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Sex Determination Directs Uniparental Mitochondrial Inheritance in

Phycomyces
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Uniparental inheritance (UPI) of mitochondria is common among eukaryotes. The underlying molecular basis by which the
sexes of the parents control this non-Mendelian pattern of inheritance is yet to be fully understood. Two major factors have com-
plicated the understanding of the role of sex-specific genes in the UPI phenomenon: in many cases (i) fusion occurs between cells
of unequal size or (ii) mating requires a large region of the genome or chromosome that includes genes unrelated to sex determi-
nation. The fungus Phycomyces blakesleeanus is a member of the Mucoromycotina and has a simple mating type locus encoding
only one high-mobility group (HMG) domain protein, and mating occurs by fusion of isogamous cells, thus providing a model
system without the limitations mentioned above. Analysis of more than 250 progeny from a series of genetic crosses between
wild-type strains of Phycomyces revealed a correlation between the individual genes in the mating type locus and UPI of mito-
chondria. Inheritance is from the plus (+) sex type and is associated with degradation of the mtDNA from the minus (—) parent.
These findings suggest that UPI can be directly controlled by genes that determine sex identity, independent of cell size or the

complexity of the genetic composition of a sex chromosome.

he uniparental inheritance (UPI) of organelle genomes during

sexual reproduction is prevalent in eukaryotic lineages. The
physical processes accounting for this pattern of inheritance in-
clude the selective degradation of organelles of one genotype and
the disproportionate contributions of the cytoplasmic contents,
together with an underlying selective benefit of homoplasmy,
whereby cells house a single mitochondrial genotype (1, 2). In
most cases, the maternal parent contributes the mitochondria into
the zygote. However, whether or not the genes on sex chromo-
somes or in mating-type loci that specifically determine the sex of
the parent are directly required for UPI is untested. This is because
it has not been possible to uncouple the effects of differing cell
sizes (anisogamy) or the numerous genes present on sex chromo-
somes from their potential contribution to UPIL. To answer this
fundamental question requires analysis in an organism with
equally sized gametes (isogamy) and a simple single-gene sex-
determining system.

Members of the fungal kingdom may undergo a sexual cycle
that involves the fusion of equally sized cells and whose sex types
are determined by a small region of the genome known as the
mating type (MAT) locus. However, many of these species, like the
model ascomycete yeasts Saccharomyces cerevisiae and Schizosac-
charomyces pombe (3—6), inherit the mitochondrial genotypes
from either parent. Similarly, some basidiomycete mushroom
species initiate their sexual cycle through the fusion of equally
sized cells, and depending on the species they can exhibit the in-
heritance of the mitochondrial genome from just one or either
parent. In species with uniparental inheritance, the complex ge-
netic makeup of their mating type systems have prevented impli-
cating sex-determining genes directly, with some exceptions that
are discussed below (7, 8). Phycomyces blakesleeanus is a fungus in
the subphylum Mucoromycotina that is a distant relative of the
ascomycete and basidiomycete species. Mating involves the fusion
of two identically sized gametangium cells. Without any features
to distinguish between the two parents, the terms “(+)” (plus)
and “(—)” (minus) were thus coined arbitrarily for Mucoromy-
cotina species to designate the sex or mating type of strains. Sex
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determination is governed by a small genetic locus, which in Phy-
comyces contains a single gene for each allele, either sexM or sexP
(9). The alleles share no DNA sequence similarity, although both
SexM and SexP proteins contain a high-mobility group (HMG)
domain found in transcription factors. This scenario resembles
the SOX3/SRY HMG-domain proteins encoded by the X and Y
chromosomes of humans and other mammals but entails a small
(<6-kb) locus encoding one protein rather than a sex chromo-
some.

The expectation was that Phycomyces would exhibit biparental
inheritance of its mitochondrial genome, as seen in other fungi
that undergo fusion of isogamete-like cells. Instead, in this study
uniparental inheritance was observed. Our findings provide a
strong correlation between the mating type locus genes and UPI,
with the implication that similar regulation may exist in other
eukaryotes or was important at one stage of their evolution in
establishing this system of inheritance.

MATERIALS AND METHODS

Strains and growth conditions. Phycomyces blakesleeanus strains were
grown on potato dextrose agar (PDA) plates at room temperature. Strains
were NRRL1555 sex type (—), NRRL1554 (+), A56 (+), SC10 -1a (+),
UBC21 (+), and UBC33 (—). These strains are wild isolates, except for
A56. NRRL1555 is the standard laboratory strain, which has been se-
quenced, and A56 is isogenic to NRRL1555, after 11 backcrosses to intro-
gress the (+) sex allele into the NRRL1555 background (10). KC10B1 (—)
and KC10B6 (+) are progeny isolated from a SC10-la X NRRL1555
cross; they contain the SC10-1a mitochondrial DNA (mtDNA) genotype.
KC10F1 (+) and KC10F6 (—) are from an A56 X NRRL1555 cross; they
contain the A56 mtDNA genotype. For preparing mycelia for DNA ex-
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FIG 1 UPI of mitochondria occurs in Phycomyces. (A) Positions of the oligonucleotide primers used to amplify a variable part of the mitochondrial genome. (B)
Agarose gel showing the sizes of the PCR products of an mtDNA fragment cut with Taqal restriction enzyme from the parental strains. (C) Gels of the PCR
products of the mtDNA fragment cut with Taqal, from parents and five representative progeny from eight crosses (Table 1). (D) The mitochondria are inherited
from the (+) parent regardless of the origin of the mitochondria. Agarose gels show the mtDNA fragment cut with Taqal from the strains in which the
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fragment of the mitochondrial genome amplified from the parents NRRL1554 (+) and NRRL1555 (—) and two single zygospores (one week old). The asterisks

show the nucleotide sequences that differ between the parents. A trace of the mtDNA from the (—

traction, sporangiospores were inoculated in yeast extract-peptone-dex-
trose (YPD) medium and incubated for 3 to 5 days.

Crosses. Crosses were performed on V8 medium plates (5% V8 juice,
0.5 g/liter KH,PO,, 1 mg/liter thiamine, 4% agar; pH 6). Heat-activated
spores from strains of opposite mating types were inoculated 6 to 7 cm
apart on 10-cm-diameter petri dishes and incubated in darkness at room
temperature until the zygospores formed (5 to 7 days). The zygospores
were isolated with forceps, placed on wet filter paper, and incubated 2 to 4
months until germination. After the germination of zygospores, individ-
ual germspores were streaked onto PDA to isolate single colonies. Each
progeny was isolated from a different zygospore, to ensure that each was
the result of an independent meiotic event. The sexes of the progeny were
tested by inoculating them adjacent to the standard wild-type (+) and
(—) strains.

DNA extraction. Mycelium was dried in a freeze-dryer, and
genomic DNA was extracted from mycelium broken apart with 2-mm
glass beads with a CTAB (cetyltrimethylammonium bromide) extrac-
tion buffer (11).

Mitochondrial genotyping. Primers ALID0933 (5'-CGAATGACCC
GAGAAGCC-3') and ALID0934 (5'-GGAGTGACTCATCTTTCG-3")
were used to amplify a polymorphic region of the mitochondrial genome,
identified by comparing genome sequences of strains NRRL1555 and
UBC21 (http://genome.jgi-pst.org/Phybl2/Phybl2.home.html) and suit-
able for comparing the different mitochondrial genotypes in the other
wild-type strains. ALID0933 is within the orf511 gene, and ALID0934 is in
the intergenic region between orf511 and nad4L. PCR products were di-
gested with Taqal restriction enzyme at 65°C and separated by electro-
phoresis on 2% agarose/1X Tris-acetate-EDTA gels. For PCR from
zygospores, a single zygospore was crushed in 10 pl of dilution buffer
(Thermo Scientific Direct PCR kit) and incubated for 10 min at room
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) parent is still amplified from zygospore 1.

temperature; 2 wl of this was used as the template for the PCRs. Products
were either digested with Taqal and resolved on agarose gels or se-
quenced.

Another mitochondrial polymorphism between the atp9 and trnG genes
was examined in 12 randomly selected progenies from cross 1 and the two
parents (NRRL1555 and UBC21). The region was amplified by primers
ALID2131 (5’-AATTGTTGCTAATCCAGCTC-3') and ALID2132 (5'-AAA
AGGTCGTCACCTTCGTC-3"). The PCR products were gel purified and
sequenced, and the sequences were compared for the 14 strains.

RESULTS AND DISCUSSION

A genetic map of Phycomyces was recently created using nuclear
molecular markers in progeny after crossing two wild-type par-
ents (12). Here, oligonucleotide primers were designed to amplify
a variable part of the mitochondrial genome (mtDNA) (Fig. 1A)
and used on the 121 progeny from this cross. The progeny were
derived from independent meiotic reduction events, because each
zygospore forms independently of the others, and a single strain
was isolated from the zygospores germinated. The difference in
PCR-restriction fragment length polymorphism (RFLP) patterns
between the strains was used to track the source of the mitochon-
drial genome in the progeny (Fig. 1B). Rather than exhibiting
biparental inheritance, all 121 progeny had inherited their mito-
chondrial genome from one parent (Fig. 1C and Table 1). To
ensure that this result was not a peculiarity of the molecular
marker employed, an additional polymorphic site in the mito-
chondrial genome was identified. This region was amplified and
sequenced from 12 randomly selected progeny: all had inherited
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TABLE 1 Crosses and number of progeny analyzed

No. of progeny

Cross no. Parents [(+) X (—)] analyzed
1 UBC21 X NRRL1555 121

2 SC10-1a X NRRL1555 17

3 SC10-1a X UBC33 26

4 NRRL1554 X NRRL1555 16

5 UBC21 X UBC33 12

6 A56 X NRRL1555 28

7 KCI10F1 X KC10B1 22

8 KC10B6 X KC10F6 10

the allele from the (+) parent. This result suggests that there is
transmission of the full mitochondrial genome from the (+) par-
ent into the progeny.

Segregation of the mitochondrial genome in progeny from a
series of crosses shows that UPI is consistently observed in Phyco-
myces (Fig. 1Cand Table 1). First, in all crosses UPL is from the (+)
parent, including in crosses between a selection of different wild-
type isolates. These wild-type isolates are all unique and North
American in origin (from Canada for UBC21 and UBC33 and
from the United States for the others), and their isolation dates
span over a century, from Albert Blakeslee’s collection from the
turn of the 20th century to an isolate from South Carolina col-
lected in 2010. Second, reciprocal crosses between strains, in
which the mtDNA was switched into the opposite mating type
background, establish that the mitochondrial genome itself does
not contribute to UPI (Fig. 1D, crosses 7 and 8). Third, the sex
locus controls inheritance (cross 6) rather than other elements in
the genome, because strain A56 is isogenic with strain NRRL1555
except for its sex allele (10).

The meiotic reduction process in Phycomyces is not always per-
fect, with the emergence of heterokaryons that can be easily iden-
tified by their morphology if they carry the two alleles of the sex
locus. Three such strains were examined, and all had inherited the
(+) parent mitochondria. This indicates that the selection process
occurs with fidelity even if nuclear fusion or chromosome disjunc-
tion does not and that UPI is initiated early in the mating process.
Since both mating types were present in these heterokaryons, this
also indicates that selection is most likely ensured by the degrada-
tion of (—) mitochondria rather than the protection and prefer-
ential replication of (+) mitochondria. Degradation of organelles
is a common feature for UPI in eukaryotes (1). For example, re-
cent findings in the nematode Caenorhabditis elegans establish the
degradation of sperm mitochondria by induction of autophagy
(13-15).

Electron microscopy of the developing zygospores of Phycomy-
ces has illustrated that mitochondria lie adjacent on either side of
the cell walls as the walls dissolve between the two gametangia,
suggesting that the events leading to UPI must occur postfusion
(16). The timing of mitochondrial degradation was assessed by
PCR on zygospores. Zygospores are the single cells that result
from the sexual fusion of (+) and (—) gametangia and also act as
resting structures that are dormant for 2 months to over a year.
Analysis of the mitochondrial genotypes demonstrates that deg-
radation of mtDNA from the (—) parent occurs early during the
process of zygospore maturation, since this is observed within a
week after the formation of the zygospore (Fig. 1E).

Two other species of fungi with UPI linked to their mating type
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alleles are worth comparing with Phycomyces (8). In the first,
Ustilago maydis, the pheromone MAT locus controls uniparental
inheritance; however, this is mediated by two genes within the
locus, neither of which is required for pheromone biosynthesis or
in determining the cell type (17, 18). The second species is Cryp-
tococcus neoformans, in which mitochondrial inheritance is gov-
erned at the pre- and postzygotic stages of the sexual cycle (19, 20).
The postzygotic control is in part conferred by the Sxila and Sxi2a
homeodomain proteins, which also specify the mating types of the
parents. A similar situation likely occurs in the related species
Cryptococcus gattii. Crosses between congenic strains differing
only in mating type exhibit UPL, while in crosses using strains with
different genetic background both parents can contribute their
mitochondrial DNA to the progeny (21, 22). In addition, in C.
neoformans the environmental and genetic conditions alter the
proportion of uniparental versus biparental inheritance (20, 23—
25), and cytological analysis indicates that the mating type « cell
delivers its nucleus to the a cell (26). Thus, neither U. maydis nor
the Cryptococcus species rely on sex-determining genes for the sole
determinant of UPI as is the case in Phycomyces.

The mechanism whereby SexM or SexP, encoded by the sex
locus of Phycomyces, contributes to UPI remains to be elucidated.
The absence of a stable transformation system for this species
prevents gene manipulation approaches to explore this trait (27).
Nevertheless, finding this correlation between mating type and
UPI in Phycomyces provides research directions in more tractable
eukaryotes, to test if the genes required for sex determination also
control UPI more widely.

We hypothesize that the equivalent genes that control the sex
of an organism also control UPI or may have done so in the past.
In some organisms, the original roles of the sex-determining fac-
tor in UPI may have been superseded by other genes. In U. maydis,
the Iga2 and rga2 genes in the a mating type locus regulate UPI of
mitochondria (17). These two genes have been incorporated into
a locus that controls the sex of the cell but are not involved in
determining sex of the mating partner. A similar scenario may
have occurred in the green alga Chlamydomonas reinhardltii,
which has a large mating type (MT) locus. In this organism, isog-
ametes fuse, and in the progeny the mitochondrial genotype is
from the minus parent and, conversely, the chloroplast genotype
from the plus parent (28). The ezy-1 and ezy-2 genes that are lo-
cated within M T have been implicated in chloroplast inheritance
(29, 30). If so, this represents another example in which the con-
trol of UPI is through genetic factors that have been recruited into
the region of the genome that includes the sex-determining genes.
Even more compelling is evidence that the homeodomain protein
Gspl is also involved in C. reinhardtii, because codeletion of this
gene and the adjacent homolog of an inositol monophosphatase
impairs UPI (31).

In summary, the present study in Phycomyces provides an ex-
ample in which genes located within the sex-determining region
of the genome likely have two functions. One is to determine the
mating type or sex of the cells, and the other is to direct uniparen-
tal inheritance during mating. Given that those two processes are
intimately linked in eukaryotes, we propose that this represents an
ancestral state in eukaryotes that coordinated the distribution of
both nuclear and mitochondrial genetic material during sexual
reproduction.
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