adenine
plus thymine base pair content
(A/T-content) is shown in per-
cent

Table 2 Transformation of
P. guilliermondii with plasmids
that contain 5¢ or 3¢ ARS-like
sequences

Strain Plasmid Type of RIB1
ARSLS
cloned

Transformation
frequency,
transf./lg DNA
(spheroplast method)

Loss of RIB+

phenotype
after ten
generations in
nonsel. medium (%)

rib7-162 p19R7 Absent 5.5 ´ 101 0
rib7-162 p19R7-34 5¢ARSLS 4.4 ´ 101 0
rib7-162 p19R7-38 5¢ARSLS 9.7 ´ 101 0
rib7-162 p19R7-51 5¢ARSLS 8.8 ´ 101 0
rib7-162 p19R7-55 5¢ARSLS 5.9 ´ 101 0
rib7-162 p19R7-3 3¢ARSLS 7.5 ´ 104 88
rib7-162 p19R7-7 3¢ARSLS 9.5 ´ 104 70
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Fig. 3 a±c Southern blot anal-
ysis of total DNA of yeast
transformants. Mutant and
transformed strains from which
total DNA was prepared are
shown under the corresponding
lanes. Undigested total DNA
was separated on 0.8% agarose
gels, transferred to positively
charged nylon membranes and
hybridized with a digoxigenin-
labelled a a 1.4-kb HindIII-
EcoRI fragment R1B7 gene-
speci®c probe, b a 0.76-kb
HincII fragment RIB1 gene-
speci®c probe and c a 1.4-kb
HindIII-EcoRI fragment RIB7
gene-speci®c probe
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Autonomous replication of plasmids containing
the 3¢ ARS

Plasmids p19R7-3, p19R7-7, p19R7R1-1 and p19R7R1-
5 (Fig. 1 a and b) were isolated from P. guilliermondii
transformants and transformed into E. coli. Plasmid
DNA was recovered in a good yield from yeast trans-
formants, further supporting the notion of the episomal
character of the plasmids. Restriction analysis of plas-
mids isolated from E. coli transformants did not indicate
any alterations, e.g. by recombination of the plasmids, in
P. guilliermondii. Furthermore, these re-isolated plas-
mids conferred the same high frequency of transforma-
tion when re-transformed into Pichia as the ``original''
clone. Taken together these data strongly suggest that
the plasmids are indeed replicating autonomously in
P. guilliermondii, and that a sequence 3¢ to the RIB1
gene functions as an ARS.

Additional support for the role of an ARS adjacent
to the RIB1 gene was obtained from Southern blot
analysis of DNA isolated from transformed cells (Kurtz
et al. 1987). Undigested total DNA isolated from yeast
transformants was separated on 0.8% agarose gels,
transferred to positively charged nylon membranes and
hybridized with digoxigenin-labelled RIB1 and RIB7
probes. Yeast transformants harboring plasmids p19R1
(RIB1 gene) and p19R7-7 (RIB7 gene + 3¢ARS) and
p19R7R1-5 (RIB7 gene and RIB1 gene including the
3¢ARS, in opposite orientation), display additional hy-
bridization bands suggestive of additional copies of
RIB1 or RIB7 DNA (Fig. 3). In contrast, total DNA
puri®ed from yeast transformed with parental plasmid
p19R7, lacking the RIB1-adjacent ARS, produced a
single broad band of hybridization at the level of chro-
mosomal DNA. Although this analysis does not allow a
quanti®cation of plasmid copy numbers, it further sup-
ports the notion that insertion of the 3¢ARS into plasmid
p19R7 provides it with an autonomous status.

Discussion

A high transformation frequency and an autonomous
state of plasmids in yeast cells are provided by ARS
elements (Struhl et al. 1979). In general, ARSs are spe-
cies-speci®c and usually do not show inter-species
functionality. For instance, the S. cerevisiae ARS1 is not
active in Schizosaccharomyces pombe (Beach and Nurse
1981), K. lactis (Das and Hollenberg 1982), K. fragilis
(Das et al. 1984), P. pastoris (Cregg et al. 1985), or
C. maltosa (Takagi et al. 1986). The S. cerevisiae 2-lm
ori is active to some extent in K. lactis (Das and Ho-
llenberg 1982) and P. pastoris (Cregg et al. 1985), but is
not functional in K. fragilis (Das et al. 1984) and C.
maltosa (Takagi et al. 1986). However, ARS elements
from di�erent species may have common features, like a
high A+T content or the existence of direct and inver-
ted repeats, and show some homology at the DNA se-
quence level (Cregg et al. 1985).

We have identi®ed a P. guilliermondii ARS, called
PgARS, which is located at the 3¢ end of the RIB1 open
reading frame. It has ARS-features characteristic for
other yeast species, such as a high A+T content (71%
over a range of 130 bp), inverted repeats, and sequences
homologous to an essential ARS consensus sequence of
S. cerevisiae (Storck and Alexopoulos 1970; Cregg et al.
1985; Rowley et al. 1994). The function of the second
ARS-like region, which is localized upstream of the
RIB1 open reading frame, is unknown. This sequence
also has some features of the functional PgARS 3¢ to the
RIB1 ORF, but the inverted repeats are short and in-
clude non-complementary bases. Most likely, some im-
portant but as-yet unidenti®ed sequences that may be
required for ARS functionality in P. guilliermondii are
missing in the predicted 5¢ ARS element. Alternatively,
as the 5¢ element is located within the core promoter
region of the RIB1 gene, the ARS function might be
blocked by the transcription machinery.

The PgARS element was used to develop a high-ef-
®ciency transformation system for P. guilliermondii. We
have shown that its presence on recombinant plasmids
resulted in a high transformation frequency and an au-
tonomous replication in the yeast cells. A host-vector
transformation system, with rib1 or rib7 mutants as
hosts and pUC19-based plasmids containing the RIB1
or RIB7 genes, respectively, as selection markers as well
as the ARS element, provides an e�cient tool for the
development of molecular biology in P. guilliermondii
and expands the technological applications for this in-
dustrially important yeast species.
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