
GIPS: A Software Guide to Sequencing-Based Direct Gene
Cloning in Forward Genetics Studies1

Han Hu2, Weitao Wang2, Zhongxu Zhu2, Jianhua Zhu, Deyong Tan, Zhipeng Zhou, Chuanzao Mao*, and
Xin Chen*

State Key Laboratory of Plant Physiology and Biochemistry (H.H., C.M., X.C.) and Institute of Plant Sciences
(D.T., Zhi.Z.. C.M.), College of Life Sciences, and Institute of Biochemistry, College of Pharmaceutical Sciences
(W.W., Zho.Z., J.Z., X.C.), Zhejiang University, Hangzhou 310058, People’s Republic of China; Agricultural
Experiment Station, Zhejiang University, Changxing 310058, People’s Republic of China (H.H.); and Joint
Institute for Genetics and Genome Medicine between Zhejiang University and University of Toronto, Zhejiang
University, Hangzhou 310058, People’s Republic of China (X.C.)

ORCID IDs: 0000-0001-5126-2180 (C.M.); 0000-0002-1196-6826 (X.C.).

The Gene Identification via Phenotype Sequencing (GIPS) software considers a range of experimental and analysis choices in
sequencing-based forward genetics studies within an integrated probabilistic framework, which enables direct gene cloning
from the sequencing of several unrelated mutants of the same phenotype without the need to create segregation populations.
GIPS estimates four measurements to help optimize an analysis procedure as follows: (1) the chance of reporting the true
phenotype-associated gene; (2) the expected number of random genes that may be reported; (3) the significance of each
candidate gene’s association with the phenotype; and (4) the significance of violating the Mendelian assumption if no gene is
reported or if all candidate genes have failed validation. The usage of GIPS is illustrated with the identification of a rice (Oryza
sativa) gene that epistatically suppresses the phenotype of the phosphate2 mutant from sequencing three unrelated ethyl
methanesulfonate mutants. GIPS is available at https://github.com/synergy-zju/gips/wiki with the user manual and an
analysis example.

One of the major challenges in plant research is to
achieve phenotypic control in breeding practices. This
objective requires an understanding of genes and their
phenotypic effects. To address this objective, the reverse
genetics approach is popular because it is relatively
convenient to perform. However, the conventional
forward genetics approach remains effective, especially
in cases where the aim is to identify genes that are

responsible for a predefined target phenotype, such as
economical traits.

The advent of next-generation sequencing enabled
fast and cost-effective genotyping, which has signifi-
cantly accelerated the process of gene identification in
sequencing-based forward genetics studies. In general,
methods for mapping the locations of phenotype-
associated mutations using genetic crosses and genome
sequencing were well summarized by Schneeberger
(2014). Previous sequencing-based forward genetics
studies in plants (Schneeberger et al., 2009; Hong et al.,
2010; Austin et al., 2011; Zhang et al., 2014) were typi-
cally based on bulked segregant analysis, whereby a
mutant is crossed to a wild type to create an F2 (or a
BC1F2) population. The F2 population is subsequently
screened for the mutant phenotype. The mutants
obtained are bulked and analyzedwithwhole-genome
sequencing. Although this approach is much faster
than the traditional map-based cloning approach for
gene identification, it still requires the creation of a
population, which is tedious and time consuming.

Identifying phenotype-associated genes via sequenc-
ing unrelated mutants with the same phenotype was
first reported by Nordström et al. (2013). In past screen-
ings of random mutagenesis libraries, we also obtained
multiple unrelated mutants exhibiting the same phe-
notype, and further investigations indicated that these
same-phenotype mutants harbored allelic mutations in
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the same gene (Chen et al., 2011). Although it is possible
that multiple genes can produce similar phenotypes for
a qualitative trait, it is unlikely that two genes produce
exactly the same phenotype. This is because most, if not
all, genes are pleiotropic. Disruptions of different genes
might produce the same major effect, but each will also
produce dissimilar side effects. Therefore, by sequenc-
ing several mutants of exactly the same phenotype, it is
possible to perform direct gene cloning without the
need to create segregation populations. This strategy
will be more time efficient than bulked segregant
analysis and is free from the limitations associated with
the need to create a population.

The success of this sequencing-based direct cloning
approach is dependent on a range of experimental and
analysis choices, including the number of samples be-
ing sequenced, the genomic region being sequenced,
the sequencing quality and depth, the approach to
mapping the sequencing reads onto the genome, variant-
calling methods, the approach to filtering unlikely func-
tional variants, and the criterion to report candidate
genes. Previous studies have characterized the impact of
some of these choices (Ratan et al., 2013; Chilamakuri
et al., 2014; Lelieveld et al., 2015). However, it is difficult
for an investigator to design an optimal analysis proce-
dure that integrates all the factors that may affect the
chance of success by using the sequencing-based direct
cloning approach. Furthermore, after the sequencing
results are obtained, designing an effective analysis
procedure that fits the quality of this particular set of
sequencing data lacks well-defined guidance.

To meet this analytical need, we developed the Gene
Identification via Phenotype Sequencing (GIPS) soft-
ware. GIPS estimates four measurements to help opti-
mize an analysis procedure that directly identifies
candidate genes by sequencing several unrelated mu-
tants of the same phenotype. These measurements are
as follows: (1) the chance of the analysis procedure
reporting the true phenotype-associated gene; (2) the
expected number of random genes that may be repor-
ted; (3) the significance of each candidate gene’s asso-
ciation with the phenotype; and (4) the significance
of violating the Mendelian assumption if no gene is
reported or if all candidate genes have failed validation.

The use of GIPS is demonstrated by the identification
of a rice (Oryza sativa) gene that epistatically suppresses
the phenotype of the phosphate2 (pho2) mutant that
shows symptoms of phosphate toxicity under a normal
phosphate supply. In this example, three unrelated
ethyl methanesulfonate (EMS) mutants exhibiting the
same phenotype were sufficient for the identification of
this gene.

RESULTS

GIPS version 1.0 considers single-nucleotide poly-
morphisms (SNPs) and small insertions/deletions in
unrelated samples. In plant research, forward genetics
studies are usually performed using random chemical

mutagenesis, which produces unrelated lines of mu-
tants with SNPs (Greene et al., 2003).

The impact of diverse experimental and analysis
choices on the chance of an analysis procedure success-
fully identifying the phenotype-associated gene gener-
ally can be summarized into their impact on two
sample-wise analysis effectiveness indicators: the sensi-
tivity and specificity with which the analysis procedure
under evaluation is able to detect the phenotype-causing
variants for each sample. This framework allows the
application of different analysis procedures on different
samples, which permits fine-tuning of sample-specific
analysis procedures based on sample-specific data quali-
ties. With the sample-wise variant detection sensitivities
and specificities, the combined study-wise analysis
effectiveness indicators (the four measurements out-
lined previously) can be computed in a recursive form.
The algorithm is detailed in the software manual.

Figure 1 illustrates the general workflow of GIPS,
which formally considers seven aspects of an analysis
procedure that change the procedure’s chance of suc-
cess in gene identification. These aspects are as follows:
(1) the number of phenotype-exhibiting samples being
sequenced; (2) the genomic region being sequenced; (3)
the quality and depth distribution of the sequencing
data; (4) the choice of software and parameters used to
align the sequencing reads; (5) the choice of software
and parameters to call variants; (6) the choice of strat-
egies to filter variants that are unlikely to associate with
the phenotype; and (7) the criterion to report candidate
genes. The impacts of these choices can be estimated
from real data or custom specified in a simulation ex-
periment according to the belief of an investigator.

In general, the impact of the genomic region being
sequenced and the approach to filtering unlikely causal
variants on the variant detection sensitivity of each
sample can be estimated by using the same approach as
that used to filter a library of known phenotype-causing
variants and then computing what proportion of the
phenotype-causing variants will be discarded. For hu-
mans, the ClinVar database collected 19,334 Mendelian
phenotype-associated variants (Landrum et al., 2014). If
we assume that disruption of the same functional ge-
nomic region (i.e. promoter, exon, splice site, etc.) has
the same probability of producing a phenotypic change,
ClinVar also may be used as a reference library for
higher plants if no appropriate library exists.

The impact of the quality and depth distribution
of the sequencing data, the approach to mapping se-
quencing reads onto the genome, and the variant-calling
methods on the variant detection sensitivity of each sample
can be estimated by simulating a set of sequencing data
with the same quality and depth distribution. The simu-
lated sequencing reads are from a genome containing
random artificial (simulated) variants. Therefore, the
combined impact of these factors on variant detection
sensitivity can be estimated by computing what propor-
tion of the artificial SNPs is detected.

GIPS measures the sample-wise specificities of an
analysis procedureby computing the frequencyof detected
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variants per base in the effective genomic region (after all
variant filtering steps) for each sample based on its actual
sequencing data. Assuming that all detected variants are
unrelated to the phenotype, these frequencies are used to
compute how many genes are expected, by chance, to ac-
cumulate randommutations in multiple samples and pass
the candidate gene criterion.
In sequencing-based direct gene cloning, the criterion

to report candidate genes is typically a minimal fre-
quency with which a candidate gene is expected to
harbor variants in phenotype-exhibiting samples (i.e. M
from n samples). The technique of recursive computing
allows an efficient summation of probabilities over all
possible combinations of M from n samples. Therefore,
the four study-wise analysis effectiveness measure-
ments outlined before can be recursively factored into
terms that are computable from the sample-wise vari-
ant detection sensitivities and specificities. The full
GIPS algorithm is detailed in the user manual.
The use of GIPS is demonstrated with a forward ge-

netics study that aims to identify a rice gene that can
epistatically suppress the phenotype of Ospho2, which
shows symptoms of phosphate toxicity under a normal
phosphate supply. Phosphate (Pi) is an essential nutri-
ent for plant growth and development. Pi limitation is
generally a constraint on crop yield in cultivated soils
(Raghothama, 1999). To identify breeding practices that
improve crop nutrient efficiency, it is important to un-
derstand the molecular mechanisms of Pi uptake and
utilization. Themutation of PHO2was first described in
Arabidopsis. Its phenotype is an overaccumulation of Pi
in shoot tissues (Delhaize andRandall, 1995). Arabidopsis
PHO2 (AtPHO2) was later characterized as a ubiquitin-
conjugating E2 enzyme (Liu et al., 2012). OsPHO2, the
AtPHO2 homolog in rice (LOC_Os05g48390), also was

identified as an important regulator in rice phosphate
translocation and homeostasis, which functions simi-
larly to AtPHO2. The Ospho2 mutant shows leaf tip
necrosis and Pi accumulation in mature leaves (Wang
et al., 2009; Hu et al., 2011).

An Ospho2 Tos17 insertion mutant was obtained
from the Rice Genome Resource Center, Japan (acces-
sion no. NE8536). We derived a homozygous mutant
line (HNE8536) from this Ospho2 Tos17 insertion line
(Wang et al., 2009). An EMS-inducedmutant librarywas
generated from the HNE8536 homozygous Ospho2 mu-
tant line. From theM2population of approximately 13,000
lines grown in soil, three mutants exhibiting an identical
phenotype of Pi tolerance were obtained (M28, M29, and
M249; Fig. 2A). Their phenotypes were further validated
by measuring their shoot Pi concentrations (Fig. 2B) and
by confirming their OsPHO2 Tos17 insertions (data not
shown). M28, M29, and M249 seedlings exhibited similar
levels of shoot Pi accumulation, which is significantly
lower when compared with HNE8536 (Fig. 2B).

To identify the mutated gene, we sequenced the ge-
nomes of M28, M29, and M249 and used GIPS to ana-
lyze the results (Table I). As detailed in the usermanual,
the default analysis procedure identified 28 candidate
genes, too many for experimental validation. The study
effectiveness indicators computed by GIPS were used
to guide the optimization of the analysis procedure.
Using the optimized analysis procedure, only one candi-
date genewas reported (LOC_Os02g56510, or OsPHO1;2)
(Table I). This candidate is a known regulator of Pi ho-
meostasis (Secco et al., 2010) and is likely downstream of
OsPHO2, as evidenced by the homologous gene function
in Arabidopsis (Liu et al., 2012). The SNPs detected in
OsPHO1;2 in M28, M29, and M249 were further con-
firmed with Sanger sequencing (data not shown).

Figure 1. GIPS workflow. The im-
pacts of diverse experimental and
analysis choices on the chance of an
analysis procedure to successfully
identify the phenotype-associated
gene can generally be summarized
into their impacts on two sample-
wise analysis effectiveness indica-
tors: the sensitivity and specificity
for each sample with which the
analysis procedure is able to detect
the phenotype-causing variants. Sen-
sitivity and specificity are affected by
the genomic region being sequenced,
the quality and depth distribution
of sequencing reads, the choice of
software and parameters to align se-
quencing reads, the choice of soft-
ware and parameters to call variants,
and the choice of strategies to filter
variants that are unlikely to associate
with the phenotype.
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In Arabidopsis, the AtPHO1 gene is known to func-
tion in root-to-shoot Pi transfer. The Atpho1 mutant
shows symptoms of low leaf Pi content and severe Pi
deficiency because of defective Pi loading into the
xylem (Poirier et al., 1991). Therefore, AtPHO1 has been
considered a Pi transporter (Hamburger et al., 2002). A
recent study demonstrated that AtPHO1 is a crucial
component downstream of AtPHO2. AtPHO2 modu-
lates the degradation of AtPHO1 in endomembranes
(Liu et al., 2012). In the rice genome, there are three
AtPHO1 homologs. Previous studies identified OsPHO1;2
as a key player in Pi homeostasis (Secco et al., 2010). Data
obtained from this study further illustrate that OsPHO1;2
is epistatically downstream of OsPHO2, which suggests
that the PHO2-PHO1 regulatory pathway may be con-
served between the monocot and dicot plants.

Because the size of the rice genome is approximately
3 times that of the Arabidopsis genome, one of the ad-
vantages of performing a forward genetics study is the
ability to determine whether there are any additional
major components downstream of OsPHO2 in rice. Our
results showed that all random rice mutants exhibiting
the same rescuing phenotype harboredmutations in the
same gene. This observation indicates the lack of
other major components downstream of OsPHO2,
which provides additional evidence for the conservation
of the PHO2-PHO1 pathway. To further validate this
conservation, we screened another 5,000 lines from the
EMS-induced mutant library based on the HNE8536
homozygousOspho2mutant line. One additionalmutant
(M358), which exhibited the same Pi tolerance pheno-
type, was obtained. We validated the phenotype of
M358 similarly by measuring its shoot Pi concentration
and confirming its OsPHO2 Tos17 insertion (Fig. 2).

As expected, we found a high-effect mutation, Ser-
340→Gly, in OsPHO1;2 in M358 (Fig. 2).

DISCUSSION

Henry et al. (2014) showed an analysis of a broad
range of unrelated mutations from a genetic screen in
rice. Although this approach is not for identifying
causal genes, this study demonstrated an elaborate
pipeline formutation calling. Themethod of identifying
phenotype-associated genes via sequencing unrelated
mutants exhibiting the same phenotype was first
reported by Nordström et al. (2013), which used F2
populations or M3 (self-pollination) lines. This study
demonstrated the possibility of direct cloning of the
causal genes without creating segregation populations.
In this direction, we provide a software tool that helps
optimize the procedure of direct gene cloning via se-
quencing several unrelated same-phenotype M2 mu-
tant lines. For plants with a long life cycle, such as rice,
this approach provides a notable advantage in time.

To identify a phenotype-associated gene, a stricter or
more accurate analysis procedure will only consider
high-confidence variations that are supported by a
significant number of high-quality sequencing reads.

Figure 2. Plant phenotypes, Pi contents,
and SNPs detected in the OsPHO1;2
region. A, Phenotypes of 60-d-old plants
grown in soil.WT,Wild-typecvNipponbare;
pho2, homozygous pho2 mutant
(HNE8536). B, Shoot Pi contents of 40-
d-old plants grown in plus-Pi (200 mM)
hydroponic medium. Error bars repre-
sent SE (n = 3). FW, Fresh weight, C,
Variations detected in the OsPHO1;2
region. CDS, Coding sequence.

Table I. The candidate gene (LOC_Os02g56510, OsPHO1;2) and the
variants it harbors in sequenced samples

Sample Position Reference Alternative Effect

M249 34,614,218 G A Stop gained
M28 34,611,907 C T Missense (A:V)
M29 34,614,585 C T Missense (H:Y)
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Additionally, the subsequent filtering process keeps
only variations that are very likely to produce the target
phenotype. Such an accurate procedure will identify a
smaller number of possible variations that might pro-
duce the phenotype in each sample. Consequently, a
candidate gene harboring variations in multiple sam-
ples will have a higher significance for association with
the phenotype. However, such an accurate procedure
will also risk ignoring the true phenotype-causing
mutations that are not supported by unequivocal evi-
dence. This undesired ignorance can result in the true
phenotype-associated gene harboring variations in an
insufficient number of samples, which will fail the
candidate gene criterion.
On the other hand, an analysis procedure that is more

permissive or comprehensive will identify more false-
positive variations and/or more less-likely phenotype-
causing variations in each sample, which results in a
higher chance that random genes may harbor varia-
tions in multiple samples. When the candidate gene
criterion is met, the significance of a candidate’s asso-
ciation with the phenotype is also lower. Although a
comprehensive analysis procedure is less likely to render
the true phenotype-associated gene subject to failing the
candidate gene criterion, such a procedure is more likely
to report phenotype-unrelated candidates, which de-
mands significant extra effort in their validations.
In general, using an analysis procedure that is more

accurate whenever possible is recommended for most
investigators. Accurate procedures produce highly
likely candidates, whichminimizes the chance of failure
in subsequent experimental validations. GIPS calcu-
lates a statistical significance (P value) for each candi-
date gene for association with the phenotype. If there is
at least one unconfirmed candidate gene and it is not
counterindicated by other evidence (e.g. evidence that
some of its variations might be false-positive calls), it is
advisable to validate this candidate first. In this sce-
nario, the study effectiveness measurement chance of
reporting the true phenotype-associated gene is not
informative. If it is low, it just means that this analysis
procedure happens to fit the need of identifying this
candidate gene very well. However, if an analysis
procedure produces many candidates, this procedure is
probably not sufficiently accurate. Investigators are
advised to try more aggressive approaches to further
increase the confidence of the reported candidates.
It is advisable to use an accurate analysis procedure

as long as it can identify biologically sound candidate
genes for validation. However, in cases where the
protocol is too strict to identify any candidate or if all
identified candidates have failed validation, two study
effectivenessmeasurements, the chance of reporting the
true phenotype-associated gene and the significance of
violating the Mendelian assumption, may provide
guidance on the next steps. If the chance of reporting
the true phenotype-associated gene is low, the analysis
procedure is likely too strict and needs to be relaxed.
Investigators may consider validating more candidates
reported by a more permissive analysis procedure or

sequencing more phenotype-exhibiting samples to in-
crease the support for the phenotype-associated gene.

Conversely, if an investigator has sequenced a large
number of phenotype-exhibiting samples and/or has
validatedmany candidates and the phenotype-associated
gene is still at large, the study effectiveness measurement,
significance of violating the Mendelian assumption,
may provide advice on the next steps. If this signifi-
cance is low (e.g. P . 0.05), there is no compelling
evidence that the phenotype is controlled by multiple
genes and the investigator is still advised to add sam-
ples, validate more candidates, or relax the analysis
procedure to identify more candidates. If this signifi-
cance is high (e.g. P, 0.05), however, the investigator is
advised to reexamine the phenotype-exhibiting samples
included in the study.

As outlined previously, for a qualitative trait, although
it is possible that multiple genes can produce similar
phenotypes, it is unlikely that two genes will produce
exactly the same phenotype. Therefore, the key to
the success of a sequencing-based direct gene-cloning
study is arguably the definition of a proper set of phe-
notype criteria that can identify mutants of the same
gene. The stricter the phenotype criteria are, the more
likely that the included samples are mutants of the
same gene. When GIPS reports a high significance of
violating the Mendelian assumption, investigators are
advised to reconfirm the phenotypes of the samples
included in the study. If there is no doubt, investigators
are advised to consider using a stricter set of phenotype
criteria for this study that examine more minor phe-
notypic traits and can distinguish mutants of different
but functionally related genes.

In general, the approach of sequencing-based direct
cloning in a forward genetics study is expected to gain
popularity. The reasons are 2-fold. First, this approach
does not require the generation of cross or backcross
populations, which significantly accelerates the gene
identification process. Although this time advantage
may require more effort spent in screening mutant li-
braries to obtain multiple unrelated mutants of the
same phenotype, library screenings in typical forward
genetics studies require only bare-eye observation. The
cost of screening a larger library is usually acceptable.
Furthermore, the rapid development of automated
phenotyping technologies facilitates screening large li-
braries for minor phenotypes that cannot be observed
easily (Humplík et al., 2015). Second, this approach
does not require the creation of a population and,
therefore, is free from related limitations. This approach
is readily applicable in the identification of genes that
are important in organ development and reproductive
development.

In this context, GIPS provides guidance on the ef-
fective design and execution of a sequencing-based di-
rect cloning study. It is different from other gene
prioritization software, such as ANNOVAR (Wang
et al., 2010), which scores genes and variants to provide
a rank. These priority scores do not advise, when no
phenotype-associated gene can be identified, whether
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an investigator should change the analysis procedure,
validate more candidate genes, add more samples, or
reexamine the phenotype criteria used in the study.
GIPS implements a probabilistic framework that models
the entire process of the sequencing-based direct cloning
study. Within this framework, other gene prioritization
software focusing on removing genes/variants that are
unlikely to associate with the phenotype can be inte-
grated with the GIPS workflow as additional gene/
variant filters.

MATERIALS AND METHODS

Plant Material and Growth Conditions

The original pho2 Tos17 insertion mutant and wild-type rice (Oryza sativa
‘Nipponbare’) were obtained from the Rice Genome Resource Center, Japan
(http://tos.nias.affrc.go.jp/). The homozygous pho2 mutant (HNE8536) was
prepared as described by Wang et al. (2009). Hydroponic and soil pot experi-
ments were performed as described by Zhou et al. (2008).

Forward Genetics Screening

An EMS-inducedmutant library was generated based on HNE8536. TheM2
population of approximately 13,000 lines was grown from May to October in
the Agricultural Experiment Station of Zhejiang University in Changxin,
Zhejiang. Twenty-five plants were planted in a 53 5 plot for each line. Mutants
showing the identical phenotype of Pi tolerance were selected and subjected to
further tests in hydroponics, as described by Wang et al. (2014). Photographs
were taken for plants grown in soil in the greenhouse of Zhejiang University
60 days after planting.

Whole-Genome Sequencing

Genomic DNAwas extracted from leaf tissue using the QiagenMaxi Kit. For
M29, a library of approximately 500-bp fragment sizewas constructed, andnext-
generation sequencing of 2x91-bp paired-end reads was performed by the
BeijingGenomics InstituteTechSolutions. ForM28,M249, andM358, libraries of
approximately 500-bp fragment size were constructed, and next-generation
sequencingof2x100-bppaired-end readswasperformedby theHangzhouGuhe
Info-Technology. All samples were sequenced using the Illumina HiSeq 2000
platform.

Pi Content Measurement

Shoots of wild-type, HNE8536, M29, M28, M249, and M358 plants grown in
plus-Pi (200 mM) hydroponic conditions for 40 d were sampled for Pi content
measurement. An inorganic Pi content measurement was performed following
the method described by Zhou et al. (2008).

Raw sequencing results can be accessed at the Sequence Read Archive da-
tabase with accession numbers SRS949736, SRS949738, and SRS949741.
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