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Genetic tagging of male North Atlantic minke whales through
comparison of maternal and foetal DNA-profiles
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ABSTRACT

DNA-profiles from 288 mother-foetus pairs were used to obtain partial DNA-profiles for the fathers of the foetuses. The paternal profiles
were subsequently matched against those of the males on the Norwegian DNA-register for minke whales using statistical analyses. Three
likely instances of paternity were identified. An estimate of the number of reproductively active malesin the population was cal culated and
found to be consistent with previous abundance estimates. However, the associated confidence interval was very broad since it was based
on few ‘recaptures . Finally the scope and potential use of such genetic and population data is discussed.
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INTRODUCTION

Parentage studies based on DNA-profiles are now
commonly conducted for many species of wildlife (Marshall
et al., 1998; Jones and Arden, 2004), however, so far there
have been few for baleen whales (Clapham and Palsball,
1997; Nielsen et al., 2001; Garrigue et al., 2003).
Determination of biological paternity per se is not usually
the primary goal of such studies. Identification of father-
offspring pairs can yield information about animal
abundance (Nielsen et al., 2001), gene flow between
subpopulations (Amos et al., 1993) and reproductive
success in different behavioural groups of animals (Nielsen
et al., 2001).

A particularly advantageous situation for paternity studies
arises when DNA-profiles from mother-offspring pairs,
confirmed on non-genetic grounds, are available. By
comparing their DNA-profiles, one of the father’s two
alleles can be inferred at each locust, yielding a partia
paternal DNA-profile. This profile can subsequently be
compared against a DNA-database of potential fathers. In
the studies cited above, the database covers a large
proportion of the male population. In the present study, on
the other hand, only asmall fraction of the males are present
in the database, and hence a classical mark-recapture
approach is used. The partial DNA profiles serve as tags for
the fathers. Unless the number of genetic loci is very large,
many tags will not be unique in the population, i.e. there
may be males other than the true father that match an
inferred partial DNA-profile. Thus, statistical analyses are
required to calculate the ‘specificity’ of each father profile.
The specificity is a measure of the usefulness of thetag in a
mark-recapture setting. A related concept is that of the
‘paternity probability’ (Nielsen et al., 2001). When a match
with the database is obtained, one can calculate the
probability that the true father has been found, as opposed to
an unrelated male matching by chance.

The establishment of the Norwegian DNA-register for
common minke whales (Olaisen, 1997) has provided an
opportunity to perform paternity studies for northeastern
Atlantic common minke whales (Balaenoptera

1 Not uniquely though, in the situation where a heterozygotous
offspring shares both alleles with the mother.

acutorostrata). The register currently contains DNA-
profiles (10 microsatellites loci and mtDNA) for 3,301
individuals caught by Norwegian whalers in the period
1997-2002. From the year 2000, foetal tissue samples have
also been collected from pregnant females.

The migration pattern of common minke whales in the
North Atlantic is not known but it has been speculated that
they may enter the Northeast Atlantic feeding areas through
the Denmark Strait and north of the British Isles. Recent
sightings surveys (Skaug et al., 2004) have revealed that
common minke whales summer in fairly large numbers in
the Norwegian, Greenland, North and Barents Seas.
Although their numbers can vary through seasons and
between years, no clear migration patterns are apparent from
those data. According to Jonsgard (1951; 1955) common
minke whales migrate into Norwegian and Arctic waters in
the spring, are most frequent there in the summer, and leave
these northern waters again more or less completely in the
autumn. Immigration in the spring begins apparently in the
southern and western areas and continues along the coast.
There is segregation both with respect to length and sex
(Jonsgard, 1951; Jien, 1988). Large females dominate in
Skagerrak (Fig. 1, south-eastern part of the EN area) and in
the main Barents Sea and off Spitsbergen, while large males
dominate in the rest of the EN area (Fig. 1). During 1974~
78, 333 minke whales were marked with Discovery tagsin
the Barents Sea. In addition, 18 individuals had been tagged
prior to 1974 and 15 individuals have been tagged after
1978. Of the total 366 tags applied, 33 have been recovered
in the commercial minke whale catches (Christensen and
Rorvik, 1978; Beddington et al., 1984). Locations for
tagging and recaptures of the Discovery tags are shown in
Fig. 1.

A key question is whether the 288 inferred partial DNA-
profiles obtained in the present study are sufficiently
specific to provide useful information about paternity. The
number of fathers that can be identified also depends
crucialy on the proportion of the male population covered
by the DNA-register. Simple calculations, based on the
number of males present in the DNA-register and the best
estimate of total population size (Skaug et al., 2004), show
that the expected number of recaptured fathersis rather low
(approximately five). Thus, our ability to gain new
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Fig. 1. Location of tagging and tag-recoveries, both for previously applied Discovery tags and for the genetic tags obtained in the present study. Dashed
lines indicate borders between Small Areas. The numbers associated with mothers provide alink to Table 3.

biological information about common minke whales is
rather limited. The goal was rather to report on the
feasibility of the approach, and to point to potential
applications if larger datasets should become available.

MATERIAL AND METHODS

Origin and nature of samples

The establishment of the Norwegian common minke whale
DNA-register ensures that samples (muscle tissues) are
taken from each animal caught under the Norwegian catch
guota, and that a DNA-profile for each whale is established
and stored in a database (Olaisen, 1997). The DNA-profile
consists of 10 microsatellites, mDNA and a sex-marker
(Dupuy and Olaisen, 1998). In addition, for each animal, the
register contains information about the time and
geographical location of capture, as well as some biological
parameters (length etc.). At the time of writing the register
contained information (Table 1) on 3,301 individuals, out of
thetotal of 3,392 individuals caught during the period 1997-
2002. All individuals were caught in the season from April
to September.

Starting from year 2000, foetal tissue samples have also
been taken from pregnant females. In this study we have
established the DNA-profiles of 288 foetuses, using the
same protocol (Dupuy and Olaisen, 1998) and laboratory as
has been used for the DNA-register. As mtDNA is

Table 1

Norwegian catches of minke whales in the North Atlantic by Small Area
for the period 1997-2002. The number of animals used in the present
analysis is given in parenthesis.

EN EC EB ES CM Total
1997 57(53) 14(12) 283(280) 129(124) 20(19)  503(488)
1998 139(131) 15(14) 285(281) 129(126) 57(57)  625(609)
1999 122(116) 12(12) 287(277) 112(111) 58(55)  591(571)
2000  83(81)  16(8) 228(224) 103(101) 57(56)  487(470)
2001 128(124) 11(10) 262(257) 120(116) 31(31)  552(538)
2002 132(129) 13(13) 308(307) 146(141) 35(35)  634(625)
Total 661(634) 81(69) 1,653(1,626) 739(719) 258(253) 3,392(3,301)

maternally inherited, it does not carry information about the
father and is only used for data checking, to guard against
accidental sample switching during data collection.

Tag specificity and pater nity probability

The specificity, pge, Of apartial DNA-profileis a statement
about how rare its constituent alleles are in the population.
Thus, tag specificity can be calculated from maternal and
foetal DNA-profiles alone, without consideration of any
candidate fathers. Later, when given a database of candidate
fathers, paternity probabilities can be assigned to each
individua in the database according to formula (1) below,
adopted from Nielsen et al. (2001).
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The offspring and maternal DNA-profiles are denoted by
O, and M;, respectively, for the ith foetus-female pair.
Because the offspring inherits one allele from each parent,
the part of O that is paternally inherited can be inferred by
comparison of O; with M; (Table 2). At loci where the
offspring is a heterozygote, it is not possible to determine
which of the two alleles is inherited from the father (locus
GT211 in Table 2). The partial DNA-profile (shaded part of
the paternal-profile in Table 2) can be used to exclude
potential fathers. Non-exclusion by this criterion cannot be
taken as absolute evidence for paternity since consistency
could occur by chance. The specificity, pg,e., Of agenetic tag
(a partial DNA-profile) is defined here as the probability
that there are no males in the population, other than the true
father, that are consistent with the tag. If f, is the population
frequency of theinferred allele at locus| then the probability
that a given male (non-father) is consistent at L loci by

chanceis p, =11/, [1—(1—_}’,)2} , and hence the specificity

isgiven as: p,,.. = (1 - po)N’"—1 , where N, is the number of

reproductively active males in the population. A practical
interpretation of pg,. is as a measure of ‘tag quality’, as a
value of pg,. close to one means that the true father will be
identified with near certainty if his profile is present in the
database.

The DNA-profile of the jth male in the DNA-register is
denoted by F;. The paternity probability, P;(j), is defined as
P.()) = Pr(Male | is father of fetusi). Under the assumption
that the J males contained in the DNA-register constitute a
random sample from the N, reproductively active malesin
the population, it follows (Nielsen et al., 2001) that the
paternity probability is given as:

. P(O,| M,.F)
F() == (1
> PO IM, F)+(N, - PO, | M)

Here, P(O,| M,, F;) is the conditional probability of the
offspring DNA-profile, given both maternal and paternal
profiles. Similarly, P(O, | M,) is the conditional probability
of O; given only the mother profile. Expressions for these
probabilities can be derived from Mendel’s law, together
with the assumption that loci are independent, so that
probabilities can be multiplied acrossloci. As pointed out by
Nielsen et al. (2001), formula (1) can be interpreted as a
Bayesian posterior probability. Formula (1) takes into
account the fact that the DNA-register only covers a
proportion J/N,, of the male population. The (posterior)
probability that the DNA-register contains the true father of

J
theith foetusis ZP,(j).
j=1
The year in which the ith mother-foetus pair was captured
is denoted by y;. Because the gestation period for common
minke whales is suggested to be around 10 months
(Horwood, 1990), only males in the DNA-register caught in

Table 2

year y, or later were used to calculate P;(j). To emphasise
this J isreplaced by J;, the number of males contained in the
DNA-register caught in year y; or later.

Abundance estimation

As with ordinary mark-recapture experiments, the data
obtained in the present study can be used to estimate animal
abundance, but for this case the uncertainty associated with
the tag needed to be reflected. Expression (7) from Nielsen
et al. (2001) was modified to obtain the log-likelihood
function:

288

J,
I(N,) = Y log| Y22 PO, | M)+ D PO, M, F)
i=1

m m o

Anestimate of N, wasfound by maximising I(N,,,), using
a simple bisection algorithm.

RESULTS

Among the 288 genetic tags obtained in this study, five were
consistent with two or more males in the DNA-register
(matching at each of the 10 Iocig. All of these tags had very
low specificities (p,.. <1x107), showing that they were
not useful astagsin amark-recapture setting. There were 17
tags matching exactly one male in the DNA-register. A
histogram of the specificities for all 288 tags is shown in
Fig. 2. Sixty-eight tags had specificity higher than 0.9, and
127 tags were in the range 0.1-0.9. For calculation of pg,e.
the value N,,, = 36,000 was used. This number was derived
from an abundance estimate of 107,200 minke whaes
(Skaug et al., 2004), and the assumption that reproductively
active males constitute 1/3 of these.
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Fig. 2. Frequency distribution of tag-specificities for genetic tags
obtained from the 288 minke whale mother-offspring pairs.

DNA-profiles of a likely foetus-mother-father triplet. Alleles shared by both mother and offspring are shown in bold, while alleles shared by father and
offspring are shaded grey. For locus GT211 it is not possible to infer which of the two alleles is inherited from the father. The column ‘ID’ gives the

identification number used internally by the DNA-register.

ID GATA098 GT509 EV1 EV37 GT310 GT211 GT575 GTO023 GATA028  GATA417
Foetus 95 95 201205 1531157 201203 117121 104106 154156 9999 161206 220236
Mother 104030 87 95 201201 141153 203203 115117 104106 156156 99103 161161 213220
Father 201593 95 95 205211 157157 201201 117121 104106 152154 9999 183206 232236
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Four mother-father-offspring triplets had a paternity
probability larger than 0.5 (Table 3). For each of these the
positions and time points of capture were extracted from the
database (Table 3). The male and female capture locations
for the three triplets with a probability higher than 0.8 are
shown in Fig. 1.

Thelog-likelihood as a function of N,,is shown in Fig. 3.
The maximum likelihood estimate is N,, = 38,400, and the
effective number of recaptures is m_ = 5. The lower bound
in a 95% confidence interval is 13,000. The upper bound of
the confidence interval isin practice infinity.

DISCUSSION

InFig. 1, only mother-father-offspring triplets with paternity
probabilities larger than 0.8 were plotted. The fourth triplet
listed in Table 3 was excluded since its paternity probability
was close to 0.5 and thus deemed not a ‘certain’ case.
Nevertheless, paternity probabilities below 0.8 have various
uses (Jones and Arden, 2004), one of them being abundance
estimation.

In human genetics it has been estimated that the error rate
in large-scale microsatellite screens of the type underlying
the minke whale DNA-register is 0.25-2% per locus (Ewen
et al.,, 2000). Comparison of maternal and foetal DNA-
profiles in the present study indicated that the error rate in
the minke whale DNA-register is in the same range.
Inconsistencies between maternal and foetal profiles
discovered during this process were subsequently resolved
by the genetics laboratory. However, errorsin the unchecked
half of the foetal profile, together with errorsin the paternal
profile when contained in the DNA-register, would cause
the paternity probability to become zero, and hence lead to
erroneous exclusion of the father. A ssmple sensitivity study
was conducted to show that none of the excluded fathersin
the database were likely to be excluded due to atyping error.

There is no evidence of monogamy in common minke
whales, so it is very unlikely that the DNA-register would
contain any full siblings of a given foetus. Half-siblings can
be present, however, and we thus calculated the probability
that a half sibling (same father as the foetus) is consistent
with the inferred part of the father-profile by chance. This
probability was found to be low (0.008), showing that half-
siblings are unlikely to have caused problems in the study.

Based on the tagging programme carried out in the period
1974-1978, the Northeast Atlantic stock of common minke
whales was estimated to be in the range 81,500 to 121,000
(Beddington et al., 1984). More recent abundance estimates
have been based on line transect methodology, and have
given numbers in the same range (Skaug et al., 2004). The
estimate N, = 38,400 for the reproductively active male
population obtained in the present study is consistent with
previous abundance estimates, but as it is based on few
‘recaptures’, the associated uncertainty is large.
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Fig. 3. Normalised log-likelihood as a function of male population size
N, (in thousands).

Mark-recapture methods rely on the assumption that all
individuals have the same probability of being marked, as
well as having the same probability of being recaptured on
later occasions. If there are differences in reproductive
success among males the first part of this assumption will be
violated for the present method, because ‘ super-breeders
will have an increased chance of being tagged. There is no
external information available on variation in reproductive
success in common minke whales. Note that breeding
opportunities prior to 2000 (the first year of collection of
foetal samples) are not relevant in this context, and hence
difference in age among males does not introduce
heterogeneity in the marking probability. When recaptures
are being recorded over along period relative to the life span
of the species, it may be necessary to apply mark-recapture
estimators appropriate for open populations. As the
recapture period in this study was only three years, thiswas
not a concern.

A further assumption of mark-recapture methodsis that of
a single population, which trandates into the assumption
that northeastern Atlantic common minke whales are
panmictic (i.e. constitute a single breeding unit). The fact
that mtDNA markers for males and microsatellite markers
(both males and females) have uniform haplotype
frequencies across sub-areas indicate that there is only a
single breeding population (IWC, 2004). The fact that there
are significant differences in mtDNA haplotype frequencies
between the central and eastern part of the North Atlantic for
females, are likely to be caused by alearning process where
the calves follow their mothers, and does not constitute
evidence against the assumption of a single breeding stock.

Table 3

The four most likely foetus-mother-father triplets, as measured by the paternity probability (rightmost column). Information
about time and position of capture, together with zoological length, is also given. The first column provides a link to Fig. 1
which displays capture positions. The column ‘SMA’ shows the corresponding IWC Small Area (Fig. 1).

Female and offspring Male
Fig. 1 Date Map reference  SMA  Length (cm) Date Map reference  SMA Length (cm)  Pi(j)
Moth.  Fet.
1 10.05.01 56°59°N, 06°04’E  EN 775 14 11.08.02 63°50°N, 06°37’E  EW 864 1.00
2 30.05.01 71°35°N, 28°17°E EB 785 44 08.06.02 63°10°N, 03°00’E  EW 770 0.99
3 28.05.00 79°55°N, 08°18’E  ES 810 48 18.07.01 70°46°N, 20°53’E EW 820 0.87
23.06.01 57°15°N, 04°34’E EN 836 62 04.08.01 64°14°N, 05°44’E EW 734 0.58
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It is not known where breeding and calving take place.
Studies of North Atlantic foetal growth data indicate a
prolonged mating season with conceptions occurring
December-May, with February as the peak month
(Horwood, 1990). Hence, the whaling operationsin one year
end (in September) before next year’s reproduction begins.
Gestation has been calculated to last about 10 months and
thus calves are born over the period October to March with
a peak in December in the North Atlantic. None of the
probable fathers listed in Table 3 were caught prior to the
seasonal catch date of the female. Thismay bein accordance
with the general belief inferred from catch statistics that
mature females migrate into the summer feeding areas
earlier than males (Jien, 1988).

Based on the observations from several studies of minke
whale foetal growth rates, it has been found that the foetus
has an average growth of approximately lcm day—1
(Horwood, 1990). With this assumption all the foetuses in
Table 3 must have been conceived in April, probably the
latter half of the month. Although information on travel
speeds of minke whales are sparse, results from satellite
tracking in Norwegian waters indicate travelling distances
of the order 50-80km day—1 (Heide-Jorgensen et al., 2001).
This means that the female caught in the Skagerrak part of
the North Seaon 10 May 2001 with afoetus of length 14cm
must have conceived within the North Sea area, and
consequently, the father must also have been present in the
North Sea area in this period. Combining this with the fact
that the father was caught in the Norwegian Sea the year
after, there are two locations in space and time for the father.
This type of multiple recapture data provides a means of
studying site fidelity in minke whales.

The links as given in Table 3 aso give insight to
reproductive parameters. Studies of Northeast Atlantic
minke whales have given estimated lengths at sexual
maturity of 7.15m for females and 6.75m in males. Both
females and maleslisted in Table 3 show lengths well above
these, namely 7.75m-8.36m and 7.34m-8.64m for females
and males, respectively.

To verify the hypothesised relationships in Table 3,
particularly the last two, one could type the involved
individuals at a number of additional loci. This could also be
done for putative fathers with probabilities lower than 0.5
(not shown in Table 3), and would be a way of partly
getting around the fact that a large proportion of the tags
have low specificities (Fig. 2). Such atwo-stage approach is
both time and cost efficient compared to an approach where
al the males in the DNA-register are typed at additional
loci.

In conclusion, the various genetic tagging methods that
exist have a large potential to yield important new
information about cetacean demography. This is especialy
true for common minke whales, which are difficult to study
by other means. From a management point of view, it seems
necessary to monitor the level of relatedness in catches for
harvested whale populations. Even if laboratory costs
should prevent DNA-profiles being established for the full
catch, it is vital that tissue samples are taken from all
individuals, and stored for future analysis.
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