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ABSTRACT

Eukaryotes typically inherit mitochondria stricttyaternally. There are however
a group of bivalve molluscs that inherit differenitochondrial genomes from each
parent. The paternally inherited mtDNA (M-type)asalized to, and dominates over the
maternally inherited mtDNA (F-type) in the gonadsh® male offspring, but is not
normally retained in any tissue of the female affsgp. This process is termed Double
Uniparental Inheritance (DUI). Using quantitatR€R (qPCR), this study examines
mtDNA replication compared to total DNA replicatitirough embryonic stages of
development and into early adulthood of the DUIc#gxe Mytilus galloprovincialis.
Results indicate that up through the early velggage of development, there is little
replication of mMtDNA. Between the early veligedgmediveliger stages, mtDNA
replication increases dramatically, and then cam#nto replicate between pediveliger
and 1mm spat. Rate of mtDNA replication slowsrafte pediveliger stage. This study
also shows that mtDNA replication is not coupledstelear DNA replication, and that
though replication of mtDNA increases between eaeljger and pediveliger stages,

nuclear DNA is replicating at a faster rate.
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CHAPTER1
INTRODUCTION
Mitochondrial DNA (mtDNA) exists as a circular DNgtructure with a genome

distinct from that found in the nucleus. The mitondrial genome as a whole is much
smaller than the nuclear genome, consisting ofagpmprately 15-20kb (Boore et al.,
1999). Despite the rapid evolution of the mitocthaed genome, its gene content has
been relatively conserved across animal speciesréBet al., 1997). In general, the
mitochondrial genome codes for the proteins necg$sathe subunits of the electron
transport chain, rRNAs, and the tRNAs necessaryrémslation of those proteins, for a
total of 37 genes (Boore et al., 1999). The mgjai components found in the
mitochondria however are encoded by nuclear geBieadel et al., 1997). Mitochondrial
DNA (mtDNA) is also known to have an area of nowliog sequence known as the
displacement loop (D-loop), or the control regi@mnédel et al., 1997). All mitochondrial
gene expression is regulated by promoters fourlklisrregion (Shadel et al. 1997).
Regulation of these genes at these promoters igttido be entirely by genes encoded
by the nucleus (Scarpulla, 2006), so for this reasommunication and interaction
between mtDNA and the nuclear DNA are necessargrgoer mitochondria function
and mtDNA replication. Mitochondria are also neeggdgor cell cycle progression, as
low levels of ATP can signal a halt due to energgldtion (Mandal et al., 2005), also

making it necessary for communication between thdeus and the mitochondria.



Mitochondria are highly dynamic structures, andodpce via the process of
fission and fusion, with fission being the proceka single mitochondria dividing to
provide two separate mitochondrion, and fusion @bamondria occurring when two
separate mitochondria come together to form a tasiggle mitochondria (Hales et al.,
1997). The fission and fusing processes take @acerding to energetic need of the cell
(Zorzano et al., 2010). Mitochondrial homeostésis complex process involving fission
and fusion of mitochondria, replication of mtDNAdareplication of nuclear DNA. It is
known that all of these things contribute to mitoetirial reproduction, however the
exact mechanisms, and the timing of mitochondapta@duction throughout the cell
cycle and development, as well as the couplingitdechondria replication to mtDNA

replication are generally not well understood (Meaz-Diez et.al., 2006).

Eukaryotes typically follow a pattern of strict temal inheritance of
mitochondria (Birky et al., 1995). Sometime durspmermatogenesis, sperm
mitochondria are tagged with ubiquitin, and onaélieation of the egg occurs, this
targets the sperm mitochondria for proteolysis §8sky et al., 1999). This is thought to
be a mechanism that has evolved due to the facspeam produce high levels of
reactive oxygen species upon fertilization, whioh axic to the mitochondria (Aitken et
al, 1995). One exception consists of a group wdllke molluscs, which can inherit
mitochondria from both parents (Zouros et al., J99his process is termed Double
Uniparental Inheritance (DUI), and has been idadtiin a number of different mollusc
species, the most commonly studied being the mesydighe phylunmMytilus (Zouros et
al., 1994). Each offspring inherits one mitochaaldgenome from the mother,

designated F-type, and one mitochondrial genonma fhe father, designated M-type



(Zouros et al., 1994). These two genomes arendistiom one another, with up to 40%

sequence divergence in some species (Zouros 2013).

The two mitochondrial haplotypes have differentdtions in the organism, and
although it is not clear how the function of theotgenomes differ, it is becoming
increasingly evident that the M-type mitochondtiaypa large role in spermatogenesis.
The M-type mitochondria are transmitted to the eggn fertilization via the sperm
(Longo et.al., 1967). If the offspring is to beleahe M-type mitochondria aggregate
together by the first cell division, and are lozatl to the D-blastomere by the second cell
division (Cao et al., 2004). This blastomere d@agrogeny are thought to give rise to the
germ line (Verdonk et al., 1983). In the maturdanthe gonad is composed almost
completely of M-type mitochondrial DNA (mtDNA), wlei the somatic tissues are
composed almost completely of F-type mtDNA (Caalg2004), indicating the M-type
mtDNA functions specifically in the gonad and/onggtes. If the offspring is to be
female, the sperm mitochondria are transmittetiéceigg and have no apparent
localization (Cao et al., 2004). They appear twloanly disperse within the zygote
during cell division and the mature female tissaiesall composed of F-type mtDNA
(Cao et al., 2004). There are few exceptionsésdhrules, and these rules are not as well
established in other DUI species (Milani et al.120) however irMytlids this has proven

to be the norm (Zouros et al., 1994).

The sperm and the egg contribute mitochondriag¢atfyote in unequal
proportions. The sperm only contributes five, dlts¥ge, mitochondria to the zygote
(Longo et al., 1967), whereas the egg contribuges bf thousands (White et al., 2008).

The number of copies of mtDNA in each mitochondianknown, and it stands to



reason that the sperm mitochondria may contain mbBENA copies than the egg
mitochondria due to possible fusion of many smatédochondria to form the 5 larger
mitochondria that are transmitted to the egg ugotilikzation (Zouros, 2013). However,
even taking this into account, the amount of M-tgp®NA transmitted to the zygote is
small in proportion to the F-type mtDNA transmittieglthe egg (Zouros, 2013). If the
replication rate between the two mtDNA haplotypeserthe same, the F-type mtDNA
would be chosen for replication more often thanNhgype mtDNA, leading to a
bottleneck effect in which the M-type mtDNA is losthis cannot be what is occurring,
since the ratio of M-type to F-type mtDNA in a m@&umale mussel (though very
variable) can reach 1:1 (Sano et al., 2007). WMoisld imply one of two things is
occurring: either the M-type DNA is being prefeialty amplified, or one of the two

haplotypes is lost.

Molluscs are mosaic developers, and divide accgrttira spiral cleavage pattern.
The first cleavage is unequal, resulting in twdscelThe first is designated AB, and the
second is CD, with the AB cell being considerabtyaller than the CD cell. The second
cleavage takes place in a spiral manner, formingkgsized A, B and C blastomeres,
and a larger D blastomere, with the D-blastomeoeght to give rise to the germ line
(Verdonk et al., 1983). In DUI species, not onlysnthe proper mtDNA haplotype be
sorted into the correct cell lineage, the mtDNA tralso remain purely F-type or M-
type. This means that there must be a very congaeting mechanism by which the
mitochondria are sorted into cells in which theyl Wuinction in DUI species. There also
must be coordination between sorting, when mitodnarreproduce, and when mtDNA

replicates. If fission and fusion of the mitochdadare occurring, it would give large



possibilities to recombination between the two gees and mixing of the two mtDNA
haplotypes in a single mitochondria. This is plpaot what occurs given the distinct

localization of the two haplotypes in the maturessel tissues.

There are some arguments to be made about thefrleype mtDNA being
negligible. Studies performed on hybrid Mytliuesjes betweeMytlis edulis, Mytilus
galloprovincialis, andMytilus trossulus, have shown what is known as DUI breakdown
and mitochondrial genomes from the gonad of maléisese hybrid species show
sequences that resemble the F-type genome mohasthe M-type genome (Weene et
al., 1995; Hoeh et al., 1996; Saavedra et al. 1Q2igsada et al. 2003; Ladoukakis et al.
2002; and Burzynski et al. 2006). These sequemaes been deemed "masculinized,”
with the control region of this masculinized seqeeemarying from a typical F-type
MtDNA sequence by less than 3% (Hoeh et. al. 19@fe hypothesis is that the F-type
mtDNA at one point invaded the germ line and toe&rdhe role of the M-type mtDNA,
which may provide some evidence that the F-typeM#&Dnay be able to provide the
same function as the M-type mtDNA in its absenceeftlet al. 1997). This
masculinization event also provides evidence supmpthe hypothesis that the mtDNA
sequences themselves have directions for the aditansmission of the separate F and
M-type mtDNA haplotypes (Zouros 2013). It is atgat known whether replication of
M-type mtDNA is causative or associative with thalemess of the offspring. Itis
known that males retain and replicate the M-typPN#A, and that females do not (Cao
et al., 2004), but retention and replication of y¢ mtDNA may not be causative of the
embryo becoming male. Female mussels have sexhias in that their offspring

consists either of mostly males, mostly females mtio of 50:50 males to females



(Zouros et al., 1994). A single female will contiusly produce this ratio of male to
female offspring despite the male it is mated \atld daughters do not necessary have
the same bias as their mothers (Kenchington @082). This indicates that something
in the egg determines whether the offspring is malemale, and its control may be by
genes encoded by the nucleus rather than the rodcia (Kenchington et al., 2002).
Thus, the egg may determine whether or not theteyiganale, and replication of M-type

mMtDNA is associated with maleness, not causative.

Put simply, the mature female mussel tissues ndyroahsist of 100% F-type
mtDNA and mature male tissues contain 100% F-tyfi2NA in the somatic tissues,
however males contain 100% M-type mtDNA in the gestts (Cao et al., 2004). There
have been studies measuring the proportion of E-typM-type mtDNA in mature adult
tissues that have shown trace amounts of M-typeNAtDetectable in somatic tissues of
both male and female adults (Kyriakou et al., 2@Bata et al., 2011). In female adults,
trace amounts of M-type mtDNA would suggest thathhtype mitochondria get
randomly dispersed in the zygote, and in maturesglaghe M-type mtDNA is not
destroyed, but is not subject to significant regtiien. It has also been hypothesized that
"leakage" from the sperm mtDNA may occur in maleading to somatic tissues being

comprised of trace amounts of M-type mtDNA (Milaial., 2012).

In order to have germ cells purely of M-type mtDNg& least one copy must be
localized to the cell destined to give rise togleem line and either selective
amplification of M-type mtDNA or loss of the F-typmetDNA must occur. Its well
established that in male zygotes, the 5 aggreggtean mitochondria enter the egg upon

fertilization (Longo et al., 1967), however itnset known when the mitochondria



dissociate from one another. Studies have shoatririrsome embryos the sperm
mitochondria are still aggregated together asdates the trochophore stage of
embryogenesis (Cao et al., 2004). If one assuhaghe aggregate remains together
until the germ line must mature, it could be thiiel to no fission and fusion of
mitochondria occurs until this point, and littlerto replication of mtDNA occurs either.
If the M-type mtDNA has little function in the anahoutside of spermatogenesis, it
could be that until spermatogenesis occurs, nacapn of mtDNA occurs. For these

reasons is it necessary to study the replicatidotaf mtDNA in DUI species.

This study will attempt to elucidate the replicatiate of total mtDNA relative to
nuclear DNA, in order to aid in the understandifighe sorting and reproduction of
mtDNA in DUI species. Quantitative PCR (qPCR) Wil used to analyze mtDNA
replication across embryonic development and eatiifthood in DUI speciedytilus
galloprovincialis, beginning with trochophore larvae (ca. 24 howrs-fertlization), and
comparing replication of mitochondrial DNA throutite early veliger (D-stage; ca. 48
hours), and pediveliger (late stage veliger; cdays). The pediveliger stage is
considered the final embryonic stage before metphusis and the formation of a
juvenile mussel. Early juveniles (spat) measufingn in length (ca. 70 days post
fertilization) will also be used to monitor repligan of mtDNA past the embryonic
stages of development. Understanding mtDNA refioaas a whole will aid in using
these organisms as model systems for both gerndénelopment and mutated mtDNA

replication and inheritance.



CHAPTERZ2
METHODS
Real-time, or quantitative PCR (QPCR) was useddaitar replication of total
mtDNA (both F-type and M-type). Three differentlenyonic stages were used to track
replication through embryonic development: trochameh early veliger, and pediveliger
embryos (listed in order from youngest to oldedt)p. monitor replication of total
MtDNA post-embryogenesis, 24 individual spat, mgagulmm in length were also

studied with gPCR.

2.1 Spawning of Mussels: In order to grow embryos to the trochophore stage

Mytilus galloprovincialis mussels were obtained from Taylor Shellfish fa(Biselton,
Washington.) Spawning of mussels was induceddusing individual mussels in
separate dishes containing natural seawater at temperature. Room temperature
(22°C) is warm enough to induce spawning of ripessels. Eggs from a single female
were collected and washed 2x with natural seawhstrhad been filtered through a
0.45uM filter. Sperm were collected with a pipeditel added drop-wise to the eggs to
allow for fertilization. Successful fertilizatiomas followed by eye under a dissecting
microscope. Embryos were then left to proceeduthinalevelopment until the embryos
were between 2 and 4 cells in size. Once the evslitgd reached the 2-4cell stage, the
embryos were diluted 1:1000 in filtered seawaterta@iming 10mg/ml gentamycin and

kept in stirred culture at 22°C in 3 liter glassitaners until they reached the



trochophore stage (ca. 24 hours.) Embryos werewlzshed in filtered sea water and

fixed in 70% ethanol.

Taylor Shellfish Farms generously provided botHyeagliger and pediveliger
embryos. The spawning date for these mussels ¥/a4/12. Embryos were collected at
the early veliger 2 days post-fertilization, pediyer from the same spawning were
collected at 7 days post fertilization, and spairfithe same spawning were collected 70
days post fertilization. These larvae were shipgpedon ice, washed in filtered sea
water and fixed in 70% ethanol. All larvae weredked for viability (active swimming

behavior and overall anatomical structure) befosation.

2.2 DNA extraction: All embryos were fixed in 70%EtOH. They were wadl2X with
TE buffer (10mM Tris-HCI pH 7.5, 1mM EDTA), and theesuspended in TE buffer.
Single embryos were separated with a p20 pipetiesaspended in 2uL of TE buffer. In
order to extract DNA, 1uL of proteinase K (200ug/mias added to each sample. Spat
were placed in 24uL of TE buffer, and 6uL of protse K (200ug/uL) was added to
each sample to extract DNA. Samples were therbeted for 3 hours at 55°C, then at

95°C for 10min in order to inactivate the protem#s

2.3 gPCR: Quantitative PCR (gPCR)was run using a SensiFASTYBRSNO-ROX Kit
(Bioline). Each reaction consisted of: 10uL of R&action mix, 0.27uL of forward and
reverse primers (final concentration=0.4uM), andewap to 20uL after the addition of
DNA. The reaction was run with the following 243teycling conditions: 1) 95°C for
3min, 2) 95°C for 5sec, 3) anneal (58°C for RS 288 234, 56°C for RS 219 and 220)

for 30sec, 4) Steps 2-4 were repeated for 35 cydée melt curve was determined with



the following conditions: 1) 60°C for 5sec, and8yC for 5sec, with increment
increases of 0.5°C for Step 1 with each subseqeeant All reactions were run with
replicates, and with no-template controls. QPCReevall run on a Bio-Rad CFX96 real-

time PCR machine, and results were analyzed usioiRBd CFX Manager 3.0.

Primer set RS 233 and 234, amplifies a region @intitochondrial D-loop
identical in sequence in both M-type and F-type NRD Primer set RS 219 and 220
amplifies a region of the male mitochondrial D-lamgy found in the M-type mtDNA

genome.

RS 233: 5-GCC CTT CCG TTA GAA GAA GTA G-3'

RS 234: 5'-GCT CGA AAC CGC TAG ATA CAA-3'

RS 219: 5-GGA ATA TAC GCA GAT AGT TGG AGA TAG-3'

RS 220: 5'-CCC TGG GAT TAC TCT GTT GTT C-3'

Primers were designed using PrimerQuest (Integiadé8l Technologies) and
Genbank Accession ID NC _006886.2 for RS 233 and &34 Accession ID AF188280

for RS 219 and 220.

In order to ensure that change in template conatortr could be detected using
gPCR, each set of samples (5 sets, each with gaepkamples) were set up such that
each sample in a set contained one more embryahkeasamples in the previous set,

with the final sample set containing 5 embryosgaenple.

gPCR threshold cycle values (Ct values) were obthby the Bio-Rad CFX96

real-time PCR machine, when fluorescence reachaislabove background. For each

10



sample, Ct values were linearized, using the fabhgvequation assuming a doubling of
DNA with each amplification cycle. This linearizedlue is proportional to the amount

of DNA in the original sample.
Ct_Trans=(1/%

Values were then normalized to the mean valuep$es containing 3
trochophore larvae. Using a sample with 3 embgymsured that the sample contained
enough DNA to be reliably detected by the gPCRe ean Ct of samples with 3
trochophore larvae was 20.7925. That number veastormed using the equation
above, to get a Ct_Trans of 5.51X10That value was then multipled by three, and all
subsequent Ct values were normalized to this nunalner deemed "trochophore

equivalents"” using the equation below.
"trochophore equivalents"=(Ct_Trans/16.53X)L0

Ct values for spat were adjusted to account fofdabethat only 1/5 of the DNA
extracted from the individual spat was used ingRER. Ct_Trans was multiplied by 5
before being converted to "trochophore equivaléni®@ compare these values to the
mean values of 3 embryos per sample from qPCRfateit embryonic stages of

development, the values were then multiplied bg 8djust values to represent 3 spat.

2.4 Quantification of total DNA: Total DNA was quantified using a Qubit 2.0
Fluorometer (Invitrogen®) and Qubit™ dsDNA HS As$ay (Invitrogen®) according
to kit specifications. In order to ensure thatra@min DNA concentration could be
detected using this method, each set of samplest§5 each with 4 replicate samples)

were set up such that each sample in a set codtamemore embryo than the samples

11



in the previous set, with the final sample set aombg 5 embryos per sample. The mean
values of samples containing 3 embryos for eachrgonic stage were analyzed in order

to ensure there was enough DNA to detect reliafsheentrations.
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CHAPTERS3
RESULTS

To follow the process of total mtDNA replicationrthg development, gPCR was
performed using embryos at each of five developaiesthges. In order to obtain a per
embryo measurement, and to ensure that a changmpiate concentration could be
detected, samples were initially set up so thah sat of samples contained one more
embryo than the previous set, with the final sangplataining five embryos. Each set
consisted of four replicates. Data sets from edape of development were collected
from a single gPCR run (Figure 3.1). This sameupgbrocess was used in order to
determine the amount of DNA present in a singlergmband to make sure changes in

DNA content was detectable using the Qubit 2.0yfag.2).

Results from both the gPCR (Figure 3.1) and quaatibn of the amount of
DNA in a single embryo (Figure 3.3) display chaeaistics of a positive linear
correlation. Based on these results the mostotelialues came from samples
containing 3 embryos. For gPCR results from edates the mean "trochophore
equivalent” value for samples containing 3 embmyese graphed according to age
(Figure 3.2). The mean of 3 trochophore embryopdasns equal to 3.08 trochophore
equivalents. The mean of 3 early veliger embryoas corresponds to 3.16
trochophore equivalents, indicating a lack of mtDM#lication between these two

stages. The mean of 3 pediveliger embryo sampmiegWVer, corresponds to 21.36

13



trochophore equivalents. This shows that durimgetrly development of the mussel
there is no significant mtDNA replication. Howewe the five days between the early
veliger (48 hours post fertilization) and pediveligtage (7 days post-fertilization) total

mMtDNA has clearly undergone some replication.

The pediveliger stage Mytilus occurs just prior to metamorphosis and
settlement of young adult mussels. To determitieeife is a significant change in the
amount of mtDNA associated with 1mm young adulpg(s70 days post-fertilization) 24
individual spat were also measured for total mtDédAtent using gPCR. At this late
stage in development, M-type mitochondrial sigsaasily detected using gPCR. Each
individual 2mm adult was measured for both totadDMA (Figure 3.2), and M-type
mtDNA (data not shown). Individuals were deemedenifahe M-type mtDNA signal
was reliably detected at a Ct value of less thgraB8 female if the Ct value for the male
mtDNA was 32 or greater (background noise lev@f)the 24 individuals tested, 7 were
male, and 17 were female. The mean value of totBNA for both the male individuals
and female individuals was determined (Figure Based on these values there is no
significant difference between total mtDNA in femalersus male 1 mm adult mussels.
The mean value of all individuals, regardless af $80.19 trochophore equivalents.
The increase in total mtDNA from pediveliger to 1epat is 3.75-fold while the
increase between early veliger and pediveligerié-6old. The total net increase in
mMtDNA between early veliger and 1mm spat is 25.@8/en that the time between
veliger and pediveliger is 5 days and between mhidier and 1mm spat is 63 days, this

means that the highest rate of mtDNA replicatioadsurring between the early veliger

14



and the pediveliger stage prior to settlement. r@lecontinued slower replication of

total mtDNA replication following settlement andogvth of the young adult.

In order to compare total DNA (genomic plus mitogtinal) with mtDNA
replication during embryonic development, the iasein total DNA (quantitatively
mostly genomic DNA) was determine for each of tive¢ stages examine (Figure 3.3).
Again using the mean value of 3 embryos per sanigl, DNA was measure using a
Qubit 2.0 Fluorometer (Invitrogen®). A comparissas then made between the rate of
increase in total DNA versus that of the mtDNA etBeen the zygote and the 128 cell
trochophore (Zouros, 2013) there is an expectenld’sicrease in genomic DNA, added
to which is the egg mtDNA present at fertilizatiwas then compared among each stage.
The mean value of samples containing 3 embryogdchophores is 0.68ng. For early
veligers the mean value of three embryos is 0.62nd.for pediveligers the mean value
is 13.2ng (Figure 3.3f). The increase in total Dblrelates with the rapid seven cell
divisions occurring during the first 24 hours oflgalevelopment. Over the next 24
hours there is no significant increase in the arhofitotal DNA, consistent with the
absence of any mtDNA replication and suggestingtthia period represents a pause
during which cell rearrangement and differentiai®occurring following mid-blastula
transition. When one examines the relative amotitutal DNA between early veliger
and pediveliger there is a 21.29-fold increaseialtDNA content as cell division

resumes and growth proceeds over the next sevenéye feeding veliger.
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gPCR of mtDNA of Trochophores
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gPCR of mtDNA of Pediveligers
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Figure 3.1. Quantitative PCR (QPCR) was run on tat®NA using embryos of each
embryonic stage of development. Five samples wearewith each subsequent sample
containing one additional embryo than the prevearsple. Ct values were transformed
to graph the results linearly, and then normalsech that mean value of samples with 3
trochophores represents 1, and values are shoV@Tiroch Equivalents.” Results from
each stage show a linear increase as a single ensbaglded to the sample.
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Figure 3.2. The mean values of samples containe3ryos were graphed according to
"3 Troch Equivalents" against days post fertiliaatiThe trochophore larvae are
represented at 1 day post fertilization, the eagligers are 2 days post fertilization, the

17



pediveligers are 7 days post fertilization, andgpat are 70 days post fertilization. The
mean value of 3 trochophore larvae is 1, whilentiean value of 3 early veliger larvae is
also 1. The mean value of 3 pediveliger larvae W/en taking standard deviation into
account (represented by error bars), there isfiereince in total mtDNA between male
and female spat. The mean value of all individisa®.73 "3 Troch Equivalents”. There
is a 7-fold increase in mtDNA from trochophore &adly veligers to pediveliger. There
is a 26.73-fold increase in mtDNA from early velige 1mm spat, and a 3.81-fold
increase from pediveliger to 1mm spat.
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Pediveliger Total DNA Content
25 y =4.3964x - 1.4507
R? =£.9063
32 3
= * /
a1 /
k]
€ 10 &
: v
£ s
s o
O T T T T T
1 2 3 4 5
Number of Embryos per Sample
3.3c.
Mean Cocentration of DNA in 3
Embryos
18
16
o
£ 14
s 12
£ 10
g 8
(=
S 6
< 4
)
0
Trochophore Early Veliger Pediveliger
3.3d.

Figure 3.3a-c: Embryos were measured for total DigAtent, five samples were run
with each subsequent sample containing one addltembryo than the previous sample.
As each additional embryo is added to the samipéeDINA concentration increases
linearly. Fig 3d graphs the mean value of sampbesaining 3 embryos for each stage.
The mean value of samples containing 3 embryosdohophores is 0.68ng, for early
veliger is 0.62ng, and for veligers is 13.2ng. hakstandard deviation into account
(represented by error bars), there is no changegeet trochophores and early veligers,
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however, between early veligers and pediveligezsetiis a 21.29-fold increase in total
DNA content.
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CHAPTERA4
DISCUSSION
A small number of members of the Bivalvia (Molluseahibit a unique form of

mitochondrial inheritance referred to as Doublepdinéntal Inheritance (DUI) of
mitochondria (Zouros et al., 1994). In these spethe male, through the sperm,
provides the zygote with 5 large mitochondria conte only M-type mtDNA while the
female egg has a very large number of small mitodha containing only F-type
mtDNA (Longo et al., 1967; Cao et al., 2004). Tim&al ratio of M to F type is very low
but by the adult state the entire germ line ofrttede is M-type while the bulk of the
somatic tissue is F-type (Cao et al., 2004). Tisohute ratio is quite variable but can
often reach 1:1 or even greater (Sano et al., 20Bi/the female the M-type apparently
fail under normal conditions to replicate and teméle germ-line remains F-type, thus
maintaining the pattern of DUI (Stewart et al., 29The change in ratio of M to F type
MtDNA requires that at some point between earlyetijgment and the formation of
gametes that there be a selective amplificatiah@M-type mtDNA relative to the F-
type (Zouros et al., 1994). This study examinesreltibetween fertilization and the

young adult stage total mtDNA amplification firstawrs.

Using embryos at the trochophore stage as a sthmgahave converted PCR Ct
values early stage veligers (48 hours post-featilan) and pediveligers (7 days post-

fertilization) to a standard mtDNA and then complattee total amount of mtDNA in the
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three stages of embryogenesis and also to a 1mis@ikement 70 day old young adult
(Figures 2.1 and 2.2). The amount of mtDNA pregetite trochophore and the early
veliger stages (24 and 48 hours post-fertilizatierstatistically identical, indicating that
no significant amount of mMtDNA is being synthesiziening these early stages of
embryogenesis. The period between early veligempauldveliger (48 hours and 7 days
post fertilization respectively) shows a large e@ase in mtDNA replication with a 6.76-
fold increase in total mtDNA. This rate of increaassuming that it is linear, is
approximately a doubling time of between 1.5 amthizs. Between the pediveliger
stage and the 1mm young larva morphogenesis atieinsent occurs (Bayne, 1965). A
comparison of the pediveliger and the 1Imm yournggldage difference of 63 days)
shows a 3.75 fold increase in total mtDNA. Agasswaming that the mtDNA replication
rate is linear during this period, one sees a doghbhte of approximately 16.5 days or a

little over a 10-fold decrease over that seen betwaarly veliger and pediveliger stage.

By comparison, nuclear DNA is rapidly doubling beem the zygote and the
trochophore stage while the mtDNA is not replicgti'while both nuclear DNA and
mitochondrial DNA are not replicating between tftechophore and the early veliger
stage, between the early veliger and pediveligagest nuclear DNA is replicating at an
even faster rate than the mtDNA, with a 21.29-falttease in total DNA content. This
confirms previous observations that mtDNA repliocatis not directly coupled to nuclear
DNA replication. After the pediveliger stage, t€DNA continues to replicate but at a
decreased rate relative to the replication betvesely veliger and pediveliger stages.
Results from previous studies also support thia.datrecent study by Milani et. al.

2012 in the clam DUI specieRuditapes philippinarum used gPCR to analyze mtDNA
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replication up to the 32-cell stage of developmang found that little mtDNA
replication occurred relative to nuclear DNA reption (Milani et al., 2012). Similar
low levels or mtDNA replication during early staggsembryogenesis are also seen in
several other non-DUI species including fishes (@/anal., 1992), sea urchins

(Matsumoto et al., 1974), frogs (Chase et al., 1982d nematodes (Tsang et al., 2002).

The large number of mitochondria in the eggs ohbmirmal and DUI species
(White et al., 2008; Longo et al., 1967) suggdsas there is more than sufficient
mitochondrial capacity to allow the embryo to pissugh early embryogenesis without
the need for additional mitochondrial DNA replicati In DUI exhibiting species of
molluscs, however, not only must the organism iaseethe total number of mitochondria
as growth occurs, but it must also (a) segregaéttype mitochondria into the germ
line through some as yet unknown mechanism, batigt also selectively increase the
M-type mtDNA to account for the decreased ratié¢-dbd M-type seen in the adult
(Zouros et al., 1994). This cell-sorting comporisréspecially interesting in the case of
a DUI species likéM. galloprovincialis where during the early cleavage stages sperm
mitochondria are aggregated together and locatzedspecific cell during the first
division in males (Cao et al., 2004). Though trechanism by which this sorting occurs
is not known, one idea is that the M-type mtDNAdlzed in specific male
mitochondria, fails to undergo any replication uittis assigned to cells committed to the
germ line, thus insuring proper sorting of the M&XNA only to germ line cells (Cao et
al., 2004). The point at which this sorting is qete and the replication of the M-
mtDNA can commence is not known but the studiesmtep here indicate that there is a

point between the early veliger and the pedivelgiage when mtDNA replication
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become highly active. Further studies need todmeedn regards to this to determine if
this replication is associated with the M-type, Bagype or both haplotypes of the
MtDNA . Preliminary gPCR studies using male spegjPCR primers show that M-type
MtDNA can be detected at low levels in the pedgearlistage and in high quantities in the
early larval stages while they are below the dedaaif gPCR in earlier stages of

development.

In humans, mutations in mtDNA can give rise to enbar of diseases including
neurodegenerative diseases, those related to agidg;ancer (Reddy et al., 2011; Taylor
et al., 2005). These diseases often worsen wihagl severity can vary depending on
the ratio of mutated:wild-type mtDNA inherited (Chat al., 2006). It is not known how
a mutation in a single copy of mtDNA, in a cell whd (-10° copies of mitochondrial
DNA are present (White et al., 2008), can out-icgie wild-type mtDNA thus resulting
in phenotypic expression of a disease state. Ihdpdcies the fact that the M-type
mMtDNA replicates to a point at which it dominat@semtire tissue and often exceeds the
total amount of F-mtDNA makes organisms exhibi#@nQUI form of mitochondrial
inheritance a good model for studying selective lgoation of one of two types of

MtDNA.
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