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Phaffia rhodozyma is polyploid
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The ploidy of the red yeast Phaffia rhodozyma was evaluated using flow cytometric analyses of propidium iodide-
stained cells and mutagenic inactivation kinetics. Our findings suggest that Phaffia rhodozyma is not haploid. Aux-
otrophic strains were generated at a high frequency following treatment of mutagenized cells with a combination

of benomyl and ethyl acetate. Studies of an auxotrophic mutant using flow cytometry and UV inactivation indicated
possible chromosome loss to an aneuploid state.

Keywords: Phaffia rhodozyma; ploidy; yeast; astaxanthin

Introduction to define more precisely the ploidy &haffiausing, prim-

, . . arily, the techniques of flow cytometry and ultraviolet radi-
Phaffia rhodozymas a red yeast which produces astaxan ation lethality. We have also investigated the use of antitub-

thin as the major carotenoid pigment [3,4,15]. This organ- . . .
ism has been considered to be a basidiomycete based I'ntacnotg]g?sggf‘;‘i;oﬂ:ggroezilsnﬁathe frequency of auxotrophic

ultrastructural and chemotaxonomic characteristics [21,26].
A sexual cycle has not been identified [18], although
recently the formation of holobasidia with terminal basidio- Materials and methods

spores after mother-daughter cell conjugation has bee%ast strains, mutagenesis, and growth conditions

described [12]. To date, the ploidy d®. rhodozymais : .
L . . A wild-type culture of Phaffia rhodozymdATCC 24202)
Fenl;n;%’im' and there are conflicting reports on this tOpICWas obtained from the American Type Culture Collection.

There is considerable interest in exploiting this organismSaCCharomyces cerevisiastrains of defined ploidy

as a source of astaxanthin for pigmentation of marine spe
ies, such as salmonids and crustacea [9,14,17], and poult
[16]. This economic interest has spurred numerous attempt

to increase astaxanthin content Phaffia by classical : : . )
: : dine to obtain a 90% kill according to the procedure
mutagenesis [1,2,18], and by protoplast fusion [6]. KnOW'described by Miller [020]. Mutant &gtrains N/r?ys 2125

ledge of the ploidy of this organism is needed to develop : - ;
selection strategies, as well as to establish the phylogen Z@rpg‘glez) 4a2%dz)N4O were obtained from the wild-type strain

of Phaffia N
In the course of performing mutagenesis experiments Cultures were maintained on YEPD agar slants (10.0g

with this organism, we observed that recessive mutanté'pg??itt eerngaggi ozr?lz%g V‘\)/g?é?)ngh dZZt(c))rge dglgglsgr’ otlhs gu? agar
such as auxotrophs, are rarely isolated. Difficulty in isolat-tures were grown on a rotary shaker (200 rpm) 25

ing auxotrophic strains oPhaffia has been reported else- 9 y P

where [22,27]. This has led us to consider the possibility . .

that Phaffia may not be haploid. Since auxotrophy is a UV radiation survival
recessive trait, a diploid should yield auxotrophs at a muc

lower frequency since mutations would have to be induce fn YEPD broth. Cells were washed twice in 0.85% (w/v)

at each copy of a gene for a given locus. ; . s e
Alternatively, it is possible to recover recessive pheno_sallne solution (PSS). Serial dilutions of the washed cells

types from polyploid organisms at increased frequencies bWErISDpraepaarregl :tgg algqr:oii evr\]/e(ree F:)';te%d t:)n S\'? I||_car:<t-:~ %gtz?
inducing an aneuploid state [5]. For example, the use of 1 at ZOgOO'er S mrﬁvgfl) for 0 15Xp30 45 60 ar:g 90(3
methyl benzimidazole carbamates and certain aprotic pol ollowing expc?sure plates wére i;nmédiaiel ,incubated.in
solvents has been reported to induce aneuploidy in a nu ! y

ber of fungi [8,19.2529.30]. The fungicide benomyl he dark at 23C. The survival curves were generated by

(MBC) has been well studied as a means of inducing aneugountmg the resulting colonies.

ploidy in Saccharomyces cerevisi§e 28].
The objectives of the experiments described here wer

X2180-1A (a) (haploid), X2180 (aj(diploid), and
TX600 /a/a) (triploid)) were obtained from the Yeast
enetic Stock Center (University of California-Berkeley).
Phaffia rhodozymavas mutagenized with nitrosoguani-

For UV survival experiments, broth cultures were moni-
Eored turbidimetrically and grown to late exponential phase

greparation of cells for flow cytometry

ells were prepared for flow cytometry using a modifi-
cation of the method described by Olaiya and Sogin [23].
Correspondence to Dr RD Medwid at his present address: Eli Lilly andStatlonary pha:_se (.:e"S from YEPD broth Were. haryeSteod
Co, Tippecanoe Laboratories, PO Box 685, Lafayette, IN 47902, UsA and washed twice in PSS. Washed C_ells_ were fixed in 70%
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pended in an aqueous solution of 0.1% pancreatic RNasgenic agents were compared. By target theory, the prob-
(Sigma, St Louis, MO, USA) for 1 h at 2B8. Pepsin ability of a lethal mutation is constant per unit length of
(Sigma) was added to 1000 U thiand the suspension was DNA. Also, the more copies of a gene necessary for a given
incubated for an additional 5 min at Z5. The cells were function, the larger the amount of time required by a given
harvested by centrifugation and stained twice’@bwith  dose of a mutagen to inactivate all copies of the gene and
aqueous solutions of propidium iodide (Sigma); once forthereby Kill the cells. Results from UV inactivation experi-
4 hin a 5 mg mi* solution and again in a 52g mI? sol-  ments are summarized in Figure 3. The survival of$lae-
ution for 48 h. The wavelength of the exciting argon lasercharomycesstrains was proportional to the ploidy. Inacti-
was 488 nm. Cell number was recorded as the forwardration curves forP. rhodozymaATCC 24202 (wild-type)
angle light scatter (FALS) signal, and the intensity of theand N/nys 2/25 are similar, and both are kinetically close
fluorescence was measured by channel number using a 286 the inactivation kinetics of the triploid strain 8f cerevi-

channel pulse height analyzer. siae(STX600). Although it could be possible that tRaaf-
fia strains are more resistant to the UV light, similar results
Aneuploid induction were obtained when a chemical mutagen (nitrosoguanidine)

For induction of aneuploidy, log phase cultures ofwas used (data not shown).
P.rhodozymaN/nys 2/25 and N40 were mutagenized
according to the procedures described above. Followingdneuploid induction
outgrowth for 24 h in YEPD, benomyl and ethyl acetateOur early attempts to generate auxotrophic straind of
were added to final concentrations of 2§ mI™ and 2.0% rhodozymafrom either strain ATCC 24202 or N/nys 2/25
(v/v) respectively. Incubation was continued for 5h atconsisted of subjecting the organisms to NTG mutagenesis
23°C. The suspension was then incubated 4t for 18—  (90-99% kill) and then plating the mutagenized culture
20 h, followed by an additional incubation at°@3for 5h.  onto YNB without amino acids from YEPD plates. Under
Cells were removed by centrifugation and washed in PSShese circumstances, the frequency of auxotroph isolation
was significantly lower €1 in 10%) than the frequency
Nystatin enrichment and auxotroph selection expected for a haploid yeast, despite antibiotic enrichment
An enrichment for amino acid auxotrophs was performedwith nystatin prior to plating.
using a modification of the method described by Gleeson The experiments described above, therefore, clearly sub-
et al [11]. A concentration of 4Qug mI™* of nystatin was stantiated the use of alternative methods to obtain strains
used for the enrichment phase just prior to plating ontsshowing recessive phenotypes (ie auxotrophs). To
YEPD agar. Following outgrowth, colonies were replicatedaccomplish this, we studied the influence of antitubulin
with velvet blocks onto Difco Yeast Nitrogen Base (YNB) agents (benomyl; MBC) in conjunction with an aprotic
(1% dextrose) without amino acids. Amino acid auxotrophspolar solvent (ethyl acetate) dh rhodozyma
were identified by lack of growth on amino acid free replica Morphological changes as a result of exposure to antitub-
plates (YNB+ 1% dextrose). Specific auxotrophic require- ulin agents such as benomyl have been reported for a var-
ments were determined as described by Retsal [24]. iety of fungi [5,10]. Treatment of the wild-typehaffiawith
benomyl (20ug mi™) for as long as 48 h did not result in
any gross morphological changes or in a significant loss of
viability. In contrast, exposure of the capsuleless strain
Fluorescent activated cell sorting (FACS) analyses (N/nys 2/25) to 2Qug mI™* benomyl resulted in the forma-
Attempts to stairP. rhodozymaATCC 24202 with propid- tion of pseudomycelia within 4 h after exposure as well
ium iodide were hampered, presumably due to the imperas a proportional decline in viability with increasing time
meability of the stain through the dense capsular layerof exposure.
However, when a capsuleless strain (N/nys 2/25) was sub- The use of benomyl alone, at a concentration of 20
jected to the same staining procedure, dye uptake was neig mi* resulted in very low frequencies of auxotrophs
impeded as revealed by fluorescence microscopy. Likewis€<0.01%). The synergistic effect of combining nocodazole,
the haploid, diploid, and triploid tester strains®fcerevis- a methyl benzimidazole compound, with aprotic polar sol-
iae were readily stained. FACS analyses of ®a&ccharo- vents has been reported to greatly increase the efficiency
mycesstrains indicated a nearly linear relationship betweerof aneuploid induction [19,29]. Therefore, we chose to use
the ploidy (DNA content) and channel number (fluorescenthe combination of 2Qug mI™* benomyl with 1.0% (v/v)
intensity/cell). The data obtained by FACS analyses ofethyl acetate. Using this procedure in conjunction with a
N/nys 2/25 (Figures 1 and 2) indicate that rhodozyma nystatin enrichment, a frequency of 0.27% auxotrophs rep-
shows a DNA content per cell nearest to the diploid strairresenting four auxotrophic phenotypes (alaasp,

Results

of S. cerevisiae gluseralaasp, and arg were isolated from the plated
viable population.
UV radiation survival A representative of the above isolates, strain N/nys 2/25—

Although these results indicate thBhaffia cells have a 56, was selected for further evaluation in order to assess
DNA content which is similar to the diploi8accharomyces the loss of genetic material due to this treatment. The UV
strain, the data can also be interpreted to meanRhaffia  inactivation curve for this mutant was shifted towards that
has aca two-fold greater degree of DNA complexity than of the haploid strain 08. cerevisiadFigure 3) with inacti-
haploid strains ofSaccharomycedn order to resolve this vation occurring much more rapidly in comparison to the
issue, the survival oPhaffiaand Saccharomycet muta- parental strain (N/nys 2/25) and wild-type (ATCC 24202).
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Figure1 Results of FACS analysis of strains 8f cerevisiaadiffering in ploidy as compared wittPhaffia rhodozymeastrain N/nys 2/25. FACS
histograms were derived from stationary-phase cells stained with propidium iodide and subjected to FACS analysis as described in the texttsThe num
on the abscissa represent channel numbers which are proportional to the amount of fluorescent dye contained by the cells. Therefore, the greate
channel number, the greater the DNA content. (a) hafoiderevisiag(b) diploid S. cerevisiag(c) triploid S. cerevisiag(d) Phaffia rhodozymatrain

N/nys 2/25.

Similar results were obtained with strain N40—2 which is

100 - 2=0.98 4 another auxotroph obtained by the procedure described
above. Likewise, the FACS analysis of propidium iodide
stained cells shifted towards a lower channel number in
comparison to the parental strain, suggesting chromosomal
loss (Figure 4). Microscopic examination of the aux-
otrophic strains also indicated a significant reduction in cell
size when compared to the parent strain and wild-type.

These experiments indicate that an aneuploid (or
haploid) state may be induced Phaffia following treat-
ment with agents affecting microtubule assembly, such as
a combination of a methyl benzyl carbamate compound
(benomyl) with an aprotic polar solvent (ethyl acetate). This

Channel No.

0 — . synergistic combination resulted in a significant increase in
N 2N 3N the frequency of recovered auxotrophs (0.0¢86.27%).
Ploidy
Discussion

Figure 2 Relationship between ploidy of haploid, diploid, and triploid

standard strains ofS. cerevisiae and channel number (relative Although the approaches which are taken can vary, the ulti-
fluorescence) as determined by FACS analysis. Data for channel numbe p . L ' .
were extrapolated from the peaks of individual FACS histograms for eactﬁate goal of an industrial strain |mprovement/mutagene3|s

strain as reported in Figure 1. Extrapolation of ploidyRifrhodozyma — Program is to imp_rove the overall prOdU_CtiVity or fermen-
strain N/nys 2/25 is derived via the dotted line. tation characteristics of the target organism. While random
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Figure 3 Survival curves forPhaffia rhodozymaand Saccharomyces
cerevisiaeexposed to UV light. Data points represent the averages of trip-
licate samples. Symbols; haploidS. cerevisiago, diploid S. cerevisiag

A, triploid S. cerevisiagm, wild-type P. rhodozymaV¥, P. rhodozyma
N/nys 2/25;e, P. rhodozyma\/nys 2/25-56. N 40-2

10 |- auxotroph

N 40
parent

mutagenesis can offer a substantial amount of improve-

ment, the use of rational screens and auxotrophs can often

be more successful. The latter approach, however, requires

some basic knowledge of the biosynthetic pathways
involved in product formation as well as some fundamental
understanding of the genetic characteristics of the target
organism. The inability to isolate auxotrophs Bhaffia

caused us to reassess our overall selection strategies and to 0
develop alternative methods. The rationale used to gather

critical data regarding the ploidy dthaffiawas similar to

that used by Olaiya and Sogin [23] and Janatova [13] in Channel No.

estabnshing the p|o|dy ofandida Our overall objectiVES, Figure 4 Comparison of parental strains &. rhodozymaand aux-

; : : otrophic progeny generated using benomyl/ethyl acetate following NTG
however, were not to preCISer determine the pI0|dy Ofmutagenesis. FACS analyses of propidium iodide-stained cells and

5 ! ! |
0 40 80 120 160 200 240

Phaffig but instead to answer the question as to whethepenomyiethyl acetate treatment were performed as described in the text.

the organism is haploid or polyploid, and then to develop
appropriate strategies to obtain auxotrophs.
The studies described here have collectively suggestegene and twice the DNA content per cell (twice the amount
that P. rhodozymas not haploid. This conclusion is based of potential sites at which a lethal event might occefaf-
on several types of data. fia should be even more susceptible to physical and chemi-
We had consistently been unable to isolate auxotrophsal mutagens than a®accharomycelaploids. These data
(recessive mutations) from mutagenized populations ofre consistent with the results of Cifuentetsal [7] who
Phaffia at haploid frequencies. Three independent effortssuggested th&haffiais diploid based upon electrophoretic
involving over 40 000 screened colonies failed to yield akaryotyping and cellular DNA content derived by chemical
single amino acid auxotroph. These data are consistent wittletermination. The FACS data generated in the current
the findings of other investigators [22,27] which indicate study further estimate the genomic size of Bteaffiawild-
difficulty in obtaining Phaffia auxotrophs. type ATCC 24202 to approximate the estimated size of a
FACS analyses of propidium iodide-stained cells indi- Saccharomyces cerevisiakploid strain, which Genbank
cated a DNA content per cell slightly greater than the dip-indicates atta 24 Mb. These data are also consistent with
loid strain of SaccharomycesThere are two possible the estimated genome size of ottimaffiawild-types (25
interpretations of these results: (Rhaffiais polyploid; or ~ Mb for ATCC 24230; 19.3 for ATCC 24229; 22.2 for
(2) the Phaffiayeast has a much greater DNA complexity ATCC 24203) [7,22].
for each cell thanSaccharomycesMutagen inactivation The success in obtaining a high frequency of auxotrophs
kinetics for a physical agent (UV radiation), and a chemicalthrough the use of benomyl in conjunction with ethyl acet-
agent (nitrosoguanidine) do not support the lattePH&ffia  ate is in agreement with the results of Zimmerngtnal
were assumed to be haploid with only one copy of a giverj29,30] who reported a greater induction of aneuploids in
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Saccharomycewvith the synergistic effect of aprotic sol- 12 Golubev WI. 1995. Perfect state Rhodomyces dendrorho(@Bhaffia
vents and nocodazole. Our data suggest that the auxotrophjg rhodozymj Yeast 11. 101-110. .

trains ofPhaffiaaenerated by this procedure show aneu- Janatova |. 1992_. Isola_\tl_or_l_ of auxotrophlc_ mutants of the methylo—
S . . g ; y p_ trophic yeasCandida boidiniiand determination of its ploidy. Antonie
ploid characteristics, ie reduced cell size, DNA content, and | eeuwenhoek 62: 167—171.

increased susceptibility to UV irradiation. 14 Johnson EA. 1989. A pigment source in salmonid feed. Feed Mgmt

Although the assignment of an exact ploidy Phaffia 40:18. _ _ _

cannot be determined conclusively from these studies, th%S Johnson EA and MJ Lewis. 1979. Astaxanthin formation by the yeast

- h h . . haoloid should id Phaffia rhodozymal Gen Microbiol 115: 173-183.
recognition that the organism Is not haploid should provide,g ;onnson EA, MJ Lewis and CR Grau. 1980. Pigmentation of egg yolks

more insight to investigators seeking to conduct successful with astaxanthin from the yeafthaffia rhodozymaPoultry Sci 59:
strain improvement programs. 1777-1782.
17 Johnson EA, TG Villa and MJ Lewis. 198Bhaffia rhodozymas an
astaxanthin source in salmonid diets. Aquaculture 20: 123-134.
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