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Genetic manipulation of mitochondrial DNA (mtDNA) is the most direct method for investigating mtDNA,
but until now, this has been achieved only in the diploid yeast Saccharomyces cerevisiae. In this study, the ATP6
gene on mtDNA of the haploid yeast Candida glabrata (Torulopsis glabrata) was deleted by biolistic transfor-
mation of DNA fragments with a recoded 4ARG8™ mitochondrial genetic marker, flanked by homologous arms
to the ATP6 gene. Transformants were identified by arginine prototrophy. However, in the transformants, the
original mtDNA was not lost spontaneously, even under arginine selective pressure. Moreover, the mtDNA
transformants selectively lost the transformed mtDNA under aerobic conditions. The mtDNA heteroplasmy in
the transformants was characterized by PCR, quantitative PCR, and Southern blotting, showing that the
heteroplasmy was relatively stable in the absence of arginine. Aerobic conditions facilitated the loss of the
original mtDNA, and anaerobic conditions favored loss of the transformed mtDNA. Moreover, detailed
investigations showed that increases in reactive oxygen species in mitochondria lacking ATP6, along with their
equal cell division, played important roles in determining the dynamics of heteroplasmy. Based on our analysis

of mtDNA heteroplasmy in C. glabrata, we were able to generate homoplasmic Aafp6 mtDNA strains.

The mitochondrion is a double-membrane-bound organelle
present in most eukaryotic cells and is responsible for many
essential physiological functions, such as the citric acid cycle,
ATP synthesis, amino acid synthesis, and signal transduction
(40), apoptosis (54), and cellular proliferation (36). Mitochon-
dria reproduce semiautonomously and are partially dependent
on their own genome and transcription/translation system (19,
49). In organisms from yeasts to humans, deficiency in mito-
chondrial function affects the robust growth of host cells and
can even lead to cell death (13, 47). Manipulation of mitochon-
drial function has the potential to be an efficient way to regu-
late the physiological processes of eukaryotic cells. The main
strategy for manipulating yeast mitochondrial function is mod-
ifying the mitochondrial DNA (mtDNA). In most yeast spe-
cies, this carries several key energy metabolism-related genes,
such as COX1, COX2, COX3, ATP6, ATPS, and ATP9, and all
mitochondrial tRNA genes (20, 30, 61), making mtDNA a
critical component of the cell. Strains with mutated mtDNA
(p) or strains that completely lack mtDNA (p°) have respi-
ratory deficiencies, leading to the formation of petite colonies
(57). Cells that can grow without mtDNA are referred to as
“petite positive,” and those that are inviable without mtDNA
are termed “petite negative.” Most of p~ and all p° cells are
respiration deficient (29). The genetic manipulation of
mtDNA is the most direct route to understand the function of
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these genes and the physiological processes associated with the
organelle (5, 48).

Mitochondria and mtDNA differ from the nucleus and the
nuclear genome (nDNA) in several ways: (i) the mitochon-
drion is smaller than the nucleus, (ii) most cells have multiple
mitochondria and mtDNA chromosomes (19), and (iii) codon
usage for mitochondrial genes is different from that for nuclear
genes. These special characteristics hinder mtDNA transfor-
mation techniques and restrict them to using classical antibiotic
resistance markers and biosynthetic markers (1, 66). Fortunately,
difficulties in mtDNA transformation can be overcome by a re-
coded ARG8™ gene, which complements an Aarg8 deficiency in
Saccharomyces cerevisiee nDNA when integrated into mtDNA
with a suitable mitochondrial promoter and terminator (37).
ARGS8™ contains two codons recognized as stop codons by the
nDNA system, so it cannot be correctly translated when inte-
grated into nDNA or when present in a yeast plasmid. The
ARG8™-based mitochondrial transformation system is currently
the most widely used in S. cerevisiae, allowing defined mutations
and new genes to be inserted into mtDNA (5, 48).

A wide variety of defined alterations can now be generated
in mtDNA, but this is confined to S. cerevisiae and the green
alga Chlamydomonas reinhardtii (5). Few other successful sys-
tems for mtDNA transformation have been developed because
of difficulties in mtDNA transformation. In S. cerevisiae,
mtDNA transformation requires a yeast strain with multiple
auxotrophies (Aarg8 Aura3/Aleu2) and that is p° or p* mit ™.
However, mit~ strains are very difficult to obtain. While a p°
strain can be easily obtained by culturing with ethidium bro-
mide, the newly transformed p° cells must then be mated with
p™ cells after mtDNA transformation (5). Strains with multiple
auxotrophies with the ability to mate cannot always be ob-
tained with industrial strains and clinical isolates (39).
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Rapid increases in the use of yeasts in both the industrial
biotechnology and clinical research settings call for increased
understanding of the physiological processes of their mito-
chondria and mtDNA in order to optimize engineering pro-
cesses and the discovery of new drugs (47, 63). Thus, this leads
to an increased demand for a more effective route of genetic
manipulation of mtDNA in other non-Saccharomyces eukary-
otic microorganisms. The haploid facultative aerobe yeast
Candida glabrata (Torulopsis glabrata) is the yeast species most
similar to S. cerevisiae according to standard phylogenetic clas-
sification (4). It has been extensively characterized for use in
industrial biotechnology (32, 65) and in clinical (28, 44) and
basic research (39, 51) settings. C. glabrata is a common Can-
dida pathogen, second only to C. albicans, and causes both
bloodstream and mucosal infections (56). Some noninfectious
C. glabrata strains are commonly used in the industrial-scale
production of pyruvic acid or a-ketoglutaric acid (67). In con-
trast to other Candida species, C. glabrata is a “petite-positive”
yeast (12), i.e., it is viable in the absence of mtDNA, making it
an attractive model for mtDNA genetic manipulation. The
complete mtDNA sequence of C. glabrata is 20 kb, making it
the smallest among the sequenced hemiascomycetous yeasts
and similar in size to human mtDNA (30). On the other hand,
the 80-kb mtDNA of S. cerevisiae is larger than any other of the
sequenced yeast mtDNAs, such as those of Candida albicans
(40 kb), Yarrowia lipolytica (48 kb), and Pichia canadensis (27
kb). Despite its small size, the mtDNA gene content is highly
similar to that of other characterized yeast strains (30).

ATP6 is part of the mtDNA of C. glabrata and encodes
subunit 6 (a) of the F, sector of mitochondrial F F,-ATP
synthase (30). In this work, ATP6 was partially deleted in C.
glabrata mtDNA heteroplasmic cells, and the dynamics of het-
eroplasmic mtDNA transformants under aerobic, anaerobic,
and oligomycin-supplemented conditions were investigated.
Also, using an anaerobic screening process, a homoplasmic
Aatp6 strain was obtained from heteroplasmic transformants.
This characterization of the dynamics of mtDNA heteroplasmy
may lead to effective techniques for the genetic manipulation
of mtDNA in other haploid or mating-negative diploid yeasts
and facilitate the definition of the physiological functions as-
sociated with mtDNA.

MATERIALS AND METHODS

Strains. C. glabrata CCTCC M202019, a pyruvate overproducer, was screened
in our lab (32). The C. glabrata Aarg8 Aura3 double mutant was previously
generated from C. glabrata CCTCC M202019 (66).

Culture medium. Yeast-peptone-dextrose culture medium (YPD) contains 10
g - liter ™! yeast extract, 20 g - liter ™! peptone, and 20 g - liter ! dextrose; yeast
peptone glycerol culture medium (YPG) contains 10 g - liter ! yeast extract, 20
g - liter ! peptone, and 20 g - liter ! glycerol; minimal medium (MM) contains
20 g - liter ! glucose, 1.0 g - liter ! KH,PO,, 0.5 g - liter ' MgSO, - 7H,0, 10
g - liter ! (NH,),SO,, and 100 mg - liter ! uracil; and supplement medium with
arginine (SM) consists of MM with 100 mg - liter ! arginine. MM-S and SM-S
were MM and SM with 1 mol - liter ! sorbitol. The initial pH of all media was
adjusted to 5.5. All media included 10 ml of vitamin solution (1.0 g - liter ™"
niconacid, 5.0 mg - liter ™! biotin, 5.0 mg - liter ! vitamin B, and 50 mg - liter™
vitamin By [filter sterilized]). All plates were the corresponding liquid medium
with 15 g - liter ™! of agar.

Replacement of ATP6 ORF with ARG8™. The plasmid pDS24, containing an
ARGS8™ gene (55), was used as the template for PCR amplification of
Aatp6:ARGS™ cassettes with primers Con-ATP6-F (GCggatccAATATTATTT
ATTATATAATAATATTAATTTTAATAAGTTATAATATATATTTATAA
AGTATGACACATTTAGAAAGAAG) and Con-ATP6-R (GCGggatccTATTAA
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TAATAATTAATTAAAGAATATTATAATATAATTAATTTATTTGTAT
TATATAAATTAAGCATATACAGCTTCG). The primers contained a BamHI
site (lowercase) at their 5 ends and regions of homology to ATP6 and ARG8™.
The regions of homology (bold) to the ATP6 open reading frame (ORF) com-
prised 60 bp upstream of the ATP6 initiation codon and 60 bp downstream of the
ATP6 stop codon (48). PCR products were digested with BamHI and inserted
into pUC19. The resulting plasmid was named pUC-atp6::ARG8m. For biolistic
transformation, C. glabrata Aura3 Aarg8 cells grown in 100 ml of YPD (200
rounds per minute [rpm], 30°C) to the desired growth phase were harvested and
cultivated in MM-S to a cell density of 5 X 10° cells - ml~'. A 0.5-ml aliquot of
cell paste was spread onto MM-S plates for precooling at 4°C before biolistic
transformation (5). Plasmids were extracted, purified with an EZ Spin Column
Plasmid Medi-Preps kit (Bio Basic Inc., Markham, Canada), and concentrated to
2 pg - pl~! with DNAMate (Takara, Dalian, China). The concentration and
purity of plasmids for transformation were determined with an Eppendorf Bio-
Photometer (Eppendorf AG, Hamburg, Germany). Gold Microcarrier or Tung-
sten Microcarrier (Bio-Rad, Hercules, CA) (0.6 wm or 1.0 pm) was used for
mtDNA transformation. Concentrated DNA molecules were bound to micro-
carriers as described previously (5). Rupture disks of 900 Ib/in?, 1,100 Ib/in?, and
1,350 Ib/in? were used for yeast mtDNA transformation, and a stopping screen
was not assembled (9). Distances between the disk with the lawn of cells and the
macrocarrier assembly were 6 cm, 9 cm, and 15 cm. Biolistic transformation was
performed using a PDS-1000/He system (Bio-Rad, Hercules, CA) (5), and bom-
barded plates were incubated at 30°C for 3 to 4 days until colonies appeared.
Transformants were identified as Arg* prototrophic colonies and subcloned on
MM-S for at least three generations.

Colony PCR. Half of a single colony or 20 wl of cultured cells was transferred
to a 1.5-ml Eppendorf tube and heated in a microwave oven for 1 min (600 W)
before addition of 25 .l of premixed PCR mixture. PCR was carried out as 94°C
for 4 min for 1 cycle and then at 94°C for 30 s, 50°C for 30 s, and 72°C for 1 min
per kb for 30 cycles, followed by 10 min at 72°C (18).

Culture conditions for loss of transformed mtDNA. Transformants on sub-
cloned plates were picked, grown in 20 ml of MM (250-ml flask) for 24 h (200
rpm, 30°C), washed (4,000 X g for 1 min) with MM, and grown under the
conditions described in Table 2. Anaerobic growth conditions were achieved by
perfusion with purified nitrogen gas. Cells were washed with sterilized MM,
diluted (107>, 107°, and 10~7), and spread on MM. The colonies that appeared
on MM after 72 h were transferred to corresponding YPD and YPG plates. The
percentage of heteroplasmic cells was calculated by the ratio of colonies on YPG
to colonies on YPD.

Effect of culture conditions on the loss ratio of mtDNA (Aatp6::ARG8™). Trans-
formants from a single colony in liquid MM were inoculated into YPD, SM, MM,
or MM with oligomycin under aerobic conditions or into MM or MM with
oligomycin under anaerobic conditions. All six cultures had the same trans-
formed mtDNA loss ratio at the starting point (¢,). Cultures were further incu-
bated and diluted with fresh medium to prevent cell densities in excess of 5 X 107
cells - ml~! and to maintain exponential growth. Samples from three cultures
were plated for single colonies onto YPD after 10 (t,,) and 20 (t,,) generations
and then replica plated onto MM and SM plates. Numbers are the percentages
of Arg™ clones that could grow on YPD or SM, but not MM, to Arg* clones. At
least 500 colonies were counted for each condition.

Fluorescence microscopy analysis. Cells for staining were washed with phos-
phate-buffered saline (PBS) (5.84 g NaCl, 11.5 g Na,HPO, - 7H,0, and 5.84 g
NaH,PO, per liter) and suspended in PBS containing 0.5 pM MitoTracker
Green FM (Molecular Probes, Eugene, OR), a fluorescent green dye that local-
izes to mitochondria regardless of mitochondrial membrane potential (46, 60).
After incubation at 30°C for 10 min, cells were washed and resuspended in PBS.
Stained cells were observed with a Nikon Eclipse E600 fluorescence microscope
connected to a DXM1200C camera and ACT-1 Nikon software (Nikon, Tokyo,
Japan).

qPCR. The relative mtDNA copy number (RCN) was determined by quanti-
tative PCR (qPCR) with SYBR green (62). Nuclear (QPCR-ACT1-F/R) (39) and
mtDNA (qPCR-COXI1-F/R) primers (Table 1) were used to amplify ACTI and
COX1 with SYBR Premix Ex Tag II (Takara, Dalian, China). PCRs were per-
formed on a Bio-Rad iCycler and analyzed with iCycler IQ software version 3.0a
(Bio-Rad, Hercules, CA). At least three experiments were run for each condition
analyzed. The relative amounts of 4ATP6 and ARGS™ were determined with a
qPCR assay similar to that used for RCN. ATP6 and ARGS™ were amplified with
primers qPCR-ATP6-F/R and qPCR-ARG8m-F/R (Table 1).

PCR for strain confirmation. To avoid the interference of nDNA, mtDNA was
purified as described previously (15). Potential residual linear nDNA was elim-
inated by digestion with N exonuclease and RecJ; (New England Biolabs,
Ipswich, MA) at 37°C for 16 h and inactivated at 65°C for 10 min (2). The \
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TABLE 1. Oligonucleotide primers

Function and name Sequence (5" — 3')

Primer pair target or use

qPCR
qPCR-ACTI1-F AGTTGCTGCTTTAGTTATTG ACTI
qPCR-ACT1-R CTTGGTGTCTTGGTCTAC
qPCR-COX1-F TGAGAACTAATGGTATGACAATGC COX1
qPCR-COX1-R GTAACACCTGCTGATAATACTGG
qPCR-ATP6-F CTTATGTTGCTAGAGCTTTCT ATP6
qPCR-ATP6-R AATACCAAATTCTAAGCACAT
qPCR-ARGS m-F CACCAGTTGTACTACGAAGTTCTC ARGS8™

qPCR-ARG8 m-R

Strain confirmation

TGATAAAGCACCCATTGTTCTACC

P14 ATGAATCAATTAACATATGG ATP6/ARG8™ and flanking sequence

P2 CTTCTGATAAAGCCATTC

p3’ ATTCTTATTAACTTCACC ATP6/ARG8™ and left flanking sequence
P4 ATGTATTCTGCATACTTT

P4 TAGGATTAGCATGACCTA

ARGS8 m-F ATGACACATTTAGAAAGAAG ORF of ARGS™

ARGS8 m-R TTAAGCATATACAGCTTCG

“The products of primer pair P1/P2 were 1,507 bp and 2,023 bp with mtDNA(ATP6) and mtDNA(Aatp6::ARGS™), respectively.
> The product of P3/P4 was 631 bp with mtDNA(ATP6), and there was no product with mtDNA(Aatp6::ARG8™). The product of P3/P4’ was 856 bp with

mtDNA(Aatp6::ARGS™), and there was no product with mtDNA(ATP6).

exonuclease is an exo-DNase that digests double-stranded DNA from the 5’ end
and forms single-stranded DNA (59), while RecJ; is a single-strand-specific
exonuclease that digests the remaining complementary single strand to mono-
nucleotides (34). Combining the two removes linear DNA from a mixture of
linear and supercoiled DNAs, leaving the supercoiled mtDNA intact (2). The
replacement of ATP6 and existence of ARGS™ were validated with primer pairs
ATP869-F/R and ARG8m-F/R, using Takara LA Taq (Takara, Dalian, China)
(Table 1).

Southern blot analysis. The mtDNA for Southern blot analysis was prepared
as described for a previous study (15) from C. glabrata Aura3 Aarg8 grown to
exponential phase in SM and from mtDNA heteroplasmic transformants and
final homoplasmic transformants grown in MM. mtDNA (5 pg) was digested
with Swal or Taql, electrophoresed on a horizontal 1% agarose gel in 0.5X TAE
buffer (20 mM Tris-acetate, 0.5 mM EDTA), and transferred to a Nytran mem-
brane (Pall, East Hills, NY). Hybridizations with the A7P6 and ARGS8™ probes
were carried out in 6% saline sodium citrate buffer (SSC) (175.3 g - liter ! NaCl,
88.2 g - liter ! sodium citrate), 1X Denhardt’s solution (0.2 g - liter " Ficoll 400,
0.2 g - liter ! PVP-360, 0.2 g - liter ! bovine serum albumin [BSA] fraction V),
0.1% SDS, and 100 ug - ml~! carrier DNA at 60°C. DNA probes were labeled
with digoxigenin (DIG) using the DIG DNA labeling and detection kit (Roche,
Indianapolis, IN) according to the manual.

ROS measurement. Reactive oxygen species (ROS) production was measured
by intracellular deacylation and oxidation of 2’,7'-dichlorodihydrofluorescein
diacetate (DCFH-DA) (Sigma-Aldrich, St. Louis, MO) to the fluorescent com-
pound 2',7'-dichlorofluorescein (DCF). Cells grown for 24 h were collected,
diluted to 107 cells - ml~! in YPD medium with 40 uM DCFH-DA at 30°C for
60 min, washed, and resuspended in 100 wl of PBS (100 mM, pH 7.2). The
fluorescence intensity of 100 wl of cell suspension containing 107 cells was
measured directly, in arbitrary units, using a Hitachi 650-60 fluorescence spec-
trometer (Shimadzu, Kyoto, Japan) with excitation at 480 nm and emission at
530 nm (35). The ROS production was expressed as the ratio of arbitrary units
relative to C. glabrata CCTCC M202019 cells grown for the same time under the
same culture conditions.

RESULTS

Transformation of mtDNA. A plasmid for constructing the
Aatp6::ARGS™ strain was made and purified as described in
Materials and Methods. After transformation of the double
auxotroph Aura3 Aarg8 strain with pUCI19-atp6::ARG8m,
mtDNA transformants were identified as Arg* prototrophic
colonies. A series of experiments were performed to optimize
the mtDNA transformation parameters, growth phase for

transformation, type of rupture disk, type of microcarrier, and
bombardment distance. The optimum transformation condi-
tions were determined to be late log phase, 1,100-1b/in* rupture
disks, 29.5-in. Hg vacuum tightness, and 6-cm distance. The
average microcarrier diameter of 1.0 pm or 0.6 wm for either
gold or tungsten microcarriers had little effect on the transfor-

B «

Transformants

YPD

YPG

FIG. 1. Biolistic transformation and characteristics of mtDNA
transformants. (A) Transformants on bombarded plates. A YPD cul-
ture of 20 ml (30°C, 200 rpm, 24 h) of C. glabrata Aura3 Aarg$ cells was
concentrated, washed with 1 mol - liter ™! sorbitol, spread on MM
plates, and transformed with 5 pl of 2-pg + pul ™! pUC19-atp6:: ARG8m
using a particle gun. Plates were incubated at 30°C for 72 h until
transformants appeared. (B) mtDNA transformants on MM and YPG
plates. Overnight cultures (10 pl) of C. glabrata Aura3 Aarg8 (CK) and
mtDNA transformants were spread on YPD and YPG and cultured at
30°C for 72 h. mtDNA transformants yielded colonies similar to those
of CK. mtDNA transformants also grew on YPG, although more
weakly. (C) mtDNA transformants lose the ability to grow on MM.
After aerobic growth in YPD, some colonies lost the ability to grow on
MM while retaining the ability to grow on SM. The ratio of MM to SM
colonies was 32.5% based on the analysis of a total of 500 colonies.
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FIG. 2. Heteroplasmy. (A) Primers for confirming A7P6 or ARGS™ mtDNA. (B) Probes and restriction enzyme sites for Southern blot analysis.
(C) Electrophoresis of a typical colony using the primers shown in panel A. ATP6 or ARG8™ was amplified using P1/P2, giving PCR products of
1,507 bp for the original mtDNA or 2,023 bp for Aatp6::ARGS™ mtDNA (Table 1). Primers P3 and P4 were used for further validation.
(D) Southern blot. mtDNA from C. glabrata Aura3 Aarg8, mtDNA primary transformants, and a homoplasmic Aatp6::ARG8m deletion strain were
digested with Swal or Taql. DNA fragments were separated in 1% agarose and transferred to nitrocellulose. Membranes were hybridized with
digoxigenin-labeled ATP6 and ARGS8™ probes. The relevant Swal and Taql restriction sites and positions of the probes (bar labeled with an

asterisk) are shown in panel B.

mation efficiency. However, even under optimum conditions,
the transformation generated only a few transformants. A typ-
ical screening result is illustrated in Fig. 1A.

Growth of mtDNA transformants on YPG plates. Replicas
of Arg" transformants were picked and grown in liquid MM
medium for 24 h (30°C, 200 rpm), and 10 pl of culture broth
was dropped on MM and YPG and grown for 72 h. Based on
previous reports, Aatp6::ARGS™ transformants were expected
to be respiration deficient and unable to use glycerol as a sole
energy source, resulting in no growth on YPG (48). Double-
auxotrophic cells not transformed with ARGS8™ should not be
viable when grown on MM plates. However, all mtDNA trans-
formants with the expected Aatp6::ARGS™ genotype could
grow on both MM and YPG plates (Fig. 1B).

Selective loss of mtDNA(Aatp6::ARG8™). A single colony of
mtDNA transformant was picked from an MM plate, grown in
liquid YPD medium, diluted, and spread on YPD plates. Sin-
gle colonies appearing after 72 h were replicated to SM and
MM plates. All replicates grew on SM plates. Fewer than 70%
of the MM replicas were viable (Fig. 1C). These results indi-
cate that some mtDNA transformants lost their ability to grow
on medium lacking arginine after aerobic growth on YPD.

Existence of heteroplasmy. Possible explanations for above
results were (i) contamination by other yeast strains and (ii)
instability of transformed mtDNA. The results were reproduc-
ible under strict aseptic conditions, and mtDNA transformed
by empty pUC19 did not yield similar results. Thus, we con-
cluded that the data were not the result of contaminants. To
extend our understanding of these transformants, colony PCR
was performed on single colonies from the bombarded plates.
The results showed that ATP6 was replaced with ARGS™, as
shown by use of primer pairs P1/P2 and P3/P4 (P4") (Table 1;
Fig. 2A). However, both ARG8” and ATP6 could be amplified
from the colonies, each of which represented a single transfor-
mant (Fig. 2C). Heteroplasmy was also confirmed by Southern
blot analysis (Fig. 2D). These results strongly suggested that
both the original and transformed mtDNAs coexisted in indi-
vidual yeast cells.

Oligomycin and anaerobic culture decreases the loss ratio of
mtDNA (Aatp6::ARG8™). Various media were used to culture
mtDNA transformants through 20 generations. The ability to
grow on MM was lost by 99.6% of colonies from YPD, 98.0%
from SM, and 61.0% from MM (Table 2), suggesting that the
transformed cells selectively lost viability from growth on MM
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TABLE 2. Effect of culture conditions on the loss ratio of
mtDNA(Aatp6::ARGE™)

Loss ratio of
mtDNA(Aatp6::ARGS™) (%) at:

Medium
) o I
YPD 27.0 64.9 99.6
SM 27.0 62.9 98.0
MM 27.0 43.1 61.0
MM-oligomycin 27.0 12.0 6.2
MM, anaerobic 27.0 14.0 7.1
MM-oligomycin, anaerobic 27.0 6.1 3.4

under normal aerobic conditions, even with media lacking ar-
ginine. These results meant that it was difficult to obtain ho-
moplasmic cells that could grow only on MM plates but not on
YPG plates. However, in order to determine the physiological
characteristics of ATP6 deficiency, homoplasmic cells are nec-
essary. Homoplasmic cells can be obtained by maintaining the
transformed mtDNA(Aatp6::ARGS™) while decreasing the
copy number of wild-type mtDNA(ATP6). Three independent
strategies were attempted to obtain homoplasmic Aatp6::
ARGS™ cells: (i) aerobic growth in the presence of oligomycin,
(ii) anaerobic growth, and (iii) anaerobic growth in the pres-
ence of oligomycin. Based on our previous work, the addition
of sublethal concentrations of oligomycin decreases the intra-
cellular ATP level by 35.7% (33). Addition of a sublethal
concentration of oligomycin, a specific inhibitor of F F;-
ATPase (10), during aerobic growth decreased the loss ratio to
12.0% (t,,) and 6.2% (t,,) (Table 2). The loss ratio was re-
duced to 14.0% (t,,) and 7.1% (t,,) under anaerobic growth
conditions. By combining oligomycin treatment with anaerobic
growth, the loss ratio was further reduced to 6.1% (t,,) and
3.4% (t,,). The addition of oligomycin to anaerobic cultures
resulted in growth decreases of 22.7% (MM-oligomycin),
43.4% (MM, anaerobic), and 17.6% (MM-oligomycin, anaer-
obic) relative to that of a 24-h aerobic MM culture. Among the
three culture conditions, oligomycin strongly inhibited cell
growth but had no obvious effect on mitochondrial biogenesis,
and therefore anaerobic growth was employed in later exper-
iments.

Mitochondrial copy number and ATP6/ARG8™ ratio de-
crease under anaerobic growth conditions. Cells grown under

FIG. 3. Mitochondrial biogenesis under anaerobiosis. To visualize
mitochondria, cells were stained with MitoTracker Green FM. Dis-
crete green staining creates fluorescence from mitochondria. Phase-
contrast (A) and fluorescence (B) images of Aatp6 heteroplasmic cells
from 0 h, 4 h, 8 h, and 12 h of anaerobic growth in MM are shown.
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FIG. 4. Effect of anaerobic growth on the mitochondrial copy num-
ber. mtDNA copy number is expressed as the relative value for cells
during aerobic growth at the indicated time point. The approximate
value of the mtDNA copy number shown here decreased with time
during anaerobic growth. mtDNA copy number is a highly approxi-
mate value of the number of mitochondria and is not exact because of
mtDNA concatemers (52) and mitochondria without mtDNA (48).
Error bars indicate standard deviations.

anaerobic conditions were visualized with MitoTracker Green
FM staining (46) (Fig. 3), which showed that the copy number
of mitochondria was significantly reduced with increasing
lengths of anaerobic growth. However, no inhibition of mito-
chondrial biogenesis was observed with the addition of oligo-
mycin. We propose that the likely decrease in the number of
mitochondria, resulting from repressed mitochondrial biogen-
esis under anaerobic growth conditions, increases the occur-
rence of homoplasmic cells. The relative mtDNA copy number
(RCN) was determined by qPCR (Fig. 4), showing that the
RCN decreased with increased periods of anaerobic growth.

The copy numbers of ATP6 and ARGS™, representing
mtDNA(ATP6) and mtDNA(Aatp6::ARGS™), were deter-
mined by qPCR. These results showed that the ratio of ATP6
to ARGS8™ decreases sharply under anaerobic growth condi-
tions (Fig. 5). The decreases in mtDNA(ATP6) copy number
concurrent with increases of mtDNA(Aatp6::ARGS™) during
anaerobic growth make an attractive protocol for obtaining
homoplasmic Aatp6::ARGS™ cells.

100

N
BN =)
L L

Relative ratio of ATP6/ARG8"™
=]

0.01
0 4 8 12
Time (h)

FIG. 5. Elimination of mtDNA heteroplasmy. The relative ratio of
mtDNA(ATP6) and mtDNA(Aatp6::ARG8E™) could be determined by
qPCR of ATP6 and ARGS8™ because the two genes were unique in the
two kinds of mtDNA molecules. Error bars indicate standard devia-
tions.
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FIG. 6. ROS production in different kinds of yeast cells. A, C.
glabrata with only mtDNA(ATPG); [, C. glabrata with both mtDNA
(ATP6) and mtDNA(Aatp6:ARGS™); M, C. glabrata with only
mtDNA(Aatp6::ARG8™). Error bars indicate standard deviations.

Complete elimination of mtDNA(4TP6). Based on the above
results, anaerobic growth appeared to be an ideal route for
screening the two important prerequisites for cells with ho-
moplasmic mtDNA: maintaining mtDNA(Aatp6::ARGSE™) and
decreasing the mtDNA(ATP6) copy number. By PCR screen-
ing of purified mtDNA and selecting for growth on MM but
not YPG, we isolated a single colony from an anaerobic broth
culture that was confirmed as a Aatp6::ARG8™ homoplasmic
strain. This strain was confirmed by Southern blotting and by
PCR with diagnostic primers, using purified mtDNA as a tem-
plate, which avoided interference caused by nDNA or plas-
mids. The results demonstrated that the target gene was com-
pletely deleted (Fig. 2C), and the strain could no longer grow
on YPG (data not shown).

ROS production in ATP6, ATP6/atp6, and atp6 strains. ROS
production was measured using the ROS-sensitive fluorescent
dye DCFH-DA in the original CCTCC M202019 (ATP6)
strain, the ATP6 partial deletion ATP6/atp6 strain, and the
homoplasmic Aatp6 strain. To minimize the ROS production,
all three C. glabrata strains were grown in YPD under anaer-
obic conditions for 2 h before growth under aerobic conditions.
After 8 h under aerobic conditions, ROS production was
207.2% in the ATP6/atp6 strain and 378.6% in the atp6 strain,
which were higher than that in the ATP6 strain. An increase in
aerobic culturing rapidly decreased ROS production in the
ATP6/atp6 and atp6 strains. At 20 h, the ROS levels in the atp6
strain were equal to or lower than those in the ATP6 strain and
the ROS level in the ATP6/atp6 strain was approximately the
same as that in the ATP6 strain, while after 24 h of aerobic
growth, the ROS level in the atp6 strain was only 22.3% of that
in the ATP6 strain (Fig. 6).

DISCUSSION

In this work, the ATP6 gene was deleted from the mtDNA of
C. glabrata using DNA fragments containing a recoded ARG8™
mitochondrial genetic marker flanked by arms homologous to
the target gene, delivered into mitochondria by biolistic trans-
formation. The transformants, identified by arginine auxotro-
phy, are unable to spontaneously discard the original mtDNA,
even in the absence of arginine. In addition, some transfor-
mants selectively lost the ARG8™-containing mtDNA under
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aerobic conditions. The relatively stable heteroplasmy hin-
dered the isolation of Aatp6:ARG8™ homoplasmic mtDNA
cells, preventing the clear characterization of physiological
processes associated with mtDNA genes. Quantitative PCR
(qPCR) assays revealed that the ratio of original to trans-
formed mtDNA varied with different periods and conditions of
growth. Further investigation showed that the cells with
mtDNA(Aatp6::ARGS8™) produced more ROS. Therefore, us-
ing these alterations in the growth conditions of the mtDNA
heteroplasmy strain, we obtained a homoplasmic mutant defi-
cient in ATP6. The mechanisms and strategies derived here
should facilitate the efficient and convenient genetic manipu-
lation of haploid yeast mtDNA and provide an alternative
route for working with mtDNA in other eukaryotic microor-
ganisms.

Heteroplasmy in eukaryotic cells. The coexistence of differ-
ent mtDNA molecules in a single eukaryotic cell, termed
mtDNA heteroplasmy, can be observed from yeasts to higher
organisms. Under natural conditions, mtDNA heteroplasmy
arises from one of four sources: (i) partial damage to mtDNA
from agents such as ionizing radiation and environmental tox-
ins (17), (i) mating of diploid fungal cells bearing different
kinds of mtDNA (3, 27), (iii) some types of sexual reproduc-
tion in higher organisms (7, 53), and (iv) rare spontaneous
heteroplasmy (50). Some plant and animal cells maintain a het-
eroplasmic state for extended periods (24, 64). However, het-
eroplasmic S. cerevisiae cells are not stable under most condi-
tions (31) because they rapidly become homoplasmic through
mitotic segregation (5), during which new buds receive rela-
tively few copies of mtDNA from mother cells because of
highly asymmetric S. cerevisiae budding (69). In mice, single
cells with different mtDNAs also eliminate specific mtDNA in
order to become homoplasmic (23, 53). The variation in
mtDNA ratios during the elimination of the heteroplasmic
state can be regarded as a typical mtDNA heteroplasmic dy-
namic process. Further investigation of heteroplasmic dynam-
ics will contribute to our understanding of numerous mtDNA-
associated physiological processes.

C. glabrata mtDNA transformants as a model for character-
ization of mtDNA heteroplasmy. Many conserved nuclear fac-
tors control mtDNA integrity and transmission. Increased un-
derstanding of the problem in yeast may shed light on the
relevant nuclear genes in higher eukaryotes. However, rela-
tively stable and easily identifiable models are rare (31) and
have not been extensively characterized (14) because in S.
cerevisiae, the most widely investigated mtDNA transformation
model, pure recombinant clones result from uncontrollable
homologous recombination among the initial heteroplasmic
cells (26). Although the rapid elimination of heteroplasmy
facilitates the screening of homoplasmic mtDNA transfor-
mants, it hinders investigations on heteroplasmy dynamics, for
example, determining the mechanism by which specific mito-
chondria with different mtDNAs are eliminated. Most natu-
rally occurring heteroplasmic examples are small nucleotide
polymorphisms or fragment length polymorphisms, which are
difficult to identify (7, 50).

In this work, C. glabrata transformed with mtDNA was used
as a model with easily identifiable phenotypes for studies on
heteroplasmy dynamics and the relatively stable heteroplasmy.
Heteroplasmy dynamics in C. glabrata are illustrated in Fig. 7,
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FIG. 7. Process of mtDNA transformation and heteroplasmy dy-
namics. The original mtDNA contained all essential genes for oxida-
tive phosphorylation, which supplied the cell with more ATP and
facilitated growth. The transformed mtDNA lacked the ATP6 gene,
which is essential for oxidative phosphorylation, but contained the
ARGS™ gene, which is essential for cell growth on medium without
arginine.

which describes the ratio of mtDNA(ATP6) to mtDNA
(Aatp6::ARG8™) under various growth conditions. Based on
our current hypothesis for heteroplasmy elimination, the phe-
nomenon appears to be determined by three principal pro-
cesses: (i) mtDNA instability, (ii) the selective loss of specific
mtDNA, and (iii) mitochondrial biogenesis.

Role of mtDNA instability in heteroplasmy. The stability of
mtDNA plays a significant role in the emergence of hetero-
plasmy. In yeast, mtDNA encodes the subunits of oxidative
phosphorylation complexes that are essential for cellular respi-
ration and ATP production, so maintenance of mtDNA integrity
is essential for energy supply and robust cell growth (6, 13). Most
deficiencies in F_F,-ATPase subunit genes, such as ATPI, ATP3
(21), ATP5 (45), ATP6 (48), ATP14 (22), and ATPI5 (11), lead to
mtDNA instability. Deficiency in the F_F,-ATP synthase induces
a series of physiological changes, including accumulation of ROS
(16, 43, 58), decreases in ATP synthesis, and alterations in mito-
chondrial crista morphology (42). A higher ROS level directly
increases mtDNA instability (38, 58). Decreases in ATP synthesis
may also influence mtDNA stability through effects on replication
and ATP requirements for mtDNA maintenance. Deficiency in
F F,-ATP synthase subunits might inhibit complex assembly, re-
sulting in alterations in mitochondrial crista morphology, all of
which affect mtDNA stability (42). Cells with wild-type mtDNA

EUKARYOT. CELL

(ATP6) have normal physiological ATP biosynthesis during aer-
obic growth. Arginine released from other cells may supply Aarg8
cells, because these cells grow well, even in MM with 10
mg - liter ! of arginine. Thus, cells with only mtDNA(ATP6)
could grow in liquid YPD or MM but not on MM plates.

Role of ROS production in mtDNA heteroplasmy. Loss of
mtDNA is common in yeast cells lacking the genes for F F;-
ATP synthase subunits. However, the detailed mechanism of
this loss is not well elucidated (14). In this work, strains with
partial and full deletions of ATP6 showed significantly different
ROS levels after aerobic culture (Fig. 6). After 2 h of anaerobic
growth, the ROS level was minimal for the three strains, C.
glabrata Aarg8 Aura3 [with only mtDNA(ATP6)], C. glabrata
with both mtDNA(ATP6) and mtDNA(Aatp6::ARGSE™), and
C. glabrata with only mtDNA(Aatp6::ARGS™). When these
strains were aerobically cultured, ROS levels in the latter two
sharply increased (Fig. 6), suggesting that mitochondria of the
mtDNA(Aatp6::ARGS™) produce more ROS. ROS are respi-
ratory by-products that damage mtDNA and other cellular com-
ponents (8). The time course of C. glabrata with both
mtDNA(ATP6) and mtDNA(Aap6::ARG8E™) initially showed
sharply decreased ROS levels, which eventually reached the level
in C. glabrata with only mtDNA(ATP6), suggesting that mtDNA
(Aatp6::ARG8™) was gradually lost, leaving only mtDNA(ATP6).
Furthermore, the time course of C. glabrata with only mtDNA
(Aatp6:ARGS™) suggested that mtDNA(Aafp6::ARGS™) was al-
most completely lost after 20 h. Several key enzymes of the re-
spiratory chain are encoded by the C. glabrata mtDNA, including
Coxlp, Cox2p, and Cox3p. Therefore, complete loss of mtDNA
would interrupt the respiratory chain (4), resulting in a lower
ROS level than in C. glabrata with only mtDNA(ATP6).

Selective loss of mtDNA. Host cells that were Aarg8 could not
synthesize arginine, making the arginine-synthesizing ability of
mtDNA(Aatp6:ARGS™) essential and forcing the maintenance
of mtDNA(Aap6::ARG8™). Therefore, although a large number
of cells selectively lost mtDNA(Aatp6::ARGS™) under aerobic
conditions, a group maintained mtDNA(Aatp6::ARGS™). Only
0.4% of cells retained the mtDNA(Aatp6::ARGS™) after 20 gen-
erations of aerobic growth in YPD; on the other hand, 92.9%
retained the mtDNA(Aatp6::ARGS™) after 20 generations of an-
aerobic growth in MM (Table 2). The reason for these differences
likely results from mitochondria with either mtDNA(ATP6) or
mtDNA(Aatp6::ARG8™) failing to generate ATP from the oxida-
tive phosphorylation during anaerobic growth (68). Thus, the
selective advantage resulting from efficient ATP synthesis was
eliminated, making the requirement for arginine synthesis the
dominant selective advantage. This increases the viability of cells
with mtDNA(Aatp6::ARG8™) during anaerobic growth.

Repression of mitochondrial biogenesis for screening ho-
moplasmic cells. Mitochondrial biogenesis is a complex phys-
iological process involving a series of genes (19, 25) that play
significant roles in the maintenance of mitochondrial morphol-
ogy and function (3). Novel proteins and pathways that control
mitochondrial biogenesis continue to be discovered, indicating
that the mechanisms governing the behavior of this organelle
are still not completely understood (41). In this work, we found
that the mtDNA copy number in yeast cells can be decreased
to a very low level during anaerobic growth (Fig. 3). This
repression of mitochondrial biogenesis resulted in changes in
the ratio of the two kinds of mtDNA used in this study. The
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decrease in mitochondrial number resulted in an increased
frequency of occurrence of homoplasmic cells (Fig. 5).

In general, anaerobic culture had two effects on mtDNA
maintenance. Under anaerobic conditions, integral F_F;-
ATPase did not affect the ATP supply, because ATP was gen-
erated by substrate phosphorylation. Anaerobic growth inhib-
ited mitochondrial biogenesis, thus decreasing the mtDNA
copy number. Repression of mitochondrial biogenesis under
anaerobic conditions further decreased the copy number of
mtDNA(ATP6). Since the distribution of mitochondria during
S. cerevisiae cell division is asymmetric, this led to an increased
loss of mtDNA(ATP6) in some heteroplasmic cells (3).

In conclusion, we describe a reliable method for screening of
homoplasmic mtDNA transformants as well as the primary
mechanisms for the maintenance or elimination of mtDNA
heteroplasmy using mitochondrial transformed C. glabrata
cells. Furthermore, our results reveal a method for the con-
trolled elimination of mtDNA heteroplasmy, making it an at-
tractive model for further research concerning how specific
mtDNA or mitochondria with specific mtDNA are selectively
removed from the heteroplasmic cell.
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