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ABSTRACT

A recent sperm-typing study by Jeffreys and Neumann suggested that recombination rates in different
individuals at the DNA2 recombination hotspot appeared to be highly dependent on their genotype at a
particular A/ G SNP, FG11. Specifically, individuals who carried at least one copy of the A allele at this SNP
exhibited rates of crossover considerably higher than those of individuals with no copies. Further, recom-
binant sperm from heterozygous individuals showed a preferential tendency to carry the G allele. We con-
sider the effects of these phenomena on patterns of linkage disequilibrium and find them to be more subtle
than might have been expected. In particular, our analysis suggests that, perhaps surprisingly, patterns of
LD among chromosomes carrying the “hot” allele (in this case, A) will typically be similar to those among

chromosomes carrying the “cold” allele (G).

OUNTING evidence exists, both from sperm-
typing experiments (JEFFREYS el al. 2001) and
from patterns of linkage disequilibrium (CRAWFORD
et al. 2004; McVEAN et al. 2004), for considerable fine-
scale variation in recombination rates across the human
genome. In particular, a substantial proportion of all
recombination appears to occur in narrow (~1-to 2-kb)
regions termed recombination “hotspots.” However, the
factors affecting the locations and intensities of these
hotspots remain largely a mystery. One possible clue
comes from observations in sperm-typing experiments at
the DNA2hotspot (JEFFREYS and NEUMANN 2002), where
the intensity of the hotspot in different individuals
appeared to be highly dependent on their genotype at a
particular SNP, FG11, near the center of the hotspot. In-
dividuals homozygous at FGI1 for the wild-type allele
(AA) or heterozygous (AG) had, on average, recombi-
nation rates ~20 times higher than those of other (GG)
individuals. Furthermore, recombinant sperm from het-
erozygous individuals showed a preferential tendency
(68-87%) to carry the G, rather than the A, allele, ap-
parently due to biased gene conversion of markers within
the hotspot. These observations can be explained by the
double-strand break repair model of recombinations
developed for yeast (SzZOSTAK el al. 1983), with crossover
beinginitiated atagreater rate on chromosomes bearing
the Aallele (which we term the “hot” allele) than on those
bearing the G (“cold”) allele (JEFFREYS and NEUMANN
2002).
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Naively, one might expect that the presence of a SNP,
such as FGI11, where crossovers are initialized at consid-
erably higher rates on chromosomes carrying the hot
allele than on those carrying the cold allele, might lead
to quite different patterns of linkage disequilibrium
(LD) among sampled haplotypes carrying the different
alleles. Specifically, one might expect chromosomes car-
rying the hot allele to have experienced considerably
more recombination in their recent ancestry, and that as
a result the breakdown of LD across the SNP might be
greater among these chromosomes than among chro-
mosomes carrying the cold allele. In fact, as we demon-
strate below, this is not necessarily the case: under many
plausible scenarios there will be little difference in pat-
terns of LD among the two groups, and in some cases
chromosomes carrying the cold allele could actually
have experienced more recombination!

This unexpected result is important for two reasons.
First, it suggests that, unfortunately, in most cases it will
be difficult to use patterns of LD to identify sites such as
FGI11 with allele-specific effects on recombination initi-
ation and that sperm-typing experiments will remain
the preferred approach to identifying such sites, despite
the associated technical challenges. Second, and more
positively, it means that ignoring the existence of such
sites in analyses of patterns of LD (as is currently rou-
tine) should cause fewer problems than might have been
expected. For example, there is considerable current
interest in trying to detect signatures of selection in the
human genome, and one tool for doing this is to identify
regions that exhibit unusual patterns of LD (SABETI et al.
2002; TiSHKOFF et al. 2003). It will be of particular in-
terest to scan the HapMap data for such signals. But
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Jeffreys and Neumann’s work raises the possibility that
the nature of recombination itself could produce such
signals. In particular, one might intuitively expect that
cold alleles that seldom initiate crossover would lead
to unusually long common haplotypes, which might
mistakenly be interpreted as the result of a recent (or
ongoing) selective sweep. Our work shows that this ex-
planation is considerably less plausible than it initially
appears, thus diminishing the concern that sites such as
FG11 could be aserious complicating factor in detecting
selection from genomewide data.

METHODS AND RESULTS

To setup our calculation we introduce some notation.
Suppose that in a population (which we assume is in
Hardy—Weinberg equilibrium) there is a single SNP
whose genotype affects crossover initiation and that the
two alleles (hot, H, and cold, C) have population allele
frequencies [z and f.. Assume that the probability of
a recombination occurring just either side of this SNP
in a transmission from an individual is 7¢¢, 75¢, OT T,
depending on the individual’s genotype (CC, HC, or
HH) at this SNP. To model the biased gene conversion
observed by JEFFREYS and NEUMANN (2002), suppose
that recombinant molecules from heterozygous (HC)
individuals carry the Callele with probability ¢c.

We now compare the expected amount of recombina-
tion experienced in the previous generation by haplo-
types currently carrying the C vs. H alleles. We do this by
computing the ratio pcpgy, where pe (respectively pp)
is the proportion of chromosomes carrying the cold
(respectively hot) allele that are the result of a recom-
bination in the previous generation. To simplify this
computation we make the assumption that the frequen-
cies of the two alleles in the current generation are the
same as those in the previous generation. There are two
reasons that this assumption will not hold exactly in
practice. The first is drift, but this will have a negligible
effect over a single generation provided the population
is sufficiently large. The second is the biased gene con-
version, but this will also produce negligible change
in allele frequencies provided that 7z < 1. To see this
note that, if the frequency of the cold allele in the cur-
rent generation is fc then, ignoring drift, its frequency in
the next generation is f¢: = f& + 2fcfu(rucgc + 0.5(1 —
rrc)) = Je(l + frruc(2qc — 1)), which is =feif rye < 1.
In practice we expect r¢ < 1 as recombination, even in
hotspots, is relatively rare (e.g., at FGI1 ryc~ 1/28,000).

Having made this simplifying assumption, application
of elementary rules for conditional probability gives

pc = Pr(recombinant | carries C)
= Pr(recombinant and carries C) /Pr(carries C)

= (f&ree + 2fuferncqe)/fo
= ferec + 2furucqc,

and similarly

pu = furan + 2fcruc(1 — qc).

To consider some concrete cases:

1. If go=1, corresponding to “extreme” bias in the gene
conversion, and r¢ is negligible compared with 7.
and ryyy, then papy = 2rycrun, independent of the
allele frequencies. Thus if 1 = r4c (which is con-
sistent with Jeffreys and Neumann’s observations)
then lineages currently carrying the cold allele will
have experienced more recombination than lineages
carrying the hotallele! If vz = 274, which mightalso
be considered plausible, then the two types will have
experienced the same amounts of recombination.

2. If we use parameters roughly based on observations
at FGI1in DNA2, rcc = r1¢/20 = ri1/20, gc = 0.8,
fc=0.52, and [y = 0.48, then pcpy = 1:0.87, and so
cold lineages will have experienced very slightly more
recombination in the previous generation.

3. If f;;is small then it is possible that p¢ could be con-
siderably smaller than p;,. For example, if f;; = 0.05,
rcc 1s negligible compared with ¢, ¢ = 71, and
gc= 0.8, then papy = 1:5.4.

Note that the value of the ratio in this last scenario is
somewhat sensitive to exactly how negligible r.is com-
pared with r5cand 7y For example, if instead of being
entirely negligible, r¢¢is smaller by a factor of 20 (r¢¢ =
rrc/ 20 = ryp/20), then pepry = 1:3.4. It is also sensitive
to the value of ¢.. For example, if ¢o = 0.9 instead of 0.8
then pepry = 1:2.7. The most extreme case would occur
if r¢¢ is entirely negligible compared with 7 and 1y,
and ¢¢ < 1. This seems unlikely if, as appears to be the
case, the biased gene conversion is a direct consequence
of the hot strand initiating recombination more fre-
quently (since in that case the smaller 7. is compared
with 74¢ the closer ¢; would be expected to be to 1).
Nevertheless, the case where f;is small seems the most
plausible scenario under which the ratio pgpy could
become extreme (very large or small). In principle, the
ratio could also become extreme if the bias in gene
conversion were in the opposite direction, strongly in
favor of the hot allele (g.~ 0), or if the recombination
rates in heterozygotes were considerably smaller than
those in hot-allele homozygotes (r¢ < ryp). The former
of these (¢c ~ 0) seems unlikely, since it appears in-
consistent with the current double-strand break model
for recombination. The latter, while not the case at FGI11,
is perhaps more plausible and could presumably lead to
more extensive LD on haplotypes carrying the cold allele.

This final caveat notwithstanding, the initial calcula-
tions above suggest that typically there will be little
detectable difference between patterns of LD among
chromosomes carrying the hot vs. cold alleles. For ex-
ample, current methods for identifying hotspots from
LD data (CRAWFORD et al. 2004; McVEAN et al. 2004)



Genotype-Dependent Recombination and Linkage Disequilibrium 2003

----------------- M - omem s e e e w e i)

------- [[I-I_ S £20.05

| L =5 T

H HHHMHHMHTCTCT CT CTC

FIGURE 1.—Genealogy of a sample of chromosomes carry-
ing hot alleles (H) and cold alleles (C). Time runs backward
from bottom to top. The black circle represents the mutation
(C to H) that created the SNP. The horizontal dashed lines
indicate the times at which the hot allele is at frequencies
0.05 and 0. The thick solid lines indicate the genealogy G
referred to in the text.

have limited power for hotspots that experience recom-
bination at <10 times that of the surrounding sequence.
Although the problems are different, and perhaps dif-
ficult to compare, this suggests to us that distinguishing
between alleles that experience rates of recombination
that differ by only a factor of 2 will be difficult. However,
careisneeded, since the calculations deal only with trans-
missions from the previous generation, whereas patterns
of LD will depend on recombinations experienced on
ancestral lineages back many generations. Since pc:py
can depend on the frequency of the hot and cold alleles,
and these vary over time, it remains possible that differ-
ences will be greater than predicted on the basis of cur-
rent allele frequencies. In particular, if the cold allele
were the ancestral type (which is not the case at FGI11)
then the hot allele frequency will decrease to zero at
some point in the past, in which case, as noted above,
pc could have been much smaller than p in the past.
On the other hand, patterns of LD among hot-and cold-
bearing chromosomes would be expected to differ con-
siderably only if pz; > pc over many generations.

To examine this possibility in more detail it is helpful
to consider the genealogy of a sample of chromosomes
bearing hot and cold alleles. Consider a site Sjust down-
stream of the hot/cold SNP, and assume for simplicity
that all recombination that initiated at the hot/cold
SNP occurs between the hot/cold SNP and S (a similar
argument can be made to deal with recombinations that
occur just upstream of the SNP). Figure 1 illustrates a
possible genealogy at S. The reason for focusing on the
genealogy at Sis that the breakdown in LD just down-
stream of the hot/cold SNP will be affected by recombi-
nations that occur in chromosomes that are ancestral at
Sorin other words by recombinations that occur on this
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FiGUure 2.—Illustration of how, due to recombination, an
ancestral lineage at S may change from being a cold-bearing
chromosome to a hot-bearing chromosome. Each horizontal
line represents a chromosome, with the chromosome at the
bottom being the result of a recombination between the two
chromosomes at the top. DNA that is transmitted to the bot-
tom chromosome is shown as solid lines and nontransmitted
DNA as dashed lines. Genetic material is color coded red or
blue according to whether it is on a chromosome carrying a
hot or a cold allele. If one traces back the ancestry of the
SNP §, it changes from being on a cold-bearing chromosome
to being on a hot-bearing chromosome.

genealogy. In Figure 1, each ancestral lineage is color
coded according to whether the corresponding ances-
tor carries the hot or cold allele, so at the bottom of
the figure the colors represent the hot/cold status of
sampled haplotypes. We argue that the amount of re-
combination expected to occur on the genealogy of
the sampled cold haplotypes is similar to the amount
expected to occur on the genealogy of the hot haplo-
types and that therefore, all other things being equal,
the breakdown in LD just downstream of the hot/cold
SNP will not differ greatly between the two types.

Our first observation is that, due to recombination
between the hot/cold SNP and S, ancestors of current
cold-bearing chromosomes may themselves have car-
ried the hot allele, and vice versa, which will tend to
deplete any distinction between the two types. In Figure
1 this appears as a sudden change in the color of an
ancestral chromosome, from blue to red (going back-
ward in time). For added clarity a transmission event
that may have caused this change is illustrated in Figure
2. Due to biased gene conversion it will be more com-
mon for ancestors of cold-bearing chromosomes to
carry the hot allele, as illustrated in the figures, than
for ancestors of hot-bearing chromosomes to carry the
cold allele.

However, even without this effect we argue that the
amount of recombination expected to occur on the
genealogy of the sampled cold haplotypes will typically
be similar to the amount expected to occur on the gene-
alogy of the hot haplotypes. Although the ratio p¢:pis
changing continuously over time, to simplify the discus-
sion assume that it is negligibly different from 1 until fz
first drops below 0.05, at which point it becomes con-
siderably different (because p. becomes small). Thus,
in the portion of the genealogy between the horizontal
dotted lines in Figure 1, the cold lineages experience
recombination at a rate substantially lower than the hot
lineages. However, this will have an observable effect on
patterns of LD only if there are several recombinations
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on the hotlineages during this period. Let Gdenote the
subgenealogy that consists of ancestors of those sam-
pled chromosomes that carry the hot allele, during this
period (Figure 1, thick solid lines), and L denote its total
length (in number of meioses). The expected number
of recombinations will depend on both the recombina-
tion rates (rgx, uc) and the distribution of L, which in
turn depends on the number of extant hot lineages (m,
say) at the bottom of G. (In Figure 1, m = 4.) If we make
the “worst-case” assumption, that all the mancestral hot
lineages remain hot all the way back to the time of the
mutation that created the H allele, then, conditional on
fu=0.05, and on m, the genealogy G has the same dis-
tribution as the genealogy of a random sample of m
chromosomes that carry a variant at frequency 0.05. This
distribution has been studied extensively for both neu-
tral and selected variants (GRIFFITHS and TAVARE 1998;
Wiur and DoNNELLY 1999; STEPHENS 2000; Wriur 2001;
SteEPHENS and DoNNELLY 2003). It turns out that the
expected length of G is bigger under neutrality than
under either positive or negative selection (Wrur 2001;
StepHENS and DonNELLY 2003) and that even under
neutrality the expected length is rather small. For ex-
ample, even if m = 100 the expected length of Gis only
~26,000 meioses (computed using simulation as in
STEPHENS and DonNNELLY 2003) for a constantsized
random-mating population of 10,000 diploid individu-
als. [Although human populations are neither constant
sized nor randomly mating, this simple model appears
to fit African data fairly well (Frissk et al. 2001) and is
often used as a guide to what might be expected for a
worldwide sample of humans; if we accounted for the
bottleneck apparently experienced by Europeans the ex-
pected number of meioses would be smaller.] At many
hotspots one would expect few recombination events in
this many meioses [e.g., among those carrying the hot
allele at FGI11 the average rate of crossover in the hot-
spot was ~1/28,000 meioses (JEFFREYS and NEUMANN
2002)]. Furthermore, as JEFFREYS and NEUMANN (2002)
point out, the biased gene conversion at sites such as
FGI11 will result in selection against the hot allele, re-
ducing the expected length of G.

The only real data available to test the predictions
of our calculations are the data from JEFFREYS and
NEUMANN (2002), which consist of SNP genotypes for
100 Caucasians in the region surrounding FGI1 in the
DNAZ2hotspot. We estimated haplotypes for 33 SNPs in a
4.5-kb region surrounding this hotspot using PHASE v.
2.1 (STEPHENS et al. 2001; STEPHENS and SCHEET 2005).
(We restricted the analysis to only 4.5 kb to avoid the
neighboring DNAI and DNA3 hotspots.) Figure 3 com-
pares the breakdown in LD (+*) across this hotspot,
among haplotypes carrying the hot vs. cold alleles. Con-
sistent with our calculations, the plot shows no clear
systematic difference between the breakdowns in LD in
the two groups, and if one did not know which group cor-
responded to which allele it would be difficult to deduce
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FIGURE 3.—Graph of squared correlation coefficient, 7,
against distance. Each circle corresponds to a pair of SNPs
that spans the FGI11 SNP (i.e., each pair contains a SNP on ei-
ther side of I'GI1). The red circles show 7 computed using
only chromosomes carrying the “hot” allele, and blue circles
show 7 computed using only chromosomes carrying the
“cold” allele. The dashed lines show average r*values for each
group in nonoverlapping 250-bp windows, plotted at the mid-
point of each window.

this from the plot. Similar plots using |D'| to measure LD
instead of »* also show no clear systematic difference.
However, these observations provide only limited sup-
port for our findings. Not only is this just one example,
but also it is unclear how best to assess differences in
patterns of LD among the two groups. It is possible that
there are differences that cannot be discerned by visual
inspection of plots of pairwise LD (such as Figure 3), but
that could be detected by more sophisticated (currently
undeveloped) methods. This factor also makes it slightly
tricky to evaluate our conclusions through simulation
studies.

In summary, it seems that striking differences in the
rates of crossover among genotypes at SNPs such as
FG11 will have a more subtle effect on patterns of LD
than one might naively have expected. In particular it
seems that, in most cases, chromosomes carrying the
cold allele at such SNPs will show similar decay of LD to
those carrying the hot allele. One possible exception to
this is if only individuals homozygous for the hot allele
experience elevated recombination rates, although this
is not the case at FGI11 and it remains unclear whether
this ever occurs in practice. Consequently, the existence
of haplotype-dependent recombination should not be
invoked as an explanation for unusual patterns of LD
without careful consideration. Unfortunately, our results
also suggest that it may be challenging to use differences
in patterns of LD among chromosomes carrying differ-
entalleles to identify SNPs such as /GI1 and even harder
to identify which allele is hot and which is cold on the
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basis of LD alone. Of course, LD data may nevertheless
be helpful in identifying sites that affect crossover ini-
tiation, since such sites will likely be near the center of
hotspots, and patterns of LD are informative for hotspot
location.
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