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The reciprocal hemizygosity test is a straightforward
genetic test that can positively identify genes that have
evolved to contribute to a phenotypic difference be-
tween strains or between species. The test involves a
comparison between hybrids that are genetically identi-
cal throughout the genome except at the test locus,
which is rendered hemizygous for alternative alleles
from the two parental strains. If the two reciprocal
hemizygotes display different phenotypes, then the
two parental alleles must have evolved. New methods
for targeted mutagenesis will allow application of the
reciprocal hemizygosity test in many organisms. This
review discusses the principles, advantages, and limita-
tions of the test.

From candidate genes to causality

Natural phenotypic variation is often distributed continu-
ously and results from the combined effects of variation at
multiple loci and environmental influences [1]. This is true
for phenotypic variation within and between natural popu-
lations and species [2], between strains of domesticated
species [3,4], and for variation among individuals that
contributes to disease risk [5]. Therefore, geneticists have
long hoped to identify the loci underlying such ‘quantita-
tive’ traits to better understand evolution, domestication,
and disease.

Considerable progress in genomics and in the statistical
methods required for analysis of genetic crosses and seg-
regating populations has facilitated identification of geno-
mic regions that contribute to quantitative traits — so-
called quantitative trait loci (QTLs) — in many organisms,
but the individual loci underlying these QTLs has eluded
identification for most species [2,3,6]. In some cases, QTLs
have been dissected with further mapping experiments,
but this work has rarely been straightforward and — out-
side yeast [7] — dissection down to the individual gene level
remains the exception. Usually, genetic linkage mapping
studies provide lists of candidate genes within QTL regions
that may be causal [8]. In addition, genome-wide associa-
tion mapping, divergence mapping, and admixture map-
ping in some cases can provide high-resolution mapping of
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candidate loci contributing to quantitative traits [9—
12]. However, in most cases these genes have remained
candidates. Promotion of candidate genes to the level of
causal loci usually requires extensive further analysis of
gene function, which has not been available or straightfor-
ward in many non-model species.

Three genetic tests can provide strong evidence that a
candidate gene harbors variation that causes phenotypic
variation. The ‘gold standard’ is to perform homologous
recombination to precisely replace a genomic region with
the orthologous genomic region from a different strain or
species (Figure 1A). Homologous recombination is chal-
lenging to perform in most species, although the recent
development of CRISPR-Cas9-based genome editing tech-
nologies may make this approach more practical in many
species [13,14]. Nonetheless, this experiment requires con-
siderable prior knowledge of the function of genomic
regions, which may not be available in many species with
complex genomes, and the experiment is likely to remain
laborious or impossible for tests of large genomic regions.

Transgenesis also has been used to demonstrate cau-
sality of allelic differences between strains or species
(Figure 1B). For studies of species differences, this experi-
ment often involves transferring a DNA region from mul-
tiple species into a single species in which transgenesis is
straightforward [15-17]. This experimental design pro-
vides some control over differences in the trans-regulatory
environment, but it is not as ideal as precise reciprocal
replacement by homologous recombination (Box 1).

The third test, the reciprocal hemizygosity test [18-21],
overcomes all of the limitations of transgenesis and is
simpler to perform than homologous recombination, al-
though it has limitations of its own. In this test, reciprocal
crosses are performed between one wild type strain and
one strain carrying a null allele for the candidate gene. If
the reciprocal hybrids — which are hemizygous for the
candidate gene from the two parental strains — possess
different phenotypes, then it can be concluded that the
candidate locus contributes to the difference between the
parental strains. The reciprocal hemizygosity test requires
only the generation of null alleles of the candidate gene in
both strains or species of interest and the ability to cross
the strains or species. It is also possible to generate the
allele-specific mutations directly in hybrids [22]. This is a
quantitative test; the difference between reciprocal hemi-
zygotes represents the quantitative contribution of the
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Figure 1. Homologous recombination, reciprocal transgenesis, and the reciprocal
hemizygosity test. (A) Homologous recombination involves direct replacement of a
gene region with homologous DNA from another organism. The organism
carrying the homologous DNA can be compared with an organism carrying the
original genome to determine whether this gene region contributes to a
phenotypic difference. The blue and black lines represent a linear DNA strand
and a chromosome, respectively. (B) Transgenic test of homologous genetic
regions in a common genetic background. The blue and red circles represent
plasmids carrying the gene to be inserted. The black lines represent chromosomes.
(C) The reciprocal hemizygosity test requires crosses between strains in which a
null mutation or deletion has been generated. The two homologous chromosomes
are represented as parallel black and blue lines. The F1 offspring resulting from
reciprocal crosses are genetically identical at all loci except at the location of the
mutation, where they are hemizygous for alternative parental alleles. This provides
a test of the contribution of this candidate region to a phenotypic difference
between strains.

alternative alleles to the difference between strains. Com-
parison of the difference between the reciprocal hemizy-
gotes with the difference between the parental strains that
carry the null alleles provides an estimate of the fraction of
the evolved difference resulting from evolution of the
candidate gene. The test is insensitive to dosage effects
and, because only hemizygotes are generated, it can be
used to test essential genes. The test can also be performed
on multiple loci simultaneously to detect interactions be-
tween evolved loci [23—-25]. The test does not require any
knowledge of the function of the candidate gene nor a
detailed understanding of the structure of the locus. The
test therefore serves as a useful early step to quickly rule a
candidate gene in or out as the causal locus underlying
phenotypic variation.

The reciprocal hemizygosity test has been used primarily
to test candidate genes identified initially by mapping
experiments. However, for many phenotypic characteris-
tics, a collection of candidate genes often can be generated
based on many other sources of information. The reciprocal
hemizygosity test is sufficiently efficient that, depending on
the research goals, it may be advantageous to skip prelimi-
nary mapping experiments and test all candidate genes [26].

548

Trends in Genetics December 2014, Vol. 30, No. 12

Box 1. Limitations of transgenic assays

Over the past few decades, inter-strain and inter-species transgen-
esis experiments have been used to test for evolved differences in
genes (e.g., [15-17,57,58]). However, there are at least six issues that
should be considered when performing such assays. First, transgen-
esis of DNA into non-native genomic locations can generate novel
and/or variable patterns of gene expression [59]. Second, for the
study of large genes it may be difficult to include the entire relevant
DNA region for transgenesis [60]. These two issues may cause a
transgene to fail to rescue completely, and in some cases it may be
challenging to distinguish this effect from possible evolutionary
differences [61]. Third, transgenes may disrupt activity of neighbor-
ing genes in the target genome [62]. Fourth, if the transgenes are
used to perform functional rescue assays (rather than only to assay
expression), then the transgene should be tested in a genetic
background that is homozygous null for the relevant locus in the
host genome. This may limit which host species can be used for
functional transgenic assays. Finally, it is often not clear how to
interpret the effects of transgenes in the absence of other
information on the expected effect size of the candidate genes. If
the comparison strains or species can be crossed, then it is
advisable to perform a linkage study first to estimate the effect size
for the candidate gene. In the absence of this information,
transgenic rescue experiments essentially are sign tests of no effect
versus some effect, which provides weak evidence for the identifica-
tion of causal loci underlying evolutionary differences. Inference is
further compromised because the multiple experimental limitations
of transgenic assays discussed above may, on their own, generate
small magnitude effects. Without knowledge of the expected
magnitude of effects, even very small magnitude effects may be
interpreted (or misinterpreted) as important [16]. For all of these
reasons, transgenic assays should be interpreted with caution and
they may fall out of favor in coming years with rapid advances in
direct genome manipulation allowing widespread use of the
reciprocal hemizygosity test and homologous recombination.

The reciprocal hemizygosity test is distinct from, and
should not be confused with, the quantitative complemen-
tation test (Box 2). The quantitative complementation test
involves a comparison of alleles from two genetic back-
grounds against a third genetic background containing a
mutation in a candidate gene or region and a fourth
background containing a wild type allele [27-29]. Because
of the increased complexity of genetic backgrounds com-
pared with the reciprocal hemizygosity test, it is likely that
in most cases uncontrolled non-focal loci contribute to the
observed effects, leading to the high type I error rate
associated with this test [30,31]. Additional limitations
of the quantitative complementation test probably also
inflate the type II error rate (Box 2). It is strongly recom-
mended that investigators avoid the quantitative comple-
mentation test in favor of the reciprocal hemizygosity test.

Although homologous recombination and transgenic
approaches are established technologies for multiple mod-
el organisms [32], the reciprocal hemizygosity test appears
not to be well known outside of the yeast genetics commu-
nity [7,20,21,28,33-35]. This is a shame, because the test is
both powerful and broadly applicable in principle. The
availability of new efficient tools for genome manipulation
across a broad range of species, including the use of
CRISPR~Cas9 for targeting mutagenesis and homologous
recombination [14,13], means that the test can be applied
to identify the causal loci underlying phenotypic variation
in a wide range of taxa. Previous uses of the reciprocal
hemizygosity test are reviewed below to illustrate the
types of questions that can be addressed, and limitations



Box 2. Limitations of the quantitative complementation test
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The quantitative complementation test has been proposed as a
method to identify genes that have evolved between strains
[3,27,29]. The test is derived from the classical complementation test,
which is a powerful method to assign alleles to complementation
groups (loci) [63]. In the classical complementation test, two alleles
are considered to affect the same locus if the phenotype of a trans-
heterozygote resembles the homozygous phenotype of at least one of
the separate alleles. Interpretation of the complementation test is
straightforward when both alleles encode loss of function and are
recessive. Interpretation of complementation test results is fraught
when these conditions are not met [63].

The quantitative complementation test, following this logic,
attempts to determine whether natural variants of a single locus (Q
and g) can be identified as alleles of a known locus [8,27,29]. The test
is performed by separately crossing the two variants to a null allele for
a candidate locus (Null). As a control for background genetic effects,
both alleles (Q and q) are crossed also to a chromosome carrying a
‘wild type’ allele (WT). Failure to complement (allelism to the
candidate locus) is revealed if the contrast between the two trans-
heterozygotes carrying the null allele is greater than the contrast
between the two trans-heterozygotes carrying the wild type allele:

(Q/Null = g/Null) > (Q/WT - g/WT)

and experimental design issues are discussed that should
be considered when extending the test to diverse species.

Previous uses of the reciprocal hemizygosity test

The reciprocal hemizygosity test has been applied most
widely to various strains of the yeast, Saccharomyces cere-
visiae (Table 1), in part because it has long been straight-
forward to generate targeted gene deletions in yeast.
Application of the reciprocal hemizygosity test has dramati-
cally improved our understanding of the genetic causes for
quantitative variation in yeast, as illustrated by the 40 stud-
ies in yeast listed in Table 1. These studies have led to the
identification of many loci in yeast that vary for ecologically
and economically important traits. For example, Steinmetz
et al. [19], who named the test, used the reciprocal hemi-
zygosity test to dissect a single QTL region for high-temper-
ature growth into three closely linked causal loci. Similarly,
the test has been used to identify multiple small-effect loci
contributing to low glycerol and high ethanol yield in yeast
fermentation [36]. The test has also been used to identify
both large-effect and closely linked small-effect alleles in
wild populations that contribute to sporulation efficiency
[37,38]. The test is a particularly powerful way of dissecting
the contributions of closely linked causal loci, as demon-
strated in a study that identified four linked genes contrib-
uting to sporulation efficiency [24].

The reciprocal hemizygosity test has also been used to
study evolutionary variation in several other species. For
example, it was employed to determine whether a candi-
date gene, the homeobox-containing gene Ultrabithorax
(Ubx), contributed to a morphological difference between
the fruit fly species Drosophila melanogaster and D. simu-
lans [18]. Reciprocal crosses between the parental strains
and newly-induced Ubx mutant strains in each species
demonstrated that a substantial proportion of the differ-
ence in the patterning of trichomes on the legs between the
species was caused by evolution of Ubx. This experiment
was practical in 1998 only because null alleles could be
generated at Ubx at a reasonable frequency using irradia-
tion, and because these alleles are dominant, which

In practice, this deviation is detected as a significant interaction
term in an analysis of variance (ANOVA). The underlying assumption
is that the two natural variants have more pronounced phenotypic
effects in the hemizygous state than they do when paired with a wild
type allele, implying that the wild type allele buffers the effects of the
variant alleles [28].

There are several practical limitations of the quantitative comple-
mentation test. First, as the test is commonly performed, it is likely to
yield many false positives [30]. This is caused most often by epistasis
with other variable loci in the cross [30,31]. For example, in
Drosophila, mutations are usually maintained over balancer chromo-
somes. Both the mutant and balancer chromosome may therefore
accumulate deleterious alleles and modifier alleles of the target
mutation. Quantitative complementation tests that use these stocks
are, therefore, tests of both the target mutation and of many unknown
mutations, which can generate complex patterns of epistasis and
generate false positive results. Second, the quantitative complemen-
tation test may generate false negative rsults if the alleles do not
behave as expected by the assumed genetic model. For example, if
the effects of all functional alleles in the crosses (Q, g, and WT) are
strictly additive, then the test will not reject the null hypothesis, even
if the variant alleles are allelic to the test locus.

simplified screening. Until recently, the difficulty of mak-
ing null alleles at other candidate loci has prevented use of
this test to examine other traits in these and other species.

This Drosophila study illustrates one of the powerful
advantages of the reciprocal hemizygosity test for evolu-
tionary studies. Crosses between different species — such
as between these Drosophila species — often yield sterile
offspring, which prevents further recombination mapping
to identify QTLs and evolving genes. The reciprocal hemi-
zygosity test, however, requires only the generation of F1
hybrids. This simple fact makes the test applicable to a
huge range of species pairs for which classical genetic
analysis is impossible.

Studies in two other species have applied the reciprocal
hemizygosity test with modified methods. One study in
mice employed reciprocal hemizygotes with randomized
genetic backgrounds to study obesity-related traits [39]. A
second study used RNAI to perform allele-specific knock-
down of strain-specific alleles to identify a gene contribut-
ing to mosquito (Anopheles gambiae) resistance to malaria
parasites [40].

Until recently, yeast has held a major advantage over
other organisms for the application of the reciprocal hemi-
zygosity test. The introduction of TALENs [41] and the
CRISPR-Cas9 system [14,13] for targeted mutagenesis,
however, will now allow the reciprocal hemizygosity test to
be used in a vast array of species, including many non-
model organisms. Many aspects of morphology, physiology,
and behavior differ between closely related species [42],
and simple mutagenesis combined with the ability to assay
F1 offspring in reciprocal hemizygosity tests will allow the
identification of many genes that contribute to these spe-
cies differences.

Future applications and potential limitations of the
reciprocal hemizygosity test

The reciprocal hemizygosity test is poised to provide a huge
push forward in the identification of the genes that con-
tribute to natural variation in many species, and it is
important that experiments are planned with a clear
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Table 1. Studies employing the reciprocal hemizygosity test sorted by date illustrate that application of the test is accelerating

S ™ S

Drosophila melanogaster and D. simulans Patterning of trichomes on legs 1998 [18]
Saccharomyces cerevisiae strains High-temperature growth 2002 [19]
Mus musculus strains Hepatic lipase activity 2004 [39]

S. cerevisiae strains Sporulation efficiency 2005 [54]
S. cerevisiae strains High-temperature growth 2006 [23]
S. cerevisiae strains Sporulation efficiency 2006 [24]
S. cerevisiae strains High-temperature growth 2008 [25]
Anopheles gambiae strains Resistance to malaria parasites — RNAI test 2009 [40]
S. cerevisiae strains Sporulation efficiency 2009 [37]
S. cerevisiae strains Telomere length 2009 [64]
S. cerevisiae strains Drug sensitivity 2009 [65]
S. cerevisiae strains Alkali stress 2010 [66]
S. cerevisiae strains Heat stress 2011 [67]
S. cerevisiae strains High-temperature growth 2011 [56]
S. cerevisiae strains Morphological variation 2011 [68]
S. cerevisiae strains Fermentation rate 2011 [69]
S. cerevisiae strains Colony color and size 2012 [30]
S. cerevisiae strains Oenological traits 2012 [70]
S. cerevisiae strains Sporulation efficiency 2012 [38]
S. cerevisiae lab and pathogenic strain High-temperature growth 2012 [71]
S. cerevisiae strains Production of wine aroma compounds 2012 [72]
S. cerevisiae strains High ethanol-tolerance 2013 [73]
S. cerevisiae strains High-temperature growth 2013 [55]
S. cerevisiae strains Glycerol/ethanol ratio 2013 [36]
S. cerevisiae strains Growth rate in multiple media and colony size and shape 2013 [22]
S. cerevisiae strains Variation in nitrogen source use 2013 [26]
S. cerevisiae strains Glycerol/ethanol ratio 2013 [74]
S. cerevisiae strains Maximal ethanol accumulation capacity 2013 [75]
S. cerevisiae strains Ammonium-toxicity resistance 2013 [76]
S. cerevisiae strains High iron-toxicity resistance 2013 [77]
S. cerevisiae strains Growth in glycerol 2013 [78]
S. cerevisiae strains Growth response to stress 2013 [79]
S. paradoxus strains Morphological and growth variation 2013 [80]
S. cerevisiae strains Response to nutrient starvation 2014 [81]
S. cerevisiae strains Ethanol tolerance 2014 [82]
S. cerevisiae strains Lag-phase duration 2014 [83]
S. cerevisiae strains Nitrogen metabolism 2014 [84]
S. cerevisiae strains Fermentation under nitrogen limitation 2014 [85]
S. cerevisiae strains Hydrogen sulfide production 2014 [86]
S. cerevisiae strains Transcriptomic response to ethanol 2014 [87]
S. cerevisiae strains Colony morphology 2014 [88]
S. cerevisiae strains Protein level variation 2014 [89]
S. cerevisiae strains Response to stress during bioethanol fermentation 2014 [90]

understanding of the advantages and limitations of this
method. There are several obvious requirements for appli-
cation of the reciprocal hemizygosity test. First, the test
requires the ability to perform controlled crosses of the
focal strains or species that yield offspring that are viable,
at least to the desired developmental stage. Second, the
test requires mutations at the same candidate locus in both
strains or species. If a species can be bred in the laboratory
and embryos can be injected with DNA or RNA, then it is
likely that the reciprocal hemizygosity test can be
employed. Given that we will likely see an explosion in
the use of the reciprocal hemizygosity test with the advent
of precision genome editing, I first describe important
limitations of the test that are specific to species with
genomes of greater complexity than the yeast genome.
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The precise design of mutations for the test is discussed
in a separate section below.

Compared to multicellular organisms, the yeast genome
is relatively simple, with small, compact genes and no sex
chromosomes. When considering applications of the recip-
rocal hemizygosity test to other organisms, six potential
limitations should be considered.

First, the reciprocal hemizygosity test cannot test for
the effects of loci on the sex chromosome in the heteroga-
metic sex (for example, the X chromosome in male fruit
flies) because the test requires diploidy. X-linked candidate
genes can be tested in the homogametic sex, except in
mammals, where X-chromosome inactivation makes the
homogametic sex effectively hemizygous for the X chromo-
some [43].



Second, tests of autosomal loci in the heterogametic sex
may be influenced differentially by alternative alleles on
the sex chromosome when crosses are performed in differ-
ent directions to generate the reciprocal hemizygotes. This
can be controlled for easily by ensuring that the sex chro-
mosomes are identical in the reciprocal hemizygotes, for
example by assaying only the homogametic sex or by
comparing heterogametic individuals only from crosses
performed in the same direction.

Third, in haplodiploid species (such as honeybees and
Nasonia wasps), the reciprocal hemizygosity test cannot be
performed in the haploid sex (males).

Fourth, some null alleles are dominant lethal and can-
not be employed in the reciprocal hemizygosity test.

Fifth, mutations in genes required for viability and
fertility may be challenging to maintain in non-model
organisms. One approach is to generate mutations by
targeted insertion of a dominant visible marker gene, such
as that encoding GFP. Another approach is to track the
mutation in heterozygous individuals each generation with
molecular markers. Alternatively, it may be possible to use
CRISPR-Cas9 to generate ‘balancer chromosomes’, inver-
sions that suppress recombination and that contain a
gratuitous dominant visible marker and a lethal allele.
Deleterious mutations could then be maintained indefi-
nitely in a trans-heterozygous state with this balancer.
Balancer chromosomes are the ‘trick’ that has allowed the
flourishing of Drosophila genetics over the past century,
and it may be possible to exploit this approach in a wider
range of species [44]. By contrast, it is probably best to
perform the reciprocal hemizygosity test soon after new
alleles are generated to minimize the evolution of linked
modifier alleles that can bias the results of any genetic test.

Finally, ¢trans interactions between alleles on homolo-
gous chromosomes may bias the results of the reciprocal
hemizygosity test. These effects are best known from stud-
ies of Drosophila, in part because in Diptera homologous
chromosomes are synapsed in somatic cells. It is possible
that this is a concern only for studies of Diptera. Never-
theless, because many reciprocal hemizygosity tests will
likely be performed using fly species in coming years, and
because it is possible that these effects are more general, I
provide a short review of these effects. There are two major
classes of effects that are known to influence expression of
alleles on homologous chromosomes: transvection and
trans-splicing.

Transvection is the regulation of alleles on homologous
chromosomes by enhancers located in trans [45]. For ex-
ample, when a wild type allele is paired with a null allele,
transvection may allow regulation of the wild type allele by
enhancers located on the chromosome carrying the null
allele. Transvection, then, will tend to equalize the ob-
served expression driven by alternative alleles in a recip-
rocal hemizygosity test. While it has long been thought
that transvection was limited to Diptera, similar effects
have been detected also in fungi [46], mice [47,48], humans
[49], and plants [50]. Studies of transvection have revealed
that enhancer regions preferentially regulate the promoter
located in cis; removal of a promoter located in cis can drive
the enhancer to more strongly regulate the promoter in
trans [51]. This fact has obvious implications for design of a
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reciprocal hemizygosity test. Most importantly, if a dele-
tion is employed to make a null allele, then care should be
taken to preserve the native promoter. This issue is dis-
cussed further below.

Trans-splicing, the generation of a mature mRNA tran-
script by splicing of the products from homologous chromo-
somes, has also been described in Drosophila [52]. In
principle, trans-splicing could generate false negative
results in the reciprocal hemizygosity test if the causal
evolutionary differences reside in an exon. For example, if
the causal mutation resides 3’ of the null mutation gener-
ated for the test, then trans-splicing could bypass the
causal mutation and tend to equalize the effects of the
two alleles. Although this effect is likely to be rare, it is
important to remain aware that this trans effect may act at
some loci.

Design considerations for the reciprocal hemizygosity
test

Assuming a pair of study strains or species can be crossed,
the next obvious question is ‘what type of mutation should
be generated? In yeast, typically the entire coding region is
deleted, from the start to the stop codon. However, yeast
genes are compact, with small cis-regulatory regions usu-
ally located directly adjacent to genes, and there is no
evidence that transvection acts in yeast. By contrast,
multicellular organisms have complex cis-regulatory
regions distributed both adjacent to, within, and between
exons [53]. Of greater concern is that the cis-regulatory
information for some genes resides in the introns of neigh-
boring genes. Thus, a deletion of one gene may actually
alter function of multiple non-target genes. Therefore,
although it may not matter precisely what type of null
mutation is generated in yeast, the specific type of muta-
tion employed in most other species should be considered
carefully.

There are five major classes of mutations that can be
considered for the reciprocal hemizygosity test: (i) small
mutations that generate protein null alleles, (ii) deletion of
all of the coding exons, (iii) deletion of the ‘entire’ locus, (iv)
deletion of multiple loci, and (v) deletion of specific cis-
regulatory modules. Each class of mutations has its own
advantages and disadvantages.

Point mutations or small deletions that generate pro-
tein null alleles are likely to produce the most reliable and
precise results. These mutations have the advantage that
they are unlikely to disrupt any of the regulatory informa-
tion for the target gene or neighboring genes. In addition,
small mutations are unlikely to disrupt the promoter, and
this will reduce the likelihood that transvection can influ-
ence the test. For many species, other advantages of mak-
ing a small protein null mutation include the lack of
requirement to understand the potentially complex cis-
regulatory architecture for each gene and the relative ease
of generating such mutations. The major drawback of this
approach is that only one gene can be tested per mutation.
A second potential drawback is that a small mutation
within the coding region does not protect entirely against
the potential for transvection. Another caveat is that some
mutations in genes with alternative splice variants may
render one isoform null while leaving other isoforms intact.
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Deletions from the start to the stop codon are used
universally in yeast and might seem, at first glance, to
provide a favorable reagent for the reciprocal hemizygosity
test. In most other species, however, the disadvantages of
these deletions are likely to outweigh any advantages over
a small mutation that generates a protein null. As men-
tioned above, inadvertent deletion of the cis-regulatory
information for neighboring genes can result in uninten-
tional tests of multiple loci, generating false positives. For
example, Deutschbauer and Davis [54] reported that a test
of one gene in their study of yeast sporulation may be a
false positive because the deletion probably interferes with
the regulation of a neighboring known causal gene. Finally,
as discussed above, deletions that remove the promoter
may enhance transvection, which will tend to equalize the
effects of homologous alleles and which may generate false
negative results.

Deletions that remove the entire locus, including all of
the relevant cis-regulatory information, are another option
for the reciprocal hemizygosity test. A major advantage of
this approach is that removal of the regulatory region for
the target gene will protect against transvection. However,
these deletions may still remove cis-regulatory information
used by neighboring genes and generate false positives. A
further disadvantage of whole-locus deletion is that func-
tional delineation of the full extent of a locus — including all
of the relevant regulatory DNA — can be a major undertak-
ing and may not be practical for most species.

Deletions that remove multiple loci provide a way to
accelerate discovery of the evolved loci within a genomic
region that contains multiple candidate genes [55,56]. Be-
cause this experiment would normally only be a prelude to
mutagenesis of individual genes, it does not suffer from the
disadvantages associated with deletion of a single gene. A
second approach that may improve throughput is recipro-
cal hemizygosity scanning [22] which employs a pool of
multiple single-gene deletions that are tested simulta-
neously. In this experiment, a population of hybrids is
generated, exposed to selection, and allele frequencies
are examined after selection. In practice, this method
has yielded many false positives [22], probably due to
the generation of off-target chromosomal abnormalities
associated with the generation of the targeted deletions.
It is likely that new methods of generating deletions may
improve the specificity of these deletion reagents and make
reciprocal hemizygosity scanning a viable option.

Finally, in principle, the reciprocal hemizygosity test
could be performed by deletion of individual cis-regulatory
modules. If a regulatory region contains mutations that
alter gene function, then a reciprocal hemizygosity test
using deletions of this region will reveal the contribution of
these variants to a phenotypic difference. There are at least
two advantages to this experiment. First, this test provides
a much more precise estimate of the gene regions that have
contributed to evolution than does a protein null. Second,
some null mutations generate dominant lethality, and
targeted deletion of enhancers allows tests of genes that
cannot otherwise be used in the reciprocal hemizygosity
test. There are several disadvantages to this approach.
First, the relevant cis-regulatory region must first be
identified. Second, this test may generate a false negative
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result if the relevant variation is distributed across multi-
ple cis-regulatory regions and any one region is insufficient
on its own to cause an altered phenotype.

In summary, there is no one-size-fits-all mutation for
the reciprocal hemizygosity test, and the choice of the
specific class of mutations employed depends on the spe-
cific biological question being asked.

Concluding remarks

The reciprocal hemizygosity test provides a robust method
for determining whether a candidate gene (or candidate
cis-regulatory module) contributes to an evolved phenotyp-
ic difference between strains or species. There are a few
limitations associated with application of the test, and the
specific biological question being asked will determine the
optimal mutation that should be employed. In addition, the
results of the test should always be considered in combi-
nation with complementary sources of data, such as pat-
terns and levels of gene expression and other information
on gene function. Recent improvements in targeted muta-
genesis are likely to make the reciprocal hemizygosity test
applicable to a broad range of species, leading to a sub-
stantial improvement in our understanding of the genetic
causes of evolution, agricultural crops, and disease-related
traits.
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