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Abstract Neofunctionalization, subfunctionalization and
increasing gene dosage were proposed to be the possible
ways to explain duplicate-gene preservation in previous
studies. However, in some natural populations, such as yeast
Saccharomyces cerevisiae, a considerable proportion of the
duplicate genes originated from ancient whole genomic
duplication (WGD) is preserved till now, which cannot be
sufficiently explained by these mechanisms. In this article,
we present another possible way to explain this conun-
drum—originalization, by which duplicate genes are both
preserved intact at a high frequency in the population under
only purifying selection. With approximate equal rates of
mutation at the two duplicated loci, analytical, numerical
and simulation results consistently show that the mean time
to nonfunctionalization for unlinked haploinsufficient gene
duplication might become markedly prolonged, which
results from originalization. These theoretical results imply
that originalization might be an alternative effective and
temporary way of preserving duplicate genes.
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The evolutionary mechanism for gene duplication has been
argued for many years (Ohno 1970; Walsh 2003; Lynch and
Katju 2004; Li et al. 2005). Ohno (1970) proposed that
nonfunctionalization, by which one of the duplicate genes
loses the function of the ancient gene while another main-
tains the function (this model is also called the classical
model), might be the evolutionary fate for most duplicate
genes because advantageous mutations are rare compared
with degenerative mutations. By contrast, Force et al. (1999)
and Lynch and Force (2000) argued that this might not be the
case for a considerable proportion of gene duplication,
because many of the duplicate genes originating from
ancient whole genomic duplications (WGD) have been
observed to be retained in some genomes, such as tetraploid
fish (Ferris and Whitt 1979), Xenopus Laevis (Hughes and
Hughes 1993), maize, and yeast Saccharomyces cerevisiae
(Wolfe and Shields 1997). Force et al. (1999) proposed that
subfunctionalization, by which the functions of the ancestral
gene are partitioned between descendent duplicate genes so
that both descendent duplicate genes are preserved by
selection, is an effective way for duplicate-gene preservation
in the genomes. This was named the Duplication—Degener-
ation—-Complementation (DDC) model.

Recently the DDC model was also challenged when it is
applied to explain the genomic data in large-population-size
organisms, such as yeast S. cerevisiae. Because they usually
have large effective population size (Lynch and Conery
2004) and no cell differentiation as single cell organisms, the
probability of subfunctionalization for duplicate genes might
be very low (Li et al. 2005; Lynch and Force 2000). In fact, a
proportion (~10%) of duplicate genes originated from an
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ancient WGD are maintained in yeast S. cerevisiae genome
(Wolfe and Shields 1997; Byrne and Wolfe 2005).

Neofunctionalization (which means that a novel gene is
fixed at one of the duplicated loci while another copy
maintains the ancient function) has been well documented
and reviewed as an important way of providing fundamental
evolutionary materials (Ohno 1970; Long et al. 2003; Li
et al. 2005). Since beneficial mutation rate is usually much
lower than deleterious mutation rate, the evolutionary fates
of duplicate genes almost are not neofunctionalization but
nonfunctionalization under the classical model (Force et al.
1999), which also cannot explain the previously described
genomic observations on duplicate genes.

Another hypothesis was proposed recently for this paradox
that both duplicate genes might be preserved from the initi-
ation of gene duplication by positive selection resulting from
increasing gene dosage of one of the duplicate genes, and then
ancillary and lowly expressed function are amplified to
become highly expressed such that both copies are preserved
permanently (Hooper and Berg 2003; Moore and Purugganan
2003; Clement et al. 2006). This process was named ampli-
fication. The main difference between amplification and
subfunctionalization is that subfunctionalization is a relaxed,
nearly neutral process, while from the initiation of gene
duplication positive selection is involved in amplification.

He and Zhang (2005) also suggested that after duplication
events duplicate genes might experience a relaxed and
nearly neutral evolution by subfunctionalization for a tran-
sient period, followed by a prolonged neofunctionalziation.
Since subfunctionalization might not be favored in large
populations, it seems that there might be an alternative
mechanism for retaining duplicate genes before neofunc-
tionalization in large populations. Takahata and Maruyama
(1979) reported that mean time to nonfunctionalization (7)
for unlinked haploinsufficient gene duplication might be
much prolonged in a large population (N = 10, where N is
the effective population size and p is the degenerative
mutation rate at both duplicated loci), but they gave no
further explanation on this observation. In this context,
advantageous mutations are extensively expected to be more
likely to occur in the population during this prolonged
nonfunctionalization period, which might facilitate neo-
functionalization. However, at present no such theoretical
evidence supports this hypothesis. In this article, we try to
explore the mechanism underlying the evolution of duplicate
genes and provide theoretical evidences and explanations for
prolonged T for unlinked haploinsufficient gene duplication,
by analytical, numerical and simulation approaches.

Additionally, previous theoretical studies on gene
duplication (Takahata and Maruyama 1979; Li 1980;
Lynch and Force 2000) mostly assumed that degenerative
mutation rates at both duplicated loci are the same. How-
ever, no evidence supports or rejects this assumption. So in
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this article this assumption is relaxed. Haplosufficient
(commonly called double null recessive, DNR) and ha-
ploinsufficient (also called partial dominant, HI) selective
models are selected, which are described in detail below. In
this article, we mainly focus on the evolution of duplicate
genes originating from polyploidization, such as WGD, so
some effects of genetic forces on small segmental dupli-
cation are not discussed, such as unequal crossing over,
retroposition and gene conversion, etc.

Theoretical results consistently show that with approxi-
mate equal mutation rates for the two duplicated loci, T for
unlinked haploinsufficient gene duplications becomes pro-
longed strikingly even in a modest population (roughly
Nu > 0.5), which is attributable to the high frequency of the
original genes (possessing the same function as ancient gene
did before duplication) at both duplicated loci. This process
is named originalization, by which a high proportion of
original (or wild-type) duplicate genes are preserved intactin
the population for a prolonged time to nonfunctionalization
under purifying selection, even with no positive selection.

Analytical analysis

Assume in a diploid, random mating population, after a
WGD event there are two duplicated loci in the genome.
To simplify the representation of chromosomal haplotypes,
assume that the duplicated loci are on the same chromo-
some; a character ‘0’ denotes the wild-type allele and ‘1’
the mutant allele at a locus. Therefore for duplicated loci
there are four types of chromosomal haplotypes, namely,
“00”, “01”, “10”, and “11”, respectively.

Under the DNR (or haplosufficient) selective model,
assume that the double null recessive is lethal, for example,
individuals with two chromosome genotypes being both
“11”, are dead. Under the HI (haploinsufficient) selective
model, individuals having one or no original allele at both
duplicated loci are not viable, for example, individuals with
two chromosomal genotypes being “10” and “11”, are dead.

Let xq, x1, xp, x3 be the frequencies of chromosomal
haplotypes, “00”, “01”, “10” and “11”, respectively.
Fitness of individuals with various genotypes under the
DNR and HI selective models are shown in Table 1. The

Table 1 Fitness of individuals with various genotypes under the
classical models®

Chromosomal haplotype “00” “01” “10” “11”
“00” 1 1 1 1
“01” 1 1 1 1—-s5
“10” 1 1 1 1—s5
“11” 1 1— 51 1— s 0

8 5, = 0 under the DNR selective model; s; = 1 under the HI

selective model
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differential changes of chromosomal haplotype frequencies
resulting from effects of recombination, mutation and
selection at every generation, are given by

Xy = xoxg + FX1X2 — FXoX3 + 251X0X1X3 + 251X0X2X3
— (1 + p2)xo

x'l = xlxg — rX1X2 + rxgxz — s1x1X3 + 2s1x%x3 + 251X1X2X3
+ [y X0 — fipx1

x'2 = xzxg — rX1X2 + rxgxz — S1x2X3 + 281X1X2X3 + 2s1x§x3

+ lpXo — My X2

/ 3 2 2
X3 = X3 + FX1X2 — FXgX3 — S1X1X3 — S1X2X3 — X3 + 2S1X1X3

+ 2510005 + flpX1 + [y X
(1)

where r is the recombination rate between two duplicated
loci, » =0 for linked duplicated loci and r = 0.5 for
unlinked; u; and u, are mutation rates at both duplicate
loci, respectively. Under the DNR selective model, s; = 0;
under the HI selective model, s; = 1. Equation 1 is derived
briefly in Appendix.

Now consider the dynamic change of these four allele
frequencies in the finite population at every generation.
Two approaches were proposed in previous studies to
estimate 7 and dynamic changes of allele frequencies at
one locus and two loci, Mendelian Markov process
(Khazanie and McKean 1966a, b) and diffusion approxi-
mation (Kimura 19553, b; Kimura and King 1979;
Watterson 1983; Wang and Rannala 2004). Here traditional
stochastic process (Mendelian Markov process) is used to
observe T and dynamic changes of chromosomal haplotype
frequencies during the evolution of gene duplication.

Dynamic change of the chromosomal haplotype frequen-
cies for gene duplication is a typical Markov process (Rice
2004). Let A, be a vector of frequencies of the possible states at
generation . At each state, another vector, (ng, ni, ns, nz),
where ng + n1 + n, + n3 = 2N, is used for the count num-
bers of chromosomal haplotypes in the population, “00”,
“01”,“10” and “11”, respectively. Therefore the frequencies
of chromosomal haplotypes, respectively at a state is given by

x;i=n;/(2N) (i=0,1,2, and 3). (2)
In a diploid population with population size N, for gene

duplication, the number of possible states can be calculated
by

(8 () o

where k is the number of distinct chromosomal haplotypes
and in the situation of gene duplication considered above,
k = 4. Therefore, the number of possible states is also
given by

Q4 = N(4N? +11) /3 + 4N* + 1. (4)

Apparently, Q, is proportional to N°. If N is large, the
process of calculating will be inevitably very time-
consuming. So the cases of smaller N (N = 10 and 20),
higher mutation rates (x; = 0.01, 0.03, 0.05, and 0.1) and
symmetry of mutation rates on duplicated loci (o = py/
w = 1), as examples, are selected for estimating 7 and
dynamic changes of chromosomal haplotype frequencies
during the nonfunctionalization of gene duplication.

Let P be a Q, x Q, transition matrix, in which each
element of P, P, is the probability that the i-th state at a
generation becomes the j-th state at the next generation.
Under the Wright-Fisher model, P;; is a multinomial vari-
able. Let n; and x,p;; be the number of occurrences and
frequency, respectively, of chromosomal haplotype
(k = 0,1,2,3) at the i-th state.

For calculating each element in P, first, xop;, X1, X211,
x3p; 1 changed respectively according to Eq. 1, as results
of recombination, mutation and selection processes; then
P, is given by

(ZN)' ( njj) nyj njj ngy
P; = X i’) xpit ) (o (x 3£,]). (5)
T oy nagngpngp ! O ( 1 ) ( 2”> 3

Now let us consider the calculation of A, at every
generation. Initially, all chromosomal genotypes in the
population are original chromosomal haplotype, “00”, so
at Ao, the frequency of the state (2, 0, 0, 0) is 1 while
those of other states are 0. A, is given recursively by

A1 = A,P. (6)

In fact, values of elements in A, are the cumulative
frequencies of states at generation z. Let C, be the
cumulative  probability of nonfunctionalization at
generation ¢ and it is equal to the sum of the frequencies
of states with ny =0 (at nonfunctionalization the
frequency of “00” must be 0, so xo are observed as a
proxy of nonfunctionalization), while the frequency of the
original chromosomal haplotype is calculated by 1 — C,.
Therefore, the density probability of nonfunctionalization,
fi+1, is the change of C,, given by

fH—l = Ct+l - Ct- (7)

Finally, when the gap between C, and 1 is small enough,
the final generation time, #, is obtained, which means
beyond this time the nonfunctionalization is almost
reached. Mean time to nonfunctionalization, 7, can be
calculated by

T=Y () (t=12,...1). (8)

Atthe same time, variance of time to nonfunctionalization,
&2 can also be estimated
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JZ:Z[(I—T)ZJ‘,} (r=1,2,....1). 9)

The analytical results are shown in Table 2. From these
results, estimations are almost the same as simulation
results (simulation methods are described below) and so
are the distributions of time to nonfunctionalization of gene
duplication (data not shown), which indicate that both the
simulation and analytical results are reliable. When
N(uy + pp) is larger (and even N is small), T for
unlinked duplication under the HI selective model is
much larger than those for other duplications. Dynamic
change of original chromosomal haplotype frequency, xo, is
coupled with that of nonfunctionalization probability
(Fig. 1). Because at nonfunctionalization of gene
duplication xq must be 0, the observed prolongation of T
for unlinked duplication under the HI selective model
results from higher x, in the population. For unlinked gene
duplication under the HI selective model, higher xq in the
population means that original genes are preserved at both
duplicated loci. Thus, we call this mathematical process of
preservation of gene duplication without considering
positive selection (much different from amplification)—
originalization.

Table 2 Comparisons of analytical and simulation results on mean
time to nonfunctionalization for gene duplication (in units of N gen-
erations, 7/N) with symmetry of mutation rates at duplicated loci

(1 = ,Uz)a

N r u DNRANA DNR SIM HIANA  HI_SIM
10 0 0.01 878 (5.93) 8.78(5.93) 9.71 (6.77)  9.72 (6.78)
0.03 4.68 (2.61) 4.68 (2.61) 5.78 (3.46)  5.79 (3.46)

0.05 3.62 (1.95) 3.62 (1.95) 4.78 (2.77) 4.78 (2.77)

01 257 (1.42) 256 (142) 372 (2.17) 3.72(2.17)

05 0.01 9.43(6.73) 9.44 (6.75) 122 (957) 12.3 (9.60)
0.03 5.30 (3.42) 530 (3.43) 8.83(6.89) 8.83 (6.92)

0.05 4.15 (2.64) 4.16 (2.64) 8.05 (6.43)  8.05 (6.43)

0.1 2.93(1.87) 293 (1.86) 7.00(5.78) 7.00 (5.77)

20 0 0.0l 6.04 (3.53) 6.04 (3.53) 7.09 (4.38) 7.09 (4.38)
0.03 3.64 (1.97) 3.64 (1L97) 4.80 (2.70) 4.80 (2.71)

0.05 2.97 (1.67) 2.96 (L67) 4.17 (2.34)  4.17 (2.35)

01 2.26(L37) 226 (1.37) 3.45(201) 3.45 (2.01)

05 0.01 7.18 (4.93) 7.17 (4.92) 11.82 (9.52) 11.82 (9.53)

0.03 4.58 (3.08)
0.05 3.73 (2.52)
01 2.75(1.87)

458 (3.09) 11.75 (10.02) 11.75 (10.02)
3.74 (2.52) 12.87 (11.38) 12.87 (11.41)
2.75 (1.88) 15.10 (13.96) 15.14 (13.98)

# Values in the table are in units of N generation (7/N) and values in
parentheses are standard deviations (¢). DNR_ANA and HI_ANA are
analytical results of mean time to nonfunctionalization, T, and vari-
ances under the DNR and HI selective models, respectively, which are
calculated by mathematical formulas described in the text; DNR_SIM
and HI_SIM are simulation results of T under the DNR and HI
selective models, respectively, and simulation repeats 10° times
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This is an interesting observation, but in this section
population size is very small (N = 10 and 20). Now let us
consider it in a very large population.

Numerical analysis

Assume that the population is so large (Nu >10) that the
effect of genetic drift is small enough to be ignored.
Equation 1 can be treated as a group of ordinary differ-
ential equations (ODEs). Thus, numerical solutions of the
ODEs have been obtained by the Runge-Kutta method
(Kincaid and Cheney 2002), with initial conditions xq = 1,
x, = x, = x3 = 0, given some other appropriate condi-
tions, such as recombination rate (r=0 for linked
duplication or r= 0.5 for unlinked duplication) and
selective model (DNR or HI). Thus, dynamic changes of
the chromosomal haplotype frequencies with time (gener-
ation) have been observed with y; = 10~ and different
values of a (¢ = po/py). As mentioned above, x, for
unlinked gene duplication under the HI selective model is
likely to be kept at high frequency so that original genes
are preserved at both duplicated loci, which is called
originalization. Now let us consider why and how they are
preserved. Dynamic changes of xy with different genetics
parameters are shown in Figs. 2 and 3 and several features
are apparent as follows.

First, for linked duplication (r = 0), xo usually decreases
nearly exponentially down to 0 and changes of xy with the
same « are similar under the different selection models (see
Figs. 2a, 3a). xo under the HI selective model at the tail in
Fig. 3aisslightly higher than those under the DNR selective
models in Fig. 2a, which suggest that in the larger popula-
tion, T for linked duplication under the HI selective model
might be slightly larger than those under the DNR selective
models. These suggestions are observed in simulation (see
above simulation results in Table 2), which indicates that x
is an appropriate and approximate proxy of 7.

Second, for unlinked duplication (r = 0.5), xo usually
decreases quickly to an equilibrium in case of « = 1. If « is
not equal to 1, xo under the DNR selective models
decreases gradually to zero (see the curves of « = 0.5 and
0.8 in Fig. 2b). However, under the HI selective model,
when « is approaching 1 or only slightly deviates from 1, xq
still decreases to the equilibrium (see the curve of & = 0.8
in Fig. 3b) or decreases very slowly (see the curve of
o = 0.5, Fig. 3b). Although when o = 1, xq for unlinked
gene duplication under the DNR selective model also reach
an equilibrium, slight asymmetry of mutation rates on the
duplicated loci (o # 1, but the gap between « and 1 is
small) will break this equilibrium (see the curve of & = 0.8
in Fig. 2b), while under HI selective model this doesn’t
happen even with slight asymmetry of mutation rates (see
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Fig. 1 Dynamic changes of density probability of nonfunctional-
ization (a) and frequency of the original chromosomal haplotype, x,
(b), of linked (r = 0) and unlinked (r = 0.5) gene duplication under
the DNR, and HI selective models, according to analytical results,
where population size N = 20, and mutation rates py = u, = 0.1

the curve of o = 0.8 in Fig. 3b). Therefore, the rigid,
flexible and stable quasi-equilibrium of xo for unlinked
duplication under the HI selective model is the main reason
that 7 appears to be much prolonged in the analytical
results above. Additionally, originalization (in which x, is
kept higher for a longer time in the population) appears
during the unlinked gene duplication not only under the HlI
selective model, but also under the DNR selective model
(see the curves of « = 1.0 in Figs. 2b, 3b). But original-
ization is more likely to appear during the evolution of
unlinked gene duplication under the HI selective model
than under the DNR selective model because quasi-equi-
librium of xgo is more flexible and stable under the HI
selective model (see the curves of o = 0.8 in Figs. 2b, 3b).

Finally, it usually takes much more time for x, for
unlinked gene duplication to decrease to 0 than that for
linked. When o = 1, x, for unlinked gene duplication will
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Fig. 2 Dynamic changes of original chromosomal haplotype
frequency (xo) for linked (recombination rate r =0 in (a)) and
unlinked (r = 0.5 in (b)) gene duplications under the DNR selective
model, according to the numerical results of Eq. 1, where mutation
rate at locus one is y; = 1073, and o = po/piy

decrease quickly to an equilibrium while that for linked
will decrease exponentially to 0 (see Figs. 2, 3). These
observations can explain that in simulation 7 for unlinked
duplication is usually larger than that for linked duplication
(see simulation results above; Li 1980; Lynch and Force
2000), because of higher xo in the population. Simply
stated, high recombination (for example » = 0.5) forces the
loss of “10”,”01” and “11” under purifying selection (data
not shown), thus “00” is preserved at a high frequency in
the population. This is the main reason that recombination
between duplicated loci provokes the prolongation of 7.
In above analytical section, we have shown some sim-
ulation results with genetic parameters—very small
population size (N = 10 and 20) and very high mutation
rate (;u = up = 0.01-0.1); in this section, we showed the
numerical results in a very large population. However,
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Fig. 3 Dynamic changes of original chromosomal haplotype

frequency (xo) for linked (recombination rate r =0 in (a)) and
unlinked (r = 0.5 in (b)) gene duplications under the HI selective
model, according to numerical results of Eq. 1, where the mutation
rate at locus one is p; = 10~2 and o = pp/py. Curves of o = 0.8 and
o = 1.0 in subplot (b) are coincident

natural population size is not extremely small or large, so
further theoretical study by large-scale simulation with
more realistic genetic parameters is needed to reinforce our
above conclusions.

Simulation method and results

In large-scale simulations, the gamete-based algorithm
described by Lynch and Force (2000) is used, and fre-
quencies of chromosomal haplotypes are kept tract of at
every generation.

In simulation, effects of recombination, mutation,
selection and genetic drift are considered, as described by
Lynch and Force (2000). Here to simplify and clarify the
mathematical description of the simulation process, Lynch
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and Force’s gamete-based simulation algorithm is revised.
At every generation, effects of recombination, mutation
and selection are calculated directly according to mathe-
matical formulas in Eq. 1, which is different from that in
previous algorithms (Lynch and Force 2000).

For the effect of genetic drift, actual chromosomal
haplotype frequencies at the next generation are generated
by multinomial random sampling. Therefore, the whole
revised simulation algorithm is outlined:

Initially, let xo = 1, x; = x, = x3 = 0 in the gene pool,

1. Chromosomal haplotype frequencies in the gene pool
are differentially changed according to Eqg. 1.

2. Sample the given number (2N) of gametes multino-
mially and randomly, and then calculate the actual
chromosomal haplotype frequencies in the gene pool at
the next generation.

3. Repeat 1, go to the next generation until the final
nonfunctionalization of duplicate genes is reached.

The simulation with this algorithm requires very little
memory and runs faster than Lynch’s algorithm (source
code kindly provided by Dr. Lynch). The results from the
revised gamete-based algorithm are very similar to those
from the gamete-based algorithms previously described
(Lynch and Force 2000). The source code of the simulation
program is available on request.

T is focused under the classical model, given some
conditions, such as mutation rates on two duplicated loci,
linkage and selective model, among others. For comparing
simulation results with related those in previous studies and
above numerical results, let the mutation rate on one of the
duplicated loci be 1; = 1072 and the ratio of two mutation
rates at the duplicated loci be o, so mutation rate at another
locus, uo, is equal to opy. The simulation results are shown
in Table 3. For a more realistic biological relevance, sim-
ulation results in the case of u; = 107°and u, = 10~ are
shown in Fig. 4. We may obtain some insights into the
evolution of gene duplication as follows.

First, when N is small, with the increase of o, T is
reduced (in the cases of N = 10" in Table 3), but this trend
is reversed for large N (in the cases of N = 10° and 10* in
Table 3). In a small population (Nx < 0.01), the evolution
of the duplicate genes is theoretically neutral, so T is equal
to about 1/(u; + up) (Li 1980; Lynch and Force 2000),
nearly regardless of population size. Therefore, when o is
larger, T is shortened (see the cases of N = 10% in Table 3).
In the larger population (see the cases of N = 10° and 10*
in Table 3), purifying selection becomes stronger with a
larger «, which results in a larger T.

Second, with symmetry of mutation rates on the dupli-
cated loci (o = 1), an approximation of 7 for unlinked
duplication under the DNR selective model was given by
Watterson (1983)
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T ~ Nllog(2N) — ¥(2Nuy)] (10)

where (-) is the digamma function. Watterson stated that
this formula was applicable for large N and Lynch and
Force (2000) argued that it could provide a good approx-
imation for T for unlinked duplication in the full range of
N. However, further subtle comparisons show that 7' in
simulation are slightly larger than the predictions from
Eg. 10 (more data not shown), which indicate that this
approximation somewhat underestimates 7' for unlinked
duplication under the DNR selective model (see Table 3).

Third, when N is larger (for example, N = 10° and 10%),
T for unlinked duplication is usually larger than that for
linked under either the DNR or HI selective models (see
Table 3). This observation of T under the DNR selective

Table 3 Simulation results of mean time to nonfunctionalization of
gene duplication (in units of N generations, 7/N) under the classical
model?

N r o DNR HI LIP WAT®
100 0 05 533(50.4) 551 (53.7)
0.8 523(53.3) 535 (57.1)
1.0 51.4(49.2) 527 (51.4)
05 05 585(49.7) 57.7 (51.6)
0.8 56.9(53.9) 557 (55.4)
1.0 53.7(52.2) 54.4 (51.4) 53.4
10° 0 05 10.8(7.6) 11.6 (8.4)
08 9.7(6.7) 10.7 (7.5)
1.0 9.1 (6.5) 10.1 (6.9) 9.2 (6.0)
05 05 12.7(9.8) 17.2 (14.2)
0.8 12.0(9.2) 18.4 (15.6)
1.0 11.5(8.8) 18.4 (15.6)  12.3 (9.4) 10.9
10° 0 05 335(1.88)  3.94(2.19)
0.8 3.63(2.05)  4.48 (2.46)
1.0 3.64(2.09) 4.52 (2.47) 5.0 (3.0)
05 05 4.00(230) 9.45(7.19)
0.8 6.49 (4.63) 136.8 (134.9)
1.0 7.91(6.08) 967.1(932.6) 123 (9.4) 7.2
10* 0 05 074(027) 0.92(0.32)
0.8 1.48(0.81)  1.80 (0.85)
1.0 2.81(1.98)  3.31 (2.06) 4.1 (2.6)
05 05 0.74(0.24) 5.77 (4.19)
0.8 1.47 (0.60) o
1.0 7.7 (5.8) o 81(6.1) 69

2 Values in the table are in units of N generation

b LI are Li’s simulation results (1980)

¢ WAT are the predictions from Eq. 2 (Watterson 1983)
Parentheses are standard deviation. Degenerative mutation rate at one
of the duplicated loci is y; = 1072 and that on another is p, = oy,
where « is equal to pp/u;. DNR and HI are simulation results under
the DNR and HI selective models, respectively. Simulation repeats
10° times

10
10 . . : —

Mean time to silencing

)
10° 10
Population size

Fig. 4 Simulation results of mean time to nonfunctionalization of
gene duplication under the classical model, and different selective
models, where 1; = 1075 and o = 1. Star and circle spots are
simulation results of linked (» = 0) and unlinked (r = 0.5) gene
duplication, respectively. Solid and dotted lines are simulation results
under the DNR and HI selective models, respectively. Simulation
repeats 10° times

model is consistent with previous results (Li 1980; Lynch
and Force 2000), but it was not explained clearly. Our
numerical results have explained it by originalization in
above sections. On the other hand, for unlinked duplica-
tion, T under the HI selective model are larger than those
under the DNR selective models and when N(u; + u) and
o both are approaching 1, 7 under the HI selective model
becomes surprisingly large, which is also consistent with
above theoretical results (because of originalization). In
some cases (N = 10* and « = 0.8, 1.0), values of T for
unlinked (r = 0.5) gene duplication under the HI selective
model are too large to reach nonfunctionalization, so they
are written as the symbol of infinity in Table 3.

Fourth, more realistically, assume p; = pp, = 1075
Very large T also appears for unlinked haploinsufficient
gene duplication (see Fig. 4). Even in the modest popula-
tion (N > 500,000 or Nu; > 0.5), it is also very difficult to
obtain T for unlinked gene duplication under the HI
selective selection in simulation, because T is too large
(over 10 generations or 10* N generations), which is
consistent with the above simulation observations for
unlinked HI gene duplication in the cases of
t1 = o = 1072 and N = 10* in Table 3. This indicates
that the marked prolongation of 7 is common in a modest
population (roughly Nu > 0.5) during the evolution of
haploinsufficient unlinked gene duplication, with realisti-
cally small mutation rates.

Although Takahata and Maruyama (1979) observed by
simulation, T for unlinked duplication is larger than that for

@ Springer
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linked under the HI selective model in a large population
(Nup = 10 and p3 = up), the magnitude of the difference
they observed is much smaller than our observation. Par-
ticularly we observed markedly prolonged T for unlinked
haploinsufficient duplication even in a modest population
(roughly Nup > 0.5) (Table 3; Fig. 4) and with slight
asymmetry of mutation rates (for example, T = 136.8 N
generations in the case of N = 10% and o = 0.8 in Table 3).

Discussion

In this study, our theoretical analyses consistently indicate
that originalization might be an effective way of duplicate-
gene preservation in the evolution of unlinked haploin-
sufficient gene duplication even only under purifying
selection, especially in large-population-size organisms.
This might be helpful to explain the observations that the
high portion of duplicate genes originated from the ancient
WGD are retained in single cell organisms, such as yeast
S. cerevisiae genome (Wolfe and Shields 1997). Through
originalization, time to nonfunctionalization of haploin-
sufficient gene duplication might be greatly prolonged and
original genes at both duplicated loci might be maintained
directly in the population. Original functional genes are
more likely to accept advantageous mutations than non-
functional genes, and during the prolonged road to
nonfunctionalization advantageous genes are more likely to
hit in the population, so originalization might facilitate
neofunctionalization of gene duplication, by which dupli-
cate genes are permanently preserved in the genome by
selection.

Kondrashov and Koonin (2004) observed that haploin-
sufficient genes usually had more paralogs than
haplosufficient genes. Papp et al. (2003) and Kondrashov
and Koonin (2004) reported that in yeast, after ancient WGD
events, haplosufficient duplicate genes were preferentially
lost, while haploinsufficient duplicate genes were preferen-
tially preserved. Our theoretical results are applicable to
directly explain these two previous observations. For ha-
plosufficient genes (under the DNR selective model), T for
linked and unlinked duplications is relatively short and not
sufficiently long for the original allele to wait for the arrival
of advantageous mutations in the population. The quasi-
equilibrium of the original chromosomal haplotype fre-
guencies (xp) is subject to crash because of the slight
asymmetry of mutation rates (see « = 0.5 and 0.8 in
Fig. 2b). These consequences might accommodate little for
advantageous genes and result in that haplosufficient dupli-
cate genes are usually nonfunctionalization and then lost in
the genome, so haplosufficient duplicate genes have fewer
paralogs and are preferentially lost. By contrast, for unlinked
haploinsufficient genes, duplicate genes might be preserved

@ Springer

intact directly by originalization. On the other hand, both
prolonged nonfunctionalization time and high frequency of
the original gene facilitate the arrival of various advanta-
geous mutations in the population, which results in that these
various advantageous mutations are buffered without strong
positive selections. However, changing environments on
local subdivided populations might provide strong positive
selections under which different novel genes might be fixed
in different subpopulations and then gene duplicates are
sequentially or accompanyingly preserved by various neo-
functionalizations (unpublished materials). Therefore, the
family size of haploinsufficient genes is usually larger than
that of the haplosufficient genes and haploinsufficient gene
duplicates are preferentially preserved.

In conventional understanding of the relationship
between dominance and gene duplication (see Box 1 in
Kondrashov and Koonin 2004) when the mutant allele is
recessive to wild-type at the ancient locus before duplica-
tion events, fitness of the double null recessive for duplicate
genes is much lower, while those of other genotypes are
similar, and close to the maximum value (fitness of all wild
types at duplicated loci). To simplify the mathematical
description of this selection model, the DNR model was
usually assumed in most theoretical studies of gene dupli-
cation (Li 1980; Watterson 1983; Lynch and Force 2000), in
which the double null recessive is lethal (usually relative
fitness is 0) while individuals with other genotypes have the
same fitness (usually relative fitness is 1). This assumption
is helpful in mathematical deriving since complex positive
selection for dosage requirement is ignored. So this model
can be considered as an “ideal” or preliminary model in the
theoretical study. When the mutant is dominant to the wild-
type allele at the ancient locus, fitness of the genotypes with
no or only one wild-type allele at the duplicated loci is quite
low while others are quite high, close to the maximum value
(Kondrashov and Koonin 2004). Similarly, the HI selective
model described above has also been treated as an “ideal”
theoretical model in previous theoretical studies (Takahata
and Maruyama 1979; Lynch and Force 2000). In fact, when
some other complex assumptions are involved in our related
studies (for example, under the HI selective model, at most
one wild-type allele at the duplicated loci decreases the
fitness, but is not lethal; or double null recessive is lethal,
and individuals with only one wild-type allele have a low
relative fitness), originalization still might appear in the
evolution of unlinked gene duplication (data not shown). In
experiential deletion and genomic data analysis, the prev-
alence of haploinsufficient genes in yeast and humans, etc.,
has been proved (Kondrashov and Koonin 2004; Deu-
tschbauer et al. 2005). Therefore, DNR and HI selective
models discussed in this article are possible both in theory
and in reality. Of course, if the evolutionary mechanism
under these “ideal” and preliminary models were well
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understood, it would not be difficult for us to consider the
evolution of gene duplication under more complex and
realistic conditions.

Therefore, originalization might be another effective, med-
iated and temporary way of preserving duplicate genes, which
is vastly different from other permanent-preservation methods,
such as neofunctionalization and subfunctionalization.
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Appendix

Let xo, x1, xo, x3 be the frequencies of chromosomal
haplotypes, “00”, “01”, “10” and “11”, respectively; and
r be the recombination rate; mutation rates at duplicated
loci are pq and u,; for the DNR selective model, s; = 0; for
the HI model, s; = 1. Fitness of individuals with various
genotypes under the DNR and HI selective models are
shown in Table 1. At every generation, mean population
fitness and differential changes of chromosomal haplotype
frequencies are given by

w=1-— xé — 251X1X3 — 251X2X3 (A1)

Xy = [X0x2/2 4 x1X0/2 + rxpx1 /24 XoX0 /2 + rx1X2 /2
+xox1/24+ (1 —r)xoxs /24 (1— r)x3x0/2+x§] /w—xg
= (pa + p2)xo0

= (xoxg + rx1xp — rxpx3 + 281 X0x1.X3+ 2851 X0X2X3) /W
— (pa + p2)xo0

x) = [(1—s2)xax1/2 +x1x0/2 4 (1 — r)xax1 /2
+ (1 — r)x1x2/2 + x0x1 /2 + rxox3 /2
+ (1= 51)x1x3 /241330 /2 + X5 ) /w — X1 + pyx0 — o1
= (xlxg — rX1X2 + rxoxz — s1x1x3+2s1x§x3 + 2s1x1x2x3) /w

+ X0 — HoX1

Xy = [xox2/2 + (1 — r)xpx1 /2 + x2x0/2 + (1 — 51)x2x3/2
+ (1= r)x1x2/2 4+ (1 — s1)x3x2/2 + rxoxs /2 er%
Frxsxo/2]/w — x2 + poxo — Uy X2

= (xzxg — FX1Xp + rXgX3 — S1X2X3+251X1X2X3 + 2s1x§x3) /w

+ HpXo — My X2

xg = [(1—s1)x3x1/2 + rxpx1 /2 + (1 — 51)x2x3/2
+rx1x2/2 4 (1 — s1)x3x2/2 + (L — r)xox3 /2
+(1 —s1)x1%3/2 4+ (1 — r)x3x0/2) /w — x3
+ ppx1 + pyxp = (rX1xz — rXox3 — S1X1X3 — S1X2X3 — 5
—|—2s1x1x§ + 2s1x?_x§ + xg) /W pox1 + pyxz.
(A2)
Because w ~ 1, Eq. A2 can be approximately given by

/ 2
X R XoX3 + FX1X2 — rXoX3 + 251XoX1X3 + 251X0X2X3

— (1 + 12)xo
2 2
X] A X1X5 — rX1Xp + FXoX3 — $1X1X3 + 251X7x3 + 251X1X0X3
+ HyXo — HoXy
2 2
Xy R XpX§ — FX1Xp + FXoX3 — S1XpX3 + 251X1X2X3 + 251X5X3
+ poXo — g X2

xé X IrX1X2 — rXpX3 — §1X1X3 — S1X2X3 — x% + 251X1X§

+ 251x2x§ + xg + HoX1 + [y X2.

Thus, Eg. 1 in the text is obtained.
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