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Sequence Analysis of Mitochondrial DNA Variation in Daphnia

Abstract

Estimates of mitochondrial DNA sequence variability were determined lor two closely related species of Daphnia. Sequence analysis
from two genes, NADH dehvdrogenase subunits 4 and 5, revealed o puticrn of nucleotide substitulion that has a 10 10 1 transition
bins. This pattern is consisient with that from other taxa, suggesting the existence of a universal transition bias. Fstimales of nucleo-
tide diversity within species were similar 1o those obtained from other species. The estimaled level of amino acid diversity between
Dephria and Prosophile was approximalely as predicted from malecular clock analyses. Estimates of mitochandrial DNA variubility
among populations were similar for sequence data and restriction site data. suggesling that restriclion cndonuclease analyses pro-

vide accurale cstimates of population-level genetic variability.

Introduction

Advances in scquencing technologies over the past
decade (Sanger et al. 1977} have provided cvolu-
tionary biologists with a remarkable tool for assay-
ing genetic variability. Since its inception, DNA
sequencing has been used as a melecular approach
for inferring phylogenetic relationships among spe-
cics. However, only reeently has DNA scquencing
been used to examine genetic variation at or below
the species level (see Hillis et al. 1991 for a re-
view). One molecule that has received considera-

ble attention is animal mitochondrial DNA (mtDNA}.

Animal mtDNA is a relatively small (~ 14-16
kilohases), covalently closed circular molecule that
is maternally inherited without recombination. These
propertics, along with its supposedly high rate of
evolution (Brown et al. 1979}, have led to its wide-
spread use in cvolulionary studics. Brown et al.
(1982) propused that transitions (G<->A, T<->
C) are stronglv favored over transversions (G <{- >,
G<->»T, A<->T, A<->C) in milochondrial
evolution, despite the neutral prediction which sug-
gests that there should be twice as many transver-
sions ag transitions based upon their probability of
occurrence (eight ways for transversions to oceur,
four ways for transilions). Brown e al (1982}
showed that in closely related primates, 92% of the
nucleotide substitutions are transitions. However, in
comparison o more distantly related taxa, this tran-
sition bias disappears. Apparently, this lransition
bias is the result of mulliple substitutions replacing
transitions as \ransversions (Brown ef al. 1982; De
Salle et al. 1987).

The strong transition bias between closely related
taxa is also supported with data from rodents (Brown
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and Simpson 1982; Kocher et al. 1989), birds
{Fdwards and Wilson 1990}, fish {Thomas and
Beckenbach 1989), sea urchins (Glorgl et al.
1991), nematodes (Thomas and Wilson 1991),
and planarians {(Bessho et al. 1992). However, data
from Drosophila (Clary and Wolstenholme 1987)
suggest that this Lransition bias may not oceur all
taxonomic groups. In fact, in Prosephila there is
a slight bias towards transversions that is very close
to the theoretical expectation (but see De Sallc et
al. 1987). The lack of a transition bias in
Drosophila is most likely the result of the compar-
ison of 7). vakuba with D. melanogaster, which are
not very closely related. In fact, when more closely
related species of Drosophila are compared, the
bias becomes more evident (Beckenbach et al.,
1993). Since the majority of the data supporting
the existence of a bias have come [rom vertebrates
{mammals in particular) or Drosophila, the hypothe-
sis of a widespread Lransition bias needs (o be con-
irmed with data from other protostomate
invertebrates.

Mitochondrial DNA (mtDNA} is known to be
variable both within and between species (Moritz
et al. 1987). The amount of mtDNA variability
within species tends to be high. For example,
Wayne et al. (1991) recently reported up to 8%
nucleotide divergence within a single population
of black-backed jackals. Between-population csti-
mates of divergence can sometimes approach ten
percent (Avise ef al. 1987). These observations are
in agreement with predictions from molecular clock
analysis. Calibration of mtDNA molecular clocks
for protein-coding genes predicts significant levels
of divergence at zero divergence time (i.e.. within
species), suggesting the potential for high levels of
site-specific heterozygosity {Lynch and Jarrell,

Northwest Seicnee, Vol 69, No. 2, 1995 163

© 1995 by the Northwest Scientific Association. Al rights reserved




1993). However, some species with large disper-
sal capabilities or those that have suffered recent
bottlenecks may show low levels of diversity (Avise

et al. 1987).

Daphnie are protostomale, freshwater micro-
crustaceans that inhabil temporary ponds and per-
manent lakes over much of Furope and North
America. Restriction-site studies (Crease et al,
1990}, reveal that Daphnia exhibit signilicant
amounts of variability for mtDNA hoth within and
between populations. In this manuseript, I report
on the pattern of nueleotide substitution within and
hetween two species of Daphnia and provide esti-
mates of locus-specific nucleotide diversily for por-
tions of the NADH dehydrogenase subunits 4 and
5 (ND4, and ND5) genes. Data on muDNA se-
quence variability in Daphinia provide valuable in-
sights aboul the pattern of nucleotide substitution
and also allow estimates of variability oblained from
sequencing and restriction-site analysis to be com-
pared. Jarrell (submitted) has shown thal estimates
of variability from restriction endonuclease analyses
tend to be lower than eslimates of variability meas-
ured from sequence data. Finally, these data for
within-species levels of locus-specific heterazygosity
can be used to test the prediction that significant
levels of baseline heterozygosity should be pres-
ent for certain loci and should be positively cor-
related with the rate of evolution of these genes.

Materials and Methods
Field Sampling and Collection Localities

Samples were taken from seven Daphnia pulex
populations {FC 19, FC23, 17, TSP, PA. BUS, and
AM7Z} and four Daphnia pulicarie populations
(ODL.. 1.CL. KLA. and HOS): (sec Table [ for a
complele description of the populations). One in-
dividual was isolated [rom cach of the eleven sam-
ples, placed in conditions that favor ameiotic
parthenogenesis (Lynch 1983}, and allowed 1o
multiply until enough individuals were present to
provide an adequate amount of tissue for DNA
manipulation. The accumulated individuals were
placed into 1.5 mi eppendor( tubes and kept at
—80° Celsius prior 1o DNA isolation. One ran-
domly chosen clonal isolate per population was
used for further study.

DNA Extraction and Cloning

Following the procedure of Crease et al. (1989),
approximately 100 ug of Daphnia tissue (wet
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TABLE 1. Sumpling Localities of Daphria Populations.

Population Localion Habitat

D pulex
PA Warren Co.. I\ Temporary
TSP Yermilion Co., 11 Temporary!
BL Chumpaign Co.. 1L Temporary
AM Lane Co., OR Temporary
FC19 Essex Co.. Onlario, Canada Temporary
1'C23 Exsex Co.. Ontario, Canada Temporary
17 Essex Co., Onlario. Canada Temporary

D. pulicaria
ODL Klamath Co., OR Permanent
1L.CU Desehules Co., OR Permanent
HOS Peschutes Co,, OR Permanent
KLA Klamath Co., OR Permancnl

‘Although the pond was permanent, there was an annual ex-
tinction of the Daphria population cach fall followed by re-
pepulation in the spring.

weight, whole animals) was ground in 400 ul of
a solution containing 0.1 M NaCl, 30 mM Tris (pH
8.0}, 10 mM EDTA, 10 mM S-mercaptoethanol,
and 0.5% Triton X-100, and subjected to two
rounds of phenol extraction lollowed by two rounds
of chloroform:IAA (24:1) extraction, DNA was
precipitated by the addition of 0.1 volumcs 2M
NaCl and 2.5 volumes 100% cthanol, and then
resuspended in doubly distilled water.

A genomic DNA library was constructed for
each of the eleven individuals by ligation of ~0.5
ug of Bamll digested genomic DNA with Tug of
pre-digested lambda phage (Promega Packagene
system). E. coli MM294 were infected with the
recombinant phage and plated onto T.B plates.
Recombinant clones were screened for the pres-
ence of mIDNA inserts by plaque hybridization
lechniques (Maniatis et al 1982) using radi-
elabelled Daphnia mDNA (Stanton et al. 1991),

Previous analyses of Daphnic miDNA had es-
tablished that part of the ND4 gene and part of
the ND5 gene were at opposile ends of a 1.5 kb
Apal-Sstl fragment (Figure 1; Crease et al. 1990).
The desired subclones were produced by ligation
of the these fragments into pBS vector, One ug of
each mIDNA recombinant was digested with Apal
plus Sstl. 0.2 ug of pBS vector was digested with
the same complement of enzymes to produce com-
patible ends, and trcated with phosphatase to pre-
vent sclf-ligalion. In both cases, the enzymes
{restriction enzymes and phosphatase} were re-
moved by extraction with phenol. After ethanol
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Figure 1. Restriction map of Paphnia milochondrial DNA (modified from Crease ef ol 1990). The letter codes are as lollows:
a=Apal: b=Aval; ¢ =BamHU: d = Bell; ¢ =Bglll; f=BstElL g=Clal: h=EcoRl; i=EcoRV; j=Hindlll; k=Hpal; 1=Mlul;
m=Necol: n=Psil; o=Pvull; p=5sal; q=5%wl; r=Xhal; s=Xhol; 1=Xmnl. Conserved sites within species are shown aghove

the line.

precipitation, the fragments were resuspended in
10 ul of water and combined to make a total of
20 ul. The ligation was carried out by adding 10
ul of ligation mix [20 ul 10X ligation bulfer (600
mM Tris, pH 7.5, 70 mM MgCl,, 600 mM PEG,
10 mM DTT, T mM ATE) and 1 unit of T4 ligase].
This mixture was incubated overnight al 160 C.
Ten ul of this ligation mixture were added to 100
ul of competent F. coli (XL-1 Blue}, prepared by
the method of Hanahan (1983). Following trans-
formation, 10 ul of the transformation mixture were
plated on “blue” Luria-Bertani (LB) agar plates
containing 0.5% IPTG, 40 ug/ml X-gal, and 100
ug/ml Ampiaillin. The plates were incubated over-
night at 37° C, and white colonies were picked
according to Maniatis et af. (1982). Plasmids were
screened for the appropriale inserts by isolation
from transformed bacterial cclls using the “mini-
prep” procedure of Maniatis et al. (1982) and sub-
sequent electrophoresis on 0.8% agarose gels.

DNA Sequencing

To prepare DNA of sequencing quality, 10 ml cul-
tures of the desired clones were grown overnight
in LB media and plasmid purified by the use of
Promega Magic Mini-preps. Three micrograms of
purified double-siranded DNA were alkaline-
denatured using 0.2M NaOH at room temperature
for 10 minutes. The mixture was neutralized by

the addition of 0.5 volumes 0.9M sodium acctate
and the DNA was precipitated by the addition of
three —four volumes of 100% ethanol. This pellet
was washed with 70% ethanol and resuspended
in 7 ul of doubly distilled water. The DNA was se-
quenced using [**SdATP] and T7 DNA polymer-
asc with the Sequenase kit (United Siates
Biochemical). All reaclions were carried oul ac-
cording to manufacturer’s directions. The
M1 3-universal and M13 reverse primers were used
in sequencing the ND4 and ND5 genes. All se-
quencing reaclions were elecirophoresed on 8%
polyacrylamide gels, which were subsequently
dried and exposed to autoradiegraphic film for
12-24 hours.

Sequence Analysis

The GCG group of programs for the VAX were
used to align and translate sequence data. Con-
sensus sequences were generated by determining
the most frequent nucleotide for each site. The
Drosophila genctic code {Clary and Wolstenholme
1985) was used to translate nucleotide sequences
into amino acid sequences. Nucleolide diversity
(average number of nucleotide differences per site)
was estimated by equation 10.4 of Nei (1987) us-
ing 170 bp scquences for cach gene that were pres-
ent for all 11 individuals (one per population).
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Figure 2. Alignment ol Paphnia NADH dehvdrogenase subunit 4 gene with Drosophila yvakuba. Daphnia sequence is on top.

Results
Comparison of Nucieotide Sequences

The consensus sequences for NID4 and NDS from
the eleven individuals are aligned with Drosophila
yakuba sequences in Figures 2 and 3 respectively.
Overall, there were two milochondrial types for ND4
and five different types for ND5 (Table 2}. Summed
over both loci, six different mitochondrial types are
evident. indicating a high degree of sequence paly-
morphism. The sample frequency for all but one
of these types is 2/11. The other type had a fre-
quency of 1/11. There were two polymorphic
nucleotide sites in ND4 {positions 33 and 40) and
five in NI)5 {positions 84, 89, 105, 123, and 210).
The estimated nucleotide diversity (average num-
ber of nucleotide differences per site) was 0.22%
for ND4 and 0.69% for ND3. The combined
nucleotide diversity is estimated to be 0.51 %.

Both ND4 and ND5 showed divergence at the
amino acid level. There were four aminoe acid sub-
stitutions among the eleven sequences at two
different sites {position 30 in ND4 and position 89
in ND5). These two changes were iryptophan —
cysteine in NI and jsoleucine — threonine in
ND5. The estimate of amino acid diversity (com-
bined over both species for each locus) is 0.2%,
aboul the same as the nucleotide diversity for ND4,
but substantially less than the nucleotide diver-
gence for ND3.

Contrary o the resull from restriction en-
denuclease analyses (Crease et al. 1990}, indi-
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TABLE 2. Variable nucleolide sites for N4 and NDS.

NI NDS
Position Position
Individual 33 40 84 89 105 123 210
PA A C T C C C T
T5P A C T C C C T
BL A C C T T C C
AM A C C T T C C
FC19 C 1 T T C C T
K23 C T T T C C T
17 A C T T T C C
ODL A ( C T T T C
LCU A C C T T T C
HOS A C T T C C T
KLA A C T T C C T

viduals from the two Daphnie species do not form
distinctive clades, as there are no fixed differences
between the two species. The mtDDNA genotypes
between SpCeies are no more distant to each other
than are genotypes within species.

Pattern of Substitution

Patterns of nueleotide substitution {Table 3) show
that most of the substitutions among the eleven in-
dividuals were synenymous (i.e., did net result in
an amino acid substitution} and occurred mainly
at third base positions in codons. Combining all
loct, there were eighteen synonymous substitutions
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Figure 3. Alignment of Daphnia NADH deydrogennse subunit 5 gene with Drosophile yakuba, Daphnia scquence is on top.

TABLE 3. Pailerns of Nucleotide Substitution in Daphnia. Data
are summed over all individuals.

Gene bp Sy NON-sy N Lsil [3%4
ND4 170 2 2 2 2
ND5 169 16 2 18

TOTAL 339 18 4 20 2

NOTE: bp = base pairs, svn = synonymous, non-syn = non-
synonymous, tsit = transitions: tvr = transversions, ND4 =
NADH sub-unit 4: ND5 = NADH sub-unit 5

and four non-synonymous substitutions distributed
among the eleven individuals. There exists a strong
trangition bias in Daphnia mtDNA evolution meas-
ured both within and between species. The transi-
tion:transversion ratio for the two locl combined

was 10:1.

Discussion

Estimates of diversity from restriction endonuclease
(RE) data for D. pulex average about 0.006 (Crease

et al. 1990). Estimates of nucleotide diversity ob-
tained from sequence data generally agree with
those obtained from RE studies, but average
slightly lower. Per locus estimates are very simi-
lar, but the total estimate is low due to little varia-
hility in ND4.

Sequence analysis of Daphnia mIDNA genes
does mnot elucidate phylogenetic relationships
among populations and species that are suggested
for these populations at both the isozyme elec-
trophoresis level {data not shown) and the mtDNA
genome restriction level (Crease er al. 1990). A
larger survey of sequence variability within the spe-
cies would most likely reveal the patterns of
phvlogenetic structure that are evident in the larger
restriction-site survey.,

Amino-acid substitutions observed in this anal-
ysis oceurred in both genes. Tn fact, estimates of
amino-acid diversity for the ND4 gene are nearly
as large as the estimates for nucleotide diversity.
It has been suggested that the amino-acid replace-
ment rate should approach the nucleotide substi-
tution rate in genes that are less functionally
constrained (Nei 1987}, This has heen the case
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for other mIDNA genes from other organisms
(Drosophila, Clary and Wolsteholme 1985; Apis,
Pumo et al. 1992). The estimated degree of in-
traspecific variability at the amino acid level is
shown 10 be on the same order as was predieted
previously by molecular clock analyses (Lynch and
Jarrell, 1993). despite the effects of recent hatile-
necks (e.g.. Pleislocene glaciations) on Paphnia
populations,

When the equations L3 and 14 of Lyneh and
Jarrell (1993) are applied to estimated levels of
amino acid divergence between Paphnia and
Drosophila, estimates of the date of divergence of
these two species arce obtained (Table 4). The es-
imates for the two genes give similar estimated
dates of divergence. When averaged over both loci,
the data suggest thal the Daphnia-Drosophila spli
may have occurred about 320 million years ago.
Fossil Daphnia-like animals are known from the
Permian (280 million vears ago: Smirnov 1970),
s0 this may be a relatively aceurate estimate,

TABLE 4. Amino Acid Divergence, A, and Fstimated Time
lo Common Ancestor (MY) with 95% confidence
Imits between Daphnia and Drosophila.

ND1 ND3

A 0.243 0.370
MY +/- CL 300 +/— 109 340 +/— 188

1 all nucleotide substitutions are equally likely
to occur, then transversions should outnumber
transilions by two to one over evolutionary time.
This is clearly not the pattern observed. Dala from
a variety of laxa and for a variely of genes indi-
cute that there is in fact a transition bias. Data from
Daphnia mitechondrial DNA confirm this bias as
well, For Daphnia, there were nearly len transi-
tions for each transversion. Although this is less
than the bias that is observed for many vertebrates,
it is still substantially different from the neutral
prediction. Thus, it is possible that this transition
bias is a fairly widespread phenomenon,

The cause of the bias is unknown. One hypothe-
sis is that variations away from the neutral expec-
tation are caused by activation during DNA
replication of mutator genes that lfaver transitions
(Jukes 1987). Such mutalor genes are known to
exist in bacterial {Cox and Yanolsky 1967} and
viral (Spever 1963) sysiems, but their existence
in eucaryelic systems is hypothetical.
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DeSalle et al. (1987) suggested thal Lhe cause
of the bias is due 10 inefficient repair systems of
mitochondria. There is evidence for lower levels
of repair for mitechondria (Clayton 1984, 1991),
and bacterial mulants deficient in repair show
mulational spectra that are very similar 1o that of
miDNA (Schaaper and Dunn 1987). However, re-
cenl research with v-DNA polymerase, the only
known eucaryotic DNA polymerase o be found in
mitochondria. suggests that it may possess 3710 5’
exonuclease activity and proof-reading capabilities
(Kunkel and Musbaugh 1989). Moreover. certain
types of repair enzymes have been identified in
mitochondrial fractions (Tomkinson et af. 1990),
although their use sill remains questionable.

In light ol the genetic code, transversions
should not outnumber transitions by a factor of twa,
In protein-coding DNA, the majority of synony-
mous changes within two-fold and six-(old degener-
ate codon groups are transitions. Among two-codon
groups, transversions in the third position of the
codon result in an amine acid change, whereas a
transition at the third position specifies the same
amino acid. The same pattern is observed in the
first position of the triplet code in six codon groups.
Thus, it seems likely that transitions are selectively
favorable o transversions and should eccur more
frequently during the replicative process. The ob-
servations that transitions are the mast likely mis-
pair during replication (Topol and Fresco 1976)
and that the hias is fairly widespread among differ-
cnt taxa and loct. support the contention that selec-
tion has shaped the replicative machinery 1o be
more tolerant of transitional changes during repli-
cation. Thus, it is unnecessary Lo inveke any spe-
cial properties of milochondria to explain a
transition bias.

Expanding on the rationale of Jukes (1987),
the neutral prediciion of nucleotide substitution
should nol be for a transversion bias if the majority
of substitutions are likely to be synonymous (s is
the case for mtDNA which is under strong func-
tional constraint (Jukes and Bhushan 1986)). Us-
ing the human mtDNA genelic code. 62 ol the
potential 126 synonymous substitutions are tran-
sitions. suggesting a neutral ratio of nearly one tran-
silion 10 each transversion (due to the difference
in genetic code, there exists a slight expected trans-
version bias, 1,25:1 for nuclear DNA). Deviations
away from this neutral prediction would most likely
reflect the amino acid composition and codon us-
age hias of proteins.
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