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Abstract: - In the paper, there is considered the effect of the genetic drift, which could eliminate the
hypothetical Neandertal mtDNA admixture from the Upper Paleolithic gene pool of anatomically modern
humans. To model the demography, the slightly supercritical Markov's branching process (BP) based on the
O’Connell model has been proposed. Relying on relatively fast convergence to the O’Connell’s limiting
properties it is possible to estimate the time of extinction of the Neandertals relatively to the time of the root of
the mtDNA polymorphism of modern humans. The results of the study indicate that the maximum hypothetical
contribution of Neandertal mtDNA which could be eliminated by the genetic drift at 0.05 significance level is
about 12% for studying mtDNA record only. However, the expected value of the admixture, estimated to be
about 3.9 % based on mtDNA record only, is reduced to around 2.3 % if additional nuclear genome data is
utilized for Bayesian inference. Relevance of the paper lies in treating mtDNA-based studies as complementary
approaches to those based on nuclear DNA sequenced by the Neandertal genome project.
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1 Introduction barrier between anatomically modern humans and
Neandertals. The synthesis in which the ecological,

The period of coexistence of Neandertals with the Physiological, developmental, and genetic bases for
Upper Paleolithidd. sapiens in Europe and Western population divergence can be fully integrated is still
Asia is a basis for the intriguing problem about the @ matter of future, however, as presented in the
interbreeding between the two (sub)species. CharlesPaper, at least genetic results based on nuclear and
Darwin described the speciation as that “mystery of Mitochondrial DNA can be aligned, giving more
mysteries”, however nowadays, to the great extent, accurate predictions relying one on the other.

this process is in general explained [1]. The L _ _ _
advances in understanding of how new species form Speciation is an important issue for understanding

are based on current views regarding the geographicthe birth of genusiomo, however it seems from the
context and genetic variation for speciation. recent genetic evidence that this process did not
proceed in relation to anatomically modern humans

Recently more and more is known about how the and Neandertals to the extent that would cause the
barriers to gene flow could have evolved. Although irreversible gene flow barriers. Contrary to first
the general mechanisms of generating new speciesinferences performed purely on mitochondrial DNA
are accepted, much remains to be learned in relation(MtDNA) [2, 3], the latest studies as well as the
to particular speciation processes — such as for current paper, indicate that there was some
example, the problem of (non)existence of the gene interbreeding between the two populations and
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genetic record allows for quite accurate estimate of
the size of admixture. However, Neandertal nuclear genes seem to survive
in the genome of modern humans, whereas, the
Whatever is the taxonomic relation between corresponding putative admixture of mitochondrial
H. sapiens and H. neanderthalensis, the issue of DNA which they contributed to the Upper
interbreeding is at least as intriguing for Paleolithic H. sapiens gene pool, has finally
understanding our ancestry, as the hypothetical, disappeared as a result of the genetic drift.
reconstructed physiognomy of Neandertals. There is
visible a clear shift in reconstruction of Neandertal This latter fact is confirmed by many mtDNA-based
face from the earliest views, according to which studies, from the earliest [2, 3] to the most recent
Neandertals were resembling apes to the current[4], which indicate thaH. neanderthalensis is an
opinions about Neandertal physiognomy resembling outgroup in the mtDNA polymorphism of present-
the modern human (Fig. 1). day humans (see Fig. 3). It is interesting that the
first studies based on sequencing of the mtDNA
retrieved from Neandertal fossils, which resulted in
phylogenetic trees similar to this presented in Fig. 3,
erroneously claimed an evidence of no interbreeding
(for example [3]). While no interbreeding could be
certainly the reason for the observed pattern, yet
basing solely on such pattern, it cannot be excluded
that the mtDNA polymorphism around 30 000 years
ago contained also Neandertal sequences, and the
currently observed pattern is the result of the genetic

drift.
Fig. 1. The first (left) and the most recent (right)
reconstruction of Neandertals. [Pictures in public ’_é H. sapiens
domain]
LE H. neanderthalensis
This latter view is convincingly corroborating with _/
— Pan troglodyte

the genetic evidence of interbreeding between the
two populations some 30 000 — 50 000 years ago.  Human/chimp MRC,
After this period, that is after several thousand years
of coexistence withH. sapiens in Europe, the
Neandertals became extinct. (see Fig. 2 for sites
where Neandertal fossils indicate the geographical
range of their activity before extinction).

| Pan paniscus

Fig. 3 mtDNA phylogeny of Neandertals and their
close relatives. [based on Briggs et al., Science
325, 318 -321 (2009)]

NN ST R )i; This latter hypothesis corroborates with the recent
S\ PP ' L_*\w/ studies performed within the Neandertal Genome
e N - Project (NGP), which are based on nuclear DNA.
i ‘@M The loci having Neandertal ancestry in modern
; e humans are estimated by Green et al. (see [5]) to
(BN constitute between 1 and 4% of the nuclear genome.
This is significantly less than the amount reported
> = by Wall et al. (see [6]), who found the signatures of

TN NI SN Me_ggﬁga' L the archaic ancestry in present dhysapiens to be
< ' A .. as abundant as 12% in the nuclear genome.
= : However, the latter estimate can be explained by

be more ancient gene flows, probably frdtin erectus

(see Fig. 4).
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2 Problem For mulation

Fig. 2. Sites where Neandertal fossils have been
found [based omBriggs et al., Science 325, 318 - Let us consider a family of slightly supercritical
321 (2009)] time-homogeneous Markov branching processes
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with the expected numbers of offspring per Observe that the upper Paleolithid. sapiens
individual equal tdE(Xo) = 1 + o T + o(1/T) and the mtDNA pool contained Neandertal sequences,
variance equal t&ar(Xo) = 6> + O(1/T), asT - co. subject to extinction by the genetic drift. Therefore,
In such branching process, the expected number ofin the present day population no Neandertal mtDNA
progeny of any individual is slightly larger than the is found. The illustration of the possible time course
critical value (i.e slightly larger than 1). Let us of the number of Neandertal mtDNA within the
assume that this branching process represents themodern human population is given in Fig.5.
abundance of Neandertal mtDNA evolving within Observe that the final fate of these sequences is the
the post-Neandertal modern human population extinction because of the genetic drift.

(Fig. 4) after putative admixture indicated in Fig. 4
by the bold horizontal arrow. Hence, the following question arises: how abundant

Neandertal mtDNA should be in Upper Paleolithic
MtDNA pool of anatomically modern humans so
that this amount is the most likely in the light of the

G-nggief‘s’ H. Neanderthalensis recent results obtained within NGP for Neandertal
nuclear genome.

3 Problem Solution

The beginning of this section follows the line of
argument presented in Cyran and Kimmel (2005)
[7], and Cyran (2011) [8], and serves as the
introduction to the final Bayesian inference using
prior probabilities based on NGP project results.
The contribution of this paper is this final inference
of the amount of Neandertal mtDNA admixture in
Upper Paleolithic gene pool dfl. sapiens using

Modern humans mtDNA synthesis of Neandertal mtDNA and nuclear DNA
data.

Fig. 4. Contribution of Neandertal mtDNA to Upper Denote the number of individuals in the process at

Paleolithic anatomically modern humans. The inter- time t by Z. Ast, consider the time 30 000 years

population gene flow is indicated by the horizontal ago, when the Neandertals disappeared and their

arrow. [Adapted from Cyran (2011)]. putative admixture in a gene pool of anatomically
modern humans started to be a subject to the genetic
drift with no further Neandertal contribution.

Zt
Assume further the duratiom of the whole
branching process to be 200 000 years. Cyran and
Kimmel (2010) [9] have shown that such process is
faithfully modeling the evolution ofH. sapiens
mMtDNA from the MRCA (mtEve) dated to live
around 175 000 years ago.

Under these assumptions, it follows that the time to
coalescence of a pair of mtDNA sequences
randomly picked from a sample of contemporary
¢ modern humans, denoted &s is roughly equal to
150 000 years. These values are based on results of
presented by Cyran and Kimmel in [9], provided
Fig. 5. Extinction of the branching proces& that the time to the most recent ancestor of modern

responsible for no observing Neandertal mtDNA humans and Neandertals is around 500 000 years

sequences within contemporary modern humans @30 (compare with Briggs et al. 2009 [4]). The
mtDNA pool. MtDNA data used for the inference was taken from

the paper by Green et al. (2008) [10].
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Assuming the duration of the average population to
be 20 years, the timeandT expressed in the units
of number of generations are equal to= 1 500,
and T =10 000, respectively.

significance level, lat us assume the probability
P(Z.=0]%=n) to be 0.05. Hence, from (4) it
follows thatn=1 166 individuals (because of the
equivalence of the Wright Fisher reproduction

model and the branching process reproduction
Based on [11] (see also Cyran and Kimmel, 2010 model used by O’Connell, this number constitutes
[9]), the Wright — Fisher model is equivalent to the directly the short-term inbreeding effective
branching process model with the number of population size).
offspring having the Poisson distribution. Under this
assumption, the distribution of the time to
coalescence of a pair of sequences in Wright —Fisher

P(2t=0|20=n)

model is identical to the O’'Connell (1995) (see [12]) | o0t A
distribution derived for slightly supercritical 088 1 \\
branching processes. Based on analyses performed| 0751\
by O’Connell (1995) and Cyran and Kimmel 0831\
(2010), it follows that the feasible value mfis 10 2025 \
and henceE(Xo) = 6> = 1.001 for Poisson offspring ogsg \
number distribution with = 10 and = 10 000. 0251
%2
In such process, the probability of non-extinction of | *% n

500 1000 1500 2000

a lineage descending from a single Neandertal 0
MtDNA, P(Z,>0]| % =1) is given by (O'Connell
1995) (see [11], compare with [8])

Fig. 6. The likelihood of thé>(Z,=0| % =n)as a
function of n [graph based on results obtained by
Cyran (2011)].
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2
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Therefore, the probability of extinction of such
lineage is equal to

P(Z1 > 0]z, =1)~

Using Bayesian rule, it follows that the posterior
probability RZ, = n | 4 = 0) is given by

P(z, = 0k, = 3= 1-P(z, > 0]Z, =1) ) P(Z, =n)P(z, =0Z, =n)

P(z, =0) )

P(Zo =n|Z, :0):

Treating the extinction of particular lineage as an
event independent from the extinction of other
lineages, the probability of extinction of lineages
started byn hypothetical mtDNA sequences present
in the Upper Paleolithidd. sapiens gene pool is

and its shape is modeled by the prior distribution.

Relying on the estimate of the census population
size of modern humans around 30 000 years ago to

given by be at least 500 000, the census population size of
females active in reproduction at that time was at
P(z, = 012,=x)=1-P(z, > 0|Z, =1)*  (3) least 100 000. This is based on the assumption that

the population is composed of the same number of
males and females and provided that, on average,
one out of 25 females in a population is
reproductively active.

The graph of the resulting likelihood function
P(Z;=0] %=X as a function oh is given in the
Fig. 6. Solving (3) for n, yields

Note, that if the actual variance of the number of
offspring o® is around 10 (what corresponds to

standard deviation in the number of progeny about 3
— which seems feasible), then, the short-time
inbreeding effective population size of anatomically

modern human females living 30 000 years ago,

is about 10 000. Assuming particular shape of the
In order to compute the maximum admixture not prior probabilites P(Zo=n) over the range

contradicting the mtDNA record (see Fig. 3) at 0.05 [0, 10 000], and appropriate scaling facR§; = 0)

_In(P(z, =0]Z, =n))
"= Pz, > 02, =1))

(4)

Using the values specified in the assumptions, it
follows that RZ; > 0| Z = 1) =2.57 x10°.
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which is independent of, it is possible to compute  extent independently, therefore, on average, they are

from (5) the distribution of P(Zo=n|Z%=0). not prone to the effect of genetic drift. Hence, it is

Having this distribution, the expected value likely, that similar component of nuclear DNA was
E(Zy | Z = 0) can be obtained as present in Upper Paleolithic anatomically modern
human nuclear genome. However, under Wright-

E(zo|zt =O)=ZnP(ZO =n|z, :0) (6) Fisher model, this implies, that at that time the
X MtDNA gene pool contained the same percentage of

Neandertal sequences.
In what follows, four different prior distributions are
considered. At first, consider the uniform Therefore, for the model considered in the paper, it
distribution of the prior probabilitieB(Z,= n) over is feasible to account for this additional information
the range n [JO, 10 000], what corresponds to the by assuming appropriate priors. Three such prior
situation when no additional data about the putative distributions are considered: the uniform
admixture is available. The posterior probability distribution U, (100, 400) as well as two normal
distribution P(Zo = n| Z=0) in this case is (to the distributions:N; (250, 150), andN, (250, 75). The
scaling factor) identical to the likelihood function resulting posterior probability distributions are
P(Z,= 0| Z = n) (compare Fig. 6 and Fig. 7). given in Fig. 8, Fig. 9, and Fig. 10, respectively.

P(Z0=n|zt=0) P(Z0=n|zt=0)

0,003 0,006
0,0025
0,002 \
0,0015 \
0,001

0,0005 \ 0.001

0 500 1000 1500 2000

0,005

0,004 -

0,003 -

0,002

Posterior probability
Posterior probability

0 100 200 300 400 500

Fig. 8. Posterior probability?(Z,=0| % =n) for

Fig. 7. Posteri babilityP(Z;=0|%=n) f . o
'9 osterior_probability(Z, | =) for uniform prior distribution J (100, 400).

uniform prior distribution Y (0, 10 000).

In this situation, it follows thaE(Z, | Z = 0) = 388 P(Z0=njz1=0)
individuals (effective population size of Neandertal
MtDNA sequences in the Upper Paleolithit
sapiens MtDNA gene pool). To compute the
expected value of the Neandertal mtDNA admixture
in a gene pool, let us dividg(Z, | Z = 0) = 388 by
Ne =10 000. This results in the expected admixture

0,0035

0,003

0,0025
0,002 -| \
0,0015

Posterior probability

of about 3.9 %. Similarly, to compute the maximum 0,001

admixture non contradicting the mtDNA testimony 0,0005 | \

at significance level 0.05, let us divide= 1 166 by . | | |

N.=10 000. This results in the maximum 0 100 200 300 400 500 600 700
hypothetical admixture of about 11.7 %. n

In order to incorporate the additional information , -
available based on nuclear DNA data obtained Fig- 9. Posterior probabiliP(z,=0] 2% =n) for
within the NGP, the prior probability distribution normal prior distribution N(250, 150).

will use the information that the putative Neandertal ) ) ] ) )
component in nuclear genome of contemporary For short-term inbreeding effective population size

humans is between 1 and 4 % [5]. Since nuclear equal to 10 000, these distributions expressed in the
genes, due to recombination, are evolving to great units of percentage of the admixture, correspond to
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distributions: U, (1, 4), N; (2.5, 1.5), andN; (2.5, the probability that the observed pattern in
0.75). The normal distributions are chosen in such a contemporary mtDNA contains no Neandertal
way, that the proposed by nuclear DNA studies sequences has increased 13 to 14 times by including
limits (1% and 4%) are in the distance of one and the meaningful priorg&J,, N;, or N, as compared to

two standard deviations for,Nand N respectively.

P(20=n|zt=0)

0,006

0,005

/N
7

0,004

0,003

0,002 -

Posterior probability

0,001

200 300 400 500

[1]

Fig. 10. Posterior probability(Z;=0| % =n) for
normal prior distribution N(250, 75).

4 Conclusion 2]

The estimate of the putative Neandertal mtDNA [3]

admixture obtained solely on the basis of mtDNA
record analyzed in slightly supercritical branching
process model is corroborating with the recent
results obtained based on nuclear DNA sequenced[4]
from the Neandertal fossils in the Neandertal
genome project (see Green et al. 2010, [5]).
Therefore, it is likely that these data do not
contradict each other — rather they can be used
together in a single model which is able to make use
of both of them. In the paper, such model is
presented. The inferences about the putative
admixture of Neandertal mtDNA are utilizing not |7
only mtDNA data, but also the results from nuclear
analysis, which serves in a model as a supply of the
feasible prior distributions. Interestingly, no mater
what type of feasible prior distribution is used, the [8]
expected value of putative admixture is very similar
and ranges from 2.2 % for pridt;, through 2.3 %
for prior U,, up to 2.35 % for prior N

[5]

[9]
This shows, that the mean of prior distribution based

on nuclear genome data (2.5 %) has stronger impact

on the obtained results than the mean of posterior
distribution 3.9 %, provided non-informational prior [10]
U,;. Making use of both, the mtDNA and nuclear
DNA data, as presented in the proposed model [11]
makes the Bayesian inference about putative
MtDNA admixture more reliable than relying solely
on nuclear data (covered in prior distribution) or
solely in mtDNA record (covered in posterior
distribution with non-informational priors). In fact,

[12]
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