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Tagged mutants affected in the degradation of hydrophobic compounds (HC) were generated by insertion of
a zeta-URA3 mutagenesis cassette (MTC) into the genome of a zefa-free and ura3 deletion-containing strain of
Yarrowia lipolytica. MTC integration occurred predominantly at random by nonhomologous recombination. A
total of 8,600 Ura™ transformants were tested by replica plating for (i) growth on minimal media with alkanes
of different chain lengths (decane, dodecane, and hexadecane), oleic acid, tributyrin, or ethanol as the C source
and (ii) colonial defects on different glucose-containing media (YPD, YNBD, and YNBcas). A total of 257
mutants were obtained, of which about 70 were affected in HC degradation, representing different types of
non-alkane-utilizing (Alk™) mutants (phenotypic classes alkA to alkE) and tributyrin degradation mutants.
Among Alk™ mutants, growth defects depending on the alkane chain length were observed (alkAa to alkAc).
Furthermore, mutants defective in yeast-hypha transition and ethanol utilization and selected auxotrophic
mutants were isolated. Flanking borders of the integrated MTC were sequenced to identify the disrupted genes.
Sequence analysis indicated that the MTC was integrated in the LEUI locus in N083, a leucine-auxotrophic
mutant, in the isocitrate dehydrogenase gene of N156 (alkE leaky), in the thioredoxin reductase gene in N040
(alkAc), and in a peroxine gene (PEX14) in N078 (alkD). This indicates that MTC integration is a powerful tool

for generating and analyzing tagged mutants in Y. lipolytica.

About 20% of all yeast species have been recorded as being
able to utilize as carbon substrates hydrophobic compounds
(HC) like n-alkanes, fatty acids, and triglycerides (for reviews
see references 15 and 36). This list of species was significantly
extended by studies on single-cell protein production in the
mid-1960s (30). Among these yeasts, however, genetic and
genetic-engineering techniques were widely developed only for
the dimorphic fungus Yarrowia (formerly Candida, Endomy-
copsis, or Saccharomycopsis) lipolytica (2).

Y. lipolytica very efficiently utilizes long- and short-chain
triglycerides, such as olive oil and tributyrin, fatty acids, and
the corresponding n-alkanes, from decane (C,,) to octadecane
(C,g) and longer chains (2). Screening of mutants affected in
HC utilization was initially performed by R. K. Mortimer’s
group (5) using n-decane as the substrate. Based on the rela-
tive frequencies of alkane and auxotrophic mutants, 80 to 90
genes appeared to be involved in n-alkane assimilation. The
Alk™ mutants were classified into five phenotypic classes (alkA
to alkE) depending on their use of intermediates of the alkane
degradation pathway (fatty alcohol, fatty aldehyde, fatty acid,
and acetate) (5, 6, 14, 17). Among at least 26 loci affecting
uptake and primary alkane oxidation, 16 were required for
efficient n-alkane uptake (6). Mauersberger et al. isolated Alk ™
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mutants of Y. lipolytica and Candida maltosa using C,,, C,,,
and C,, as substrates and subdivided alkA mutants into alkAa
(unable to use any n-alkane), alkAb (no growth on Cg to C,),
and alkAc (no growth on C,;) (17). This, and studies on cyto-
chrome P450 regulation in Y. lipolytica and C. maltosa, sug-
gested the existence of several chain length-specific alkane
uptake or cytochrome P450 monooxygenase systems catalyzing
the primary terminal hydroxylation (17). This was proven for
C. maltosa (23, 37) and more recently for Y. lipolytica (12), by
identifying up to eight cytochrome P450 genes (ALKI to
ALKS) in this species, all belonging to the CYP52 gene family.
A'Y. lipolytica strain with ALK]I deleted grew very poorly on
C,, but almost normally on C,, or C;4 (11).

Other groups isolated mutants unable to utilize short-chain
triglycerides after nystatin enrichment using tributyrin as a
carbon source (19, 20) or unable to utilize the long-chain oleic
acid (C,g) in a screen of genes involved in peroxisome biogen-
esis using a rapid immunofluorescence assay (22). Some of the
Pex mutants exhibited pleiotropic phenotypes affecting perox-
isome biogenesis, secretion, and morphology (32). Several
PEX genes were isolated, and their functions were analyzed
(32, 33).

Through both reverse and classical genetics, we identified
multigene families involved in these metabolic pathways, such
as those encoding acyl-coenzyme A oxidases of the peroxiso-
mal B-oxidation (POXI to POXS5 genes) (35) or lipases (LIP
genes) (24), and genes impairing the anaplerotic glyoxylate
cycle and its regulation during metabolism of alkanes, ethanol,
or acetate (ICLI, ACS1, and GPRI) (4, 14, 34).
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TABLE 1. Y. lipolytica strains used in this study

Name Genotype References
W29 MATA, wild-type 3
PO1d MATA leu2-270 ura3-302 xpr2-322 SUC2 3
E129 MATA leu2-270 lys11-23 ura3-302 xpr2-322 SUC2 3
E150 MATB leu2-270 hisl ura3-302 xpr2-322 SUC2 3
YB423-12 MATA, wild-type 3
CX161-1B MATA adel 5
CXAU1 MATA adel, ura3 11
H222 MATA, wild-type 3
H222-67 MATA ura3-67 16
H222-41 (JMY322) MATA ura3-41 This work
H222-S4 (JMY323) MATA ura3-302 SUC2 This work
B204-12C-20 MATA leu2-20 met6-1 spol-1 14
B204-67 (JMY324) MATA leu2-20 met6-1 spol-1 ura3-674 This work
T1 to T20 H222-41 transformed with JMP5 digested by Notl, randomly selected Ura™
P1 to P20 H222-41 transformed with JMP5 digested by Notl, with phenotype

NOO1 to N257

H222-41 transformed with JMP5 digested by Notl with selected phenotypes

Several of the previously isolated Alk™ mutants were simul-
taneously affected in mating and/or sporulation, in colonial and
cellular morphology, and/or in transformation ability (5, 6). In
addition, for several chemically induced alkE mutants, rever-
tants with new phenotypes occurred at high frequencies (16).
To circumvent these difficulties, we first developed a transpo-
son tagging approach to identify genes involved in HC utiliza-
tion (18), leading to the characterization of PEXI0 (J.-M.
Nicaud, unpublished data), which is involved in peroxisome
biogenesis. However, identification of the tagged genes was
plagued by a high level of nonhomologous integration (26).

We recently developed new integrative vectors (mono- and
multicopy) for gene expression in Y. lipolytica (25), carrying the
zeta long terminal repeat of the Y. lipolytica retrotransposon
Yit1 (29). We observed that this long terminal repeat directed
random integration of the transforming DNA into the genome
of strains devoid of Y/tI. Here, we report on the use of a short
zeta-based mutagenesis cassette (MTC) for generating tagged
mutants. We demonstrate that this MTC inserts at random by
nonhomologous recombination, that mutant phenotypes are
due to cassette integration, and that tagged genes are easily
identified. This provides a powerful tool for the identification
of genes involved in different pathways, as demonstrated here
for HC utilization, morphogenesis, and auxotrophic mutants.

MATERIALS AND METHODS

Strains, media, and growth conditions. The Escherichia coli DH5a« strain was
used for transformation and amplification of recombinant plasmids DNA. Cells
were grown in Luria-Bertani medium (27) supplemented with ampicillin (100
pg/ml) or kanamycin (40 pg/ml) for plasmid selection. The Y. lipolytica strains
used in this study are listed in Table 1. They were grown at 28°C in complete
media, YPD (3), and YNBcas (YNBD with 0.2% Casamino Acids) (35) or in
minimal media derived from YNB (35) or M (a slightly modified YNB medium)
(17) containing the following carbon sources: glucose (1 or 2%; YNBD), oleic
acid (1% in 0.05% Tween 80, added as 20-fold sonicated stock emulsion;
YNBO), tributyrin (1% in 0.05% Tween 80, added as 20-fold sonicated emul-
sion; YNBT), alkanes (1 or 2%) of different chain lengths (YNBCI10, decane;
YNBC12, dodecane; YNBCI16, hexadecane). For solid media, 20 g of agar per
liter was added. For alkane growth test on plates, alkanes were supplied as vapor
phase by placing 200 .l of the n-alkane on a sterile filter paper in the lid of the
petri dish (16, 17). Amino acids and uracil were supplied when necessary.

Cultivation in liquid media was performed with 100 or 200 ml of minimal YNB
or M medium in 500-ml Erlenmeyer shaking flasks; baffled flasks were used to
improve dispersion of alkanes and oxygen supply. Cells from overnight YPD

cultures were centrifuged, washed twice with minimal medium without a carbon
source, and used to inoculate the culture at an initial optical density at 600 nm
(ODygyg) of 0.4 to 0.6. Growth was followed by measuring the ODy, or alkali (2.5
N NaOH) consumption used for maintaining pH at 5.3 to 5.5 in minimal medium
(10).

Plasmid constructions. All basic DNA manipulation procedures were per-
formed according to reference 27. The construction of plasmids JMP5 (Fig. 1)
and pINA302 was described previously (21, 25); the construction of pCR4 is
described below.

Sequencing of the URA3 locus, construction of pCR4, and isolation of strains
carrying nonreverting ura3 alleles. To increase the upstream and downstream
sequence information about the URA3 gene locus (U40564), we sequenced over
4,844 bp for this locus (AJ306421) by primer walking using plasmid pLDS5S5,
containing a 4.6-kb Sau3A Y. lipolytica DNA insert (obtained from L. S. Dav-
idow, Pfizer Inc. [8a]), and plasmid AWOAAO10FO3, from a library of 2,284
plasmids used for generating 4,940 random sequence tags (RSTs) from strain
W29 (8).

URA3 deletions in the recipient strains were constructed by transformation
using either pINA302 (containing a ura3::SUC2 construct [21]) or a new URA3
disruption plasmid, pCR4, containing larger flanking regions. Plasmid pCR4 was
constructed by PCR amplification of URA3 promoter (620 bp) and terminator
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FIG. 1. Schematic map of plasmid JMPS5. For insertion mutagene-
sis, plasmid JMP5 (35) was digested by Notl prior transformation to
eliminate the bacterial pHSS6 region (thick line) and to liberate the
MTC containing only the nondefective Y. lipolytica ura3d1 allele (ar-
row), flanked by two inverted partial zeta regions of 401 and 312 bp
(open boxes). The gene conferring kanamycin resistance (kan®) in E.
coli is also shown by an arrow.
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FIG. 2. Strategies for sequencing of the zeta-URA3 MTC insertion
sites in the tagged mutants. Divergent and convergent PCR methods
were used for amplification of the MTC (grey box, ura3d1; flanking
hatched boxes, zeta fragments) insertion site borders. (Left) Divergent
PCR method to rescue the genomic sequences flanking the MTC
inserted into gene X (white arrows, borders after insertion). Genomic
DNA (black line) of MTC mutants was digested with an enzyme which
does not cut in the MTC (site Y) and circularized by ligation. PCR
amplification was performed with oligonucleotide primers (thin ar-
rows) specific for the MTC (Zetal and Zeta3). Alternatively, a restric-
tion enzyme was used that cuts in the polylinker of the MTC (Fig. 1,
HindIll to EcoRI), followed by amplification of the left and right
borders as described previously for Tn3 insertion in Y. lipolytica (26).
The PCR product was sequenced using the same primers. (Right)
Convergent PCR method (PCR walking). Genomic DNA of selected
MTC mutants was digested with enzymes giving blunt ends, such as
EcoRV or EcoRV plus Stul plus Pvull), and ligated with the specific
adapter oligonucleotides Ad1 and Ad2 (black boxes) as previously
described (9). PCR was performed with a primer specific to the adapter
(Ap1) and with a primer specific to the MTC, like Zetal and Zeta3,
generating left and right border fragments, respectively. Border frag-
ments were sequenced with the same primers.

regions (2.6 kb) from plasmid pLDS55 and ligation as HindIII/blunt-end and
blunt-end/SstI fragments into pUC18. It contains a nearly complete deletion (bp
1206 to 2019) of the URA3 open reading frame (bp 1195 to 2049). After trans-
formation of strains H222, B204-12C, and B204-12C-20 with plasmid pCR4
(digested with HindIII and SstI) and subsequent 5-fluoroorotic acid selection, we
isolated several stable Ura™ strains. Southern blotting and PCR analysis of 15
Ura™ clones from each strain revealed that several harbored URA3 deletions, but
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never of the expected type. The URA3 deletions were mapped by sequencing
after PCR amplification using the primer pair URA3-dis1 (GGGGTGACACT
GCACTATTGGTTTG) and URA3-dis2 (CATGTACTCTGCCTCTCAG AAC
GC). The coordinates, corresponding to the known 4,844-bp sequence
(AJ306421) of the Y. lipolytica URA3 locus are bp 1195 to 2049 for the URA3
open reading frame, bp 1804 to 1814 for a ura3-41 10-bp deletion in strain
H222-41, bp 1211 to 2152 for the ura3-302 deletion in strain H222-S4, and bp
1167 to 3385 for the ura3-67 deletion in strain B204-67.

Transformation of Y. lipolytica. Transformation was performed by the lithium
acetate method as previously described (3). Plasmid JMP5 (Fig. 1) was digested
by Notl prior to transformation. For each transformation assay, 0.5 to 1 wg of
plasmid DNA was used, yielding about 1,000 to 1,500 transformants per ug of
DNA. Ura™ transformants were selected on YNBcas.

Chromosomal DNA preparation and Southern blot analysis. Genomic DNA
was prepared as described previously (3). Probes were prepared by PCR or as
DNA fragments from plasmids and labeled with the Gene Images random prime
labeling and detection system (Amersham Life Science).

Amplification of the MTC borders and sequences analysis. The MTC borders
were amplified either by divergent PCR (Fig. 2) as described previously (26) or
by convergent PCR walking (31) (Fig. 2). Primers Adl, Ad2, and Apl are
described in references 9 and 31, and the MTC-specific primers are Zetal
(CCCCACTATGAATACATCAG) and Zeta3 (CACTACCGAGGTTACTAG
AG). For PCR walking or convergent PCR (Fig. 2), left and right borders were
amplified with the primer pairs Apl-Zetal and Apl-Zeta3, respectively. All
amplifications were performed on a Perkin-Elmer thermal cycler 2400 with the
Expand long-template PCR system (Roche Diagnostics GmbH) as previously
described (26). PCR fragments were sequenced directly after gel purification on
an ABI373 DNA sequencer according to the manufacturer’s instructions (Per-
kin-Elmer Biosystems). Sequence comparisons were done by BLAST search (1)
against a Y. lipolytica RST database (8) and at http://www.ncbi.nlm.nih.gov/blast
/blast.cgi. The LEUI gene was amplified with primers N083-1 (TCAAGGACT
TTGGCGTG) and N083-2 (GAAAAAGAGACCCGAGG).

Nucleotide sequence accession numbers. DNA sequences were deposited in
the EMBL database under the accession numbers AJ306421 for URA3 and
AJ278693 for LEUI.

RESULTS AND DISCUSSION

Choice and construction of recipient strains. Natural iso-
lates of Y. lipolytica appear to have widely divergent genetic
structures, as indicated by chromosome length polymorphism
(7) and by the presence or absence of the retrotransposon Yit/
(8). For this study, we required a strain that (i) was devoid of
Ylt] in order to obtain dispersed integration of a zeta-URA3
cassette, (ii) grew efficiently on hydrophobic substrates, and
(iii) exhibited a clear dimorphic switch. We therefore tested for
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FIG. 3. Growth comparison of Y. lipolytica wild-type strains. Growth of the strains H222 (@) and W29 (A) in minimal medium M with 1%
glucose (arrow, additional 1% glucose supplied at 24 h) (A), 1% oleic acid (B), and 2% hexadecane (baffled shaking flasks) (C) as carbon sources.
Cultures in 100 ml of M medium in 500-ml shaking flasks were inoculated with washed cells from overnight YPD precultures at 2 X 10° cells/ml
(ODgqy = 0.4). Growth was monitored by measuring the amount of alkali (2.5 N NaOH) consumption used for pH titration to 5.5 as described

previously (10).
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the presence of Ylt] in various strains, like the wild-type strain
YB423, its derivatives CX161-1B and CXAU1 (American
strain series), or the wild-type strain H222 from Germany, all
previously used for isolation of non-alkane-utilizing (Alk™)
mutants (5, 6, 16) and cytochrome P450 studies (11, 12). We
also tested inbred German strains of G. Barth’s laboratory,
such as B204-12C and its derivatives, inbred French strains
such as E129 and E150, used for the isolation of peroxisomal
mutants (22), and the French wild-type strain W29, used in the
recent Y. lipolytica sequencing projects (8). The American
strains and all inbred strains derived from them contain the
Yit] retrotransposon, while the French (W29) and German
(H222) wild-type strains were devoid of it (data not shown; see
also reference 13).

Both W29 and H222 exhibit similar morphology and growth
kinetics on the various media tested, except for n-alkanes,
where W29 exhibits a very long lag phase or no growth at all
when replica plated from a glucose to an alkane medium.
Similar growth kinetics are observed in liquid medium on glu-
cose (Fig. 3A) and oleic acid (Fig. 3B), while W29 exhibits a
30- to 35-h lag phase on alkanes of different chain lengths (C,,,
to C;4), as shown for hexadecane (Fig. 3C).

In addition, we observed that amino acid-auxotrophic strains
(Leu™, Met ™, Lys™, or His) exhibited a reduced growth rate
in minimal medium on HC, but also on glucose, glycerol, or
ethanol, when ammonium salts were given as nitrogen source
(35; T. Juretzek and S. Mauersberger, unpublished results).
Thus, only a ura3 derivative of the wild-type strain H222 ex-
hibited the required characteristics for this study.

Existing UV-induced mutants like H222-67 (ura3-67) were
found to revert at too high a frequency for tagged mutagenesis.
We therefore constructed H222 derivatives with nonreverting
ura3 alleles (see Materials and Methods).

We used here strain H222-41, which contains a nonreverting
10-bp deletion (allele ura3-41), although strains with larger
deletions obtained later (see Materials and Methods) might be
less prone to URA3 conversion events during transformation
(see below).

Isolation of tagged mutants with a zeta-URA3 MTC. During
analysis of Y. lipolytica Tn3-tagged mutants (18), we frequently
observed unexpected events such as nonhomologous recombi-
nation, which complicated identification of the insertion site
(26; J.-M. Nicaud et al., unpublished data).

We therefore wanted to test if a simpler MTC, containing
only a selectable marker flanked by zeta regions for promoting
random integration into the genome of Ylt/-free strains, could
be used to tag Y. lipolytica genes. For this purpose the strain Y.
lipolytica H222-41 (ura3-41) was transformed with NotI-di-
gested JMP5 (Fig. 1), thus liberating the MTC from the vector.
Ura* transformant colonies were selected on YNBcas at a
frequency of 1,000 to 1,500 transformants per pg of DNA. A
total of approximately 8,600 transformants were isolated and
tested for phenotypes (see below).

The integration of the MTC into the genome was studied by
Southern blot analysis of 20 randomly selected Ura* transfor-
mants (T clones) (Fig. 4B) and of 21 Ura™ transformants
exhibiting specific phenotypes (P clones) (Fig. 4C). When
genomic DNA was digested by EcoRV and hybridized with a
URA3 probe, several bands were expected (Fig. 4A). For the
genomic ura3-41 locus, three bands of 5.6 kb (band a), 2,507 bp
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FIG. 4. Southern blot analysis of MTC transformants revealing
random cassette integration. (A) Schematic representation of the
genomic URA3 locus (construct 1) and of a locus where a zeta-URA3
MTC was inserted (construct 2). The expected fragments (a to e) and
their sizes are indicated. Abbreviations: Ev, EcoRV; R, right. (B) MTC
integration into the genome was determined by Southern blot analysis
of 20 randomly selected Ura® transformants (T clones) of strain
H222-41 with the MTC. Genomic DNA of the wild-type strain H222
(lane WT) and 20 T clones (lanes 1 to 20) from one transformation
plate was digested with EcoRV and probed with the entire URA3 open
reading frame. (C) Southern blot hybridization of 21 selected trans-
formants of strain H222-41 with the MTC, showing phenotypes in the
first screen (P clones, lanes 1 to 21) and of the wild-type strain H222
(WT). Conditions were as described for panel B. (B and C) Band
names and sizes correspond to those in panel A. The variable right
border (band e) is indicated by an arrow for the first transformants, T1
(B) and P1 (C).

(band b), and 398 bp (band c) were expected, the latter being
replaced by a 408-bp band in the case of the wild-type locus or
of the ura3dl allele (Fig. 4A, construct 1). This was indeed
observed in strain H222 and in all transformants (Fig. 4B and
C, lanes 1, 2 to 20, and 2 to 21, respectively). When the MTC
inserted randomly into genomic DNA, three bands were pre-
dicted: a new 726-bp band (band d), an internal 408-bp frag-
ment (band b), and one larger than 816 bp and reflecting the
location of the closest genomic EcoRYV site in the right border
(band e) (Fig. 4A, construct 2).

In the transformants (Fig. 4B and C), three types of patterns
could be observed. A wild-type pattern (type I, bands a, b, and
¢), identical to that of strain H222, was observed for the ran-
domly selected T clones 8, 17, and 18 (Fig. 4B and C, lanes 1),
reflecting ura3-41 conversion in 15% of the transformants. No
type I event was observed among P clones (Fig. 4C). The
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FIG. 5. Phenotypes of selected zeta-URA3 MTC insertion mutants.
Wild-type strain H222 (WT) and selected MTC mutants were pre-
grown on YNBcas, transferred as suspensions onto YPD (A), YNBcas
(B), YNBD (C), YNBO (D), and YNBT (E) plates, and incubated at
28°C for 2 to 5 days. Mutants and their phenotypes: auxotrophic
mutant NO83 (Aux, later shown to be leu! [Fig. 7]); morphology mu-
tants NOO5 (Fil™ " [very rough hyperfilamentous colonies] Alk™ Faa*
Tbu™ Lip~ [no halo formation due to extracellular lipase activity]
Glu™), N203 (Fil~ [smooth colonies, only yeast form] Alk* Faa* Tbu*
Lip~ Glu™), and N127 (Spr* [spreading and filamenting] Alk* Faa®*
Tbu* Lip* Glu"); and HC degradation mutants N006 (alkD/E: Alk ™~
[Ciy~ Ci»~ Cy ] Faa™ Tbu™ Lip* [normal halo formation] Eth*/~
Glu™ Fil™), N046 (alkAc: Alk~ Cyq [Cio* Cp,*/~ C167] Faa™ Tbu™
Lip™ Glu™ Fil~ [Fig. 6]), N059 (Alk~ [growth delay] [C;,*"'~ C,*/~
C,¢"/7] Faa™ Tbu™ Lip* Glu™), N137 (Lip*™* [large halo formation
on YNBT] Alk*"), N216 (alkE: all HC™ Alk™ [C,,~ C;,~ C;4 ] Faa~
Tbu™ Eth~ Glu™ Fil™), N221 (Alk*~ Faa™~ Tbu™ Lip~ [no halo]
Glu* Fil™"), and N240 (alkAb: Alk~ C,o [C;o~ C;"~ Ci6"/ 7] Faa™
Tbu™ Lip™ Glu™).

expected profile after MTC integration was observed in most
of the transformants, resulting in five bands (type II), as pre-
dicted above (the two smallest bands, bands b and b’, comi-
grate and show doubled intensity [Fig. 4B and C]). This type II
pattern was observed in 13 out of 20 T clones (65%) (Fig. 4B)
and in 18 out of 21 P clones (86%) (Fig. 4C). Nonexpected
patterns suggesting multiple insertion of the MTC (more than
five bands and higher intensity of band d, type III) were ob-
served for four T clones (Fig. 4B, clones 3, 19, and probably 5
and 14) and for three P clones (Fig. 4C, clones 1, 10, and 13).
This indicates that most events resulted from single MTC in-
tegration at different loci.

Phenotypic analysis of tagged mutants. To assess the effi-
ciency of MTC for isolating mutants affected in HC utilization,
we screened approximately 8,600 Ura™ transformants for their
ability to grow on nine media, including HC (alkanes, fatty
acid, and triglyceride), ethanol, and glucose, and on media
inducing hyphal growth. Transformants were first transferred
onto YNBcas and then replica plated to avoid colony size
effects. YPD, YNBcas, and YNBG were used for morphology
and auxotrophy testing. An amino acid-auxotrophic strain such
as N083 (Fig. 5) will grow only on YPD and YNBcas. HC
utilization was analyzed on n-alkanes of different chain lengths
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(YNBC10, YNBC12, or YNBC16), oleic acid (YNBO), and
tributyrin (YNBT) and compared to the growth on the hydro-
philic substrates ethanol (YNBE) and glucose (YNBD). The
YNBT medium also revealed halo formation due to extracel-
lular lipase or esterase production.

Thus, 257 mutants were isolated out of 8,600 transformants,
purified, and retested on the same media in 96-well microtiter
plates as described previously (18). Clear phenotypes were
confirmed for about 170 of these primary clones. This mutant
frequency of 2% is close to the 2.5% frequency previously
obtained with Tn3 insertion (18). Selected mutants were sub-
sequently tested in liquid cultures. Examples of mutant phe-
notypes are shown in Fig. 5 and 6.

About 70 mutants were affected with regard to growth on at
least one of the three types of hydrophobic substrates (alkanes
[Alk ], the fatty acid oleate [Faa™], and the triglyceride tribu-
tyrin [Tbu™]). Other carbon source utilization phenotypes,
such as no growth on ethanol only (Alk™ Eth™ Glu™, similar to
NO004), and four yellowish or brownish mutants were also ob-
tained. Other less clear phenotypes, such as reduced growth on
glucose, which are not easily distinguished from leaky auxo-
trophy were eliminated.

Among these HC™ mutants, about 45 exhibited a phenotype
involved in the utilization of alkanes and fatty acid, such as
alkA (Alk~ Faa™ Eth" Glu™), alkD (Alk~ Faa~ Eth™ Glu™),
and alkE (Alk~ Faa~ Eth™ Glu™). Examples of these mutants
are shown in Fig. 5 and 6. The alkD clones N002 (Fig. 6) and
N040 (data not shown) did not grow on any alkane or on oleic
acid but did grow on ethanol and glucose and showed a smooth
(Fil™) colony morphology. The alkE clones N216 (Fig. 5),
NO78, and N156 (data not shown) did not grow on any alkane,
on fatty acid, or on ethanol but did grow on glucose and also
showed a smooth (Fil ) colony morphology. The alkA (Alk™
Faa™) mutants exhibited growth defects depending on alkane
chain length. They either did not grow on any alkane (alkAa
[Cio Cin™ Ci6 ), like NO29 (data not shown), or exhibited
chain length preferences; for example, N032 grew with a lag on
C,, but well on C,¢ (alkAb), whereas N046 grew on C,, but not
on C,4 (alkAc) (Fig. 6), representing the first stable alkAc Y.
lipolytica mutants isolated. Other Alk mutants appeared to be
leaky (delayed growth on alkanes) or unstable after replica
plating or in drop tests (not shown), indicating frequent occur-
rence of spontaneous suppressor mutations.

Several Alk™ and Faa™ mutants were also affected in tribu-
tyrin utilization (Tbu ™), although this was not the case for all
Alk™ mutants, like N006 (Alk~ Faa™ Tbu™ Lip* Glu™") (Fig.
5). On YNBT medium, 36 mutants appeared to be affected
with regard to extracellular lipase activities, as observed by
halo formation. Besides normal halo formation (Lip™, wild-
type) observed for several mutants showing other phenotypes,
we observed both Lip~ phenotypes (no halo formation at all,
as for N047, N203, and N221) and Lip" " phenotypes (larger
halo, like N137, N185, N235, and N256) (Fig. 5D).

In the primary screening, about 50 auxotrophic mutants
were obtained. Strain NO83 was found to be auxotrophic for
leucine and shown to be interrupted in the LEUI gene (see
below).

We also observed about 90 mutants with morphologies that
were abnormal compared to that of the wild-type strain. Al-
though colonial morphology varied on different media, about
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FIG. 6. Growth of selected Alk™ mutants on alkanes of different chain lengths. Growth of the insertion mutant was tested in shaking flasks with
1% alkane medium (YNBC10, YNBC12, or YNBC16). B, N002 (alkD: Alk~ [C,,~ C,;,~ C, ] Faa~ Tbu" Eth™ Glu™ Fil"); @, N032 (alkAb or
alkA leaky: Ak~ [Cy"~ C;,*'" Cj "] Faa® Tbu™ Eth* Glu™); [J, N046 (alkAc: Alk~ Cy4 [Cyy" C,"'~ Cjs | Faa™ Tbu* Glu* Fil"); A, N233
(alkA leaky: Alk™~ [C,y" C;,"/~ Cis"] Faa™ Eth™ Glu™). Mutants were cultivated, and growth was monitored as for Fig. 3.

25 mutants were hyperfilamentous on various media (Fil"™™,
like N0O5), a phenotype not reported previously. A majority of
mutants produced smooth, yeast-cell-only-containing colonies
(Fil™, like N002, N006, and N203), and eight mutants with
larger and flat colonies were called spreading (Spr*, like
N127). Some examples of these phenotypes are shown in Fig.
5. Interestingly, most Fil ™ mutants were also affected in alkane

A zeta-URA3
Left border, 1.0 kb S 2 Right border, 1.5 kb
AplL —— ————» 4———— ApIR
- Zeta3 ‘
- Zetal o

NO83-1—
<«—— NO083-2
e —

B

1 GluAlaArgMetSerMetCysAsnMetAlaIleGluGlyGlyAla
2 GAGGCTCGAATGTCCATGTGCAACATGGCGATTGAGGGAGGAGCT
3 GAGGCTCGAATGTCCATGccgcctgtgggg

4 ggccgectgtgggg
5 tctcacaaagccctCAACATGGCGATTGAGGGAGGAGCT
6 tctcacaaagcecttcagtgtgeggee

FIG. 7. Sequencing of the insertion site in mutant NO83. (A) Sche-
matic representation of the zeta-URA3 MTC insertion in mutant NO83.
The amplified border fragments obtained by convergent PCR (black
boxes; PCR walking as described in reference 9) and the sequence
determined (arrows) using the MTC-specific primers Zetal and Zeta3,
the adapter-specific primer Apl for the left (AplL) and the right
(Ap1R) border fragments, and the gene-specific primers N083-1 and
NO083-2 are shown. The bold arrow indicates the location of the LEUI
gene (AJ278693). (B) Partial amino acid (line 1) and corresponding
nucleic (line 2) sequences of the wild-type LEUI gene (amplified with
the primers NO083-1 and N083-1 from the genomic locus) and the
sequences obtained with Zetal (line 3) and Zeta3 (line 5), compared
with the left (line 4) and right (line 6) borders of the Notl zeta-URA3
cassette (in lowercase letters). The underlined lowercase letters cor-
respond to the Notl site of the cassette borders (lines 4 and 6). The
sequence underlined in line 2 corresponds to the 2-bp deletion at the
site of MTC insertion into the LEUI gene.

and fatty acid utilization, presenting mostly an alkD or alkE
phenotype, like N002, N0O6, or N216. They might be due to
MTC insertion in a PEX gene, since mutants affected in both
morphology and fatty acid utilization were previously de-
scribed as being affected in peroxisome biogenesis (32), like
mutant JMY226 (18), in which PEXI0 is interrupted.

These results show that MTC is highly efficient for the in-
duction of mutants affected in different pathways and can be
used for creating various mutant libraries in Y. lipolytica.

Analysis of the insertion event and identification of the
interrupted gene. To analyze the insertion event and identify
the interrupted gene in tagged mutants, the MTC borders were
amplified by either divergent or convergent PCR (26, 31) (Fig.
2) as described in Materials and Methods.

Results for the leucine-auxotrophic mutant NO83 are pre-
sented in Fig. 7. Borders of the MTC were amplified by PCR
walking and sequenced with the specific MTC primers Zetal
and Zeta3 and with the adapter-specific primer Apl. BLAST
analysis revealed sequences similar to part of the LEUI gene,
encoding 3-isopropylmalate dehydratase, of Saccharomyces
cerevisiae (YGLO009c). Within the Zetal and Zeta3 sequences
(Fig. 7B, lines 3 and 5, respectively), the left and right parts of
the MTC sequences (Fig. 7B, lines 4 and 6, respectively) were
followed by LEUI sequences (Fig. 7B, line 2). To identify the
genomic sequence at the insertion site, part of the LEUI gene
was amplified with primer pair N083-1-N083-2 using H222-41
DNA as the template, and the PCR fragment was sequenced.
Comparison of the genomic DNA sequence with the left and
right border sequences revealed that the MTC was partially
degraded (deletion of 2 and 14 bp from the left and right ends,
respectively) (Table 2). Additionally, no sequence similar to
the Notl site could be observed at the insertion site, indicating
that insertion was not site specific or mediated by a restriction
enzyme-mediated integration-type mechanism into NotI-like
GC rich regions (28) and that MTC integrates by nonhomolo-
gous recombination.

A similar approach was used for 64 MTC insertion mutants.
Results are presented in Table 2 for clones N156, N216, N222,
and N225. For the last three clones, RSTs from Y. lipolytica (8)
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TABLE 2. MTC insertion characteristics

Size (kb) of
amplified
fragment®

Deletion size

Mutant Sequence origin (bp)*

Left Right Left Right

NO083 PCR fragment 2 14 0.9 1.6
N156 PCR fragment 2 0 0.5 1.5
N216 AWOAAO019F02T1°¢ 6 13 0.7 0.8
N222 AWOAA012C01D1¢ 7 0 1.4 1.2
N225 AWOAAO017A04D1¢ — 1 1.1 1.7

“ Deletion observed on both sides of the MTC after insertion.

® The left and right borders were amplified by the convergent method using
Apl-Zeta 1 and Apl-Zeta3 primer pairs, respectively.

¢ RSTs overlapping the insertion site, from reference 8.

@ Addition of 50 bp.

overlap the two borders, allowing identification of the wild-
type sequence at the insertion site of the MTC. This compar-
ison shows that MTC ends were trimmed over a few base pairs
on both sides and integrated by nonhomologous recombina-
tion with a few base pairs modified at the insertion site.

A total of 64 mutants were tested to determine the MTC
insertion site by convergent PCR amplification after EcoRV
restriction and PCR walking (Fig. 2). Both borders were ob-
tained for 32 clones, one border was obtained only for 25
clones, and none was obtained for 7 clones. A new PCR walk-
ing was performed with genomic DNA digested by three re-
striction enzymes, EcoRV, Stul, and Pvull. This increased the
number of borders that could be amplified. However, the sizes
of the amplified fragments were smaller, decreasing the num-
ber of significant BLAST results (data not shown).

For 15 clones, sequence analysis revealed atypical integra-
tion events. We obtained seven clones with the insertion of two
MTCs cither head to tail, head to head, or tail to tail. For
example, in the alkD mutant N002 (Alk~ Faa™ Eth™ Glu™),
two copies of the MTC integrated in tandem and in the same
orientation. For five clones, we observed integration of JMP5,
resulting from a single NotI digestion of the vector. For three
clones, we observed the insertion of one MTC flanked by two
copies of the vectors or insertion of the vector flanked by two
MTCs. These events probably reflect partial digestion of JMP5
and/or in vivo ligation of the MTCs prior integration.

To identify the disrupted genes, we sequenced the borders of
the MTC using the PCR walking method as shown above for
NO083 (Fig. 7). Sequence analysis revealed that the insertion
occurred in the isocitrate dehydrogenase gene for mutant
N156 (alkE leaky: Alk~ Faa~ Eth*/~ Glu"), in the thiore-
doxin reductase gene for N040 (alkD: Alk~ Faa™ Eth™ Glu™
Fil™ and yellowish), and in the peroxine 14 gene (PEX14 [un-
published data]) for mutant NO78 (alkD: Alk~ Faa™ Eth™
Glu™ Fil™). A thorough analysis of the disrupted genes will be
presented elsewhere.

Taken together, these results demonstrate that amplification
and sequencing of the MTC insertion sites permit efficient and
unambiguous identification of the interrupted genes and sug-
gest that this method should be generally useful to identify
genes in any pathway.

J. BACTERIOL.
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