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CRISPR/Cas9 gene drives in genetically variable and
nonrandomly mating wild populations
Douglas W. Drury, Amy L. Dapper,* Dylan J. Siniard, Gabriel E. Zentner, Michael J. Wade†

Synthetic gene drives based on CRISPR/Cas9 have the potential to control, alter, or suppress populations of
crop pests and disease vectors, but it is unclear how they will function in wild populations. Using genetic data
from four populations of the flour beetle Tribolium castaneum, we show that most populations harbor genetic
variants in Cas9 target sites, some of which would render them immune to drive (ITD). We show that even a rare
ITD allele can reduce or eliminate the efficacy of a CRISPR/Cas9-based synthetic gene drive. This effect is
equivalent to and accentuated by mild inbreeding, which is a characteristic of many disease-vectoring arthro-
pods. We conclude that designing such drives will require characterization of genetic variability and the mating
system within and among targeted populations.
INTRODUCTION
Gene drives based on site-specific nuclease technologies—hybrid
meganucleases, zinc finger nucleases, transcription activator–like effec-
tor nucleases, and clustered regularly interspaced short palindromic
repeats/CRISPR-associated 9 (CRISPR/Cas9)—potentially offer a sig-
nificant improvement on sterile-male release methods for suppressing
populations of agricultural pests and disease-vectoring insects (1–3),
allowing for more rapid transformation of populations with fewer re-
leases of modified insects (4). The RNA-guided CRISPR/Cas9 system
permits the construction of custom synthetic gene drives potentially
capable of spreading agriculturally valuable and medically beneficial
genomic alterations made in laboratory organisms through wild pop-
ulations (5). Although initial studies of CRISPR-based gene drives in
Drosophila melanogaster (6), Anopheles stephensi (7), and Anopheles
gambiae (8) have demonstrated efficient drive propagation in laboratory-
reared inbred populations, it is not clear how these gene drives will work
in genetically diverse wild populations, where features like population
structure, epistasis, and competition affect their evolutionary dynamics.

To generate a CRISPR/Cas9 gene drive (Fig. 1), a founder popula-
tion is first created by targeted insertion of a drive cassette into a speci-
fied locus. This is achieved by transformation of the organismof interest
with a plasmid encoding theCas9nuclease and theCas9-targeting guide
RNA (gRNA), both flanked by regions of DNA corresponding to the
genomic sequences flanking the Cas9 target site. Following targeted
cleavage of the locus of interest by Cas9, the drive construct is integrated
at high frequency into the disrupted locus via homology-directed repair
(HDR), generating heterozygotes. The remainingwild-type allele is then
targeted and cleaved via gRNAandCas9 expressed from the drive allele,
leading to its conversion to a drive allele and homozygosity for the drive.

Gene driveswork by segregation distortion (9) or “superMendelian”
inheritance, wherein heterozygous individuals either transmit a desired
gene in >90% of their gametes instead of the 50% Mendelian expecta-
tion or are transformed into homozygotes. Natural examples include
segregation distorter in D. melanogaster (10), Medea in Tribolium
castaneum (11), the t-haplotype inMus musculus (12), and spore killer
inNeurospora crassa (13). In each natural case, the biased production of
gametes of one allele is associated with some loss of fitness, so some
heterozygotes persist, which has allowed the drives to be discovered
and studied. A viability fitness loss of only 25% [selection coefficient
(s) of−0.25] in both sexes or a fertility loss of 50% in one sex is sufficient
to counter even the most extreme transmission bias, preventing the
spread of a driven allele (14). The upper limits to fitness loss are twice
as high in germline gene drive models (15), where individuals hetero-
zygous at fertilization are converted to homozygotes, likely due to the
activity of maternally loaded Cas9 and gRNA (7). Although all models
to date assume randommating, a small level of inbreeding significantly
slows the rate of spread by diminishing the frequency of heterozygotes
(see below). Because any gene in the genome that suppresses drive is
favored by natural selection, Charlesworth and Charlesworth (14) con-
cluded that “a newly evolved distorter system will be inefficient.” Does
this concern apply to laboratory-engineered CRISPR/Cas9 gene drives
proposed for release into wild populations for purposes of population
suppression? Here, we use evolutionary genetic analysis incorporating
standing genetic variation and inbreeding in the model insect and ag-
ricultural pest T. castaneum to address this question.
RESULTS
For the purpose of assessing the effects of naturally occurring genetic
variation on CRISPR/Cas9-based drive efficiency, we consider three
separate regions of Cas9 target sites: the protospacer-adjacent motif
(PAM), the seed region, and the outer protospacer. The PAM (often
NGG, recognized by the commonly used Streptococcus pyogenes Cas9)
is required forCas9 to recognize and cleave its target site (16). Thus, con-
version of either G to another base in the NGG PAMwould be severely
deleterious to drive copying, and we therefore call these variants in the
PAM immune-to-drive (ITD) variants. The five bases immediately ad-
jacent to the PAM, which are collectively known as the seed region (17),
are responsible for nucleation of the gRNA:DNA hybrid, which is nec-
essary for stable Cas9 binding and subsequent cleavage. Genome-wide
characterization of Cas9 binding by chromatin immunoprecipitation and
high-throughput sequencinghas shownbindingbut little cleavageat targets
with seed regionmutations (17, 18) as well as substantially decreased Cas9
binding in some cases (18, 19). Seedmutations are thus expected to severely
compromise drive copy, and for our modeling purposes, we treat them as
ITDs. In theprotospacer outside of the seed region,Cas9 exhibits a relatively
relaxed specificity (20). Thus, single-nucleotide polymorphisms (SNPs) in
this region would be expected to contribute minimally to drive resistance.

To assess the potential for standing genetic variation to contribute to
drive resistance, we obtained the genomic sequence of high-quality
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gRNA-targeting regions from each of the four T. castaneum populations—
Bhopal (India), Jerez (Spain), Purdue (Indiana), and Lima (Peru)—
for exons in three potentially drive-relevant genes. The first, w, which
encodes an ABC transmembrane transporter involved in eye pigmen-
Drury et al., Sci. Adv. 2017;3 : e1601910 19 May 2017
tation in D. melanogaster (21), was chosen because it has been used as a
landing site for an antimalarial gene drive inA. stephensi (7) and its disrup-
tion imparts amoderate fitness cost inD.melanogaster (22) andA. stephensi
(7). We found two SNPs in the selected w gRNA, one in the outer
protospacer, present at low frequency in the Jerez population but at mod-
erate frequency in the Purdue population, and one in the seed region, pre-
sent at low frequency in the Purdue population (Fig. 2). Because of the
sequence flexibility of the outer protospacer, the first SNP would not be
expected to substantially contribute to impaired Cas9 recognition and
cleavage. However, the second SNP, in the seed region, could severely re-
duce Cas9 association and subsequent cleavage and so is considered an
ITD. We next considered a gRNA in Ace2, which is involved in develop-
ment, female fertility, and insecticide resistance in T. castaneum (23) and
thus expected to carry a heavy fitness penalty when disrupted. A drive tar-
getingAce2might therefore conceivably be used for direct population sup-
pression.We found twoSNPs in theAce2 gRNA.The first SNP, in the outer
protospacer and thus expected to have little effect on drive spread, is present
at moderate frequencies in the India, Purdue, and Purdue populations (Fig.
2). The second Ace2 gRNA SNP is present at low frequency in the Purdue
population and atmoderate frequency in thePerupopulation. This SNP lies
at a critical base, the secondGof thePAM(Fig. 2), and sowouldbe expected
to completely abrogateCas9 target site recognitionandcleavage.However, it
has recently been reported that NGA is the most effective noncanonical
PAM for cleavage by S. pyogenes Cas9 (24), so this variant may not totally
impair recognition and cleavage.However, becauseCas9 cleavage evenwith
an NGG PAM is not necessarily 100% effective and the NGA PAM is less
robust in cell-basedCRISPRassays,we treat thisNGG-to-NGAsubstitution
as a PAM-disabling ITD. The last gRNA targeted the gene encoding the
T. castaneum homolog of the highly conserved sperm flagellar protein 1,
TC010993 (25). TC010993mutation would be expected to severely reduce
male fertility and might therefore be an attractive target for reproductive
suppression of a population of interest. The TC010993 gRNA harbored a
rareSNPpresentonly in thePerupopulation in theouterprotospacer region
that would likely have little or no impact on drive spread (Fig. 2). Although
there are no ITDs in any of the three gRNA-targeting regions in the India
population, other work has shown that this population is reproductively in-
compatible with populations from North and South America (26).

To see how these SNP variants affect gene drive and population
suppression, wemodified the recursion formula for q, the CRISPR-like drive
gene frequency [given in Eq. 1 of the study of Unckless et al. (15)], to allow
for inbreeding and ITDs. The wild-type allele frequency is p, and that of the
ITD variant is r, where (q + p + r) = 1. In Eq. 1, wild-type and ITD homo-
zygous fitness is 1, individuals homozygous for the drive construct have a
fitness of (1 − s), and ITD/drive and wild-type/drive heterozygotes have a
fitness of (1 − hs), where h is the degree of dominance. The rate at which
wild-type alleles are converted to drive alleles in heterozygotes equals
c, where 0 ≤ c, s ≤ 1. All individuals converted from heterozygotes to
homozygotes have a fitness of (1 − s). We let F be the proportion of
individuals mating, nonrandomly, within their own type; for example,
2q(1 − q) (1 − F) is the frequency of heterozygotes weighted by the
proportion of individuals mating nonrandomly. Half of the heterozy-
gotes lost by inbreeding are added to the frequency of each respective
homozygote; for example, q2 becomes q2 + q(1 − q)F. The frequency of
the drive allele in the next generation is now

q′ ¼ fðq2 þ rqFÞ ð1 – sÞ þ qð1 – FÞ½ð1� qÞð1 – hsÞþ

2pcð1 – sÞ – cpð1 – hsÞ�g =W ð1Þ
Fig. 1. Schematic of the propagation of a CRISPR/Cas9-based gene drive.
(i) A plasmid expressing Cas9 and gRNA flanked by DNA homologous to the se-
quences flanking the gRNA target site is expressed in the organism. Cas9 cleaves
DNA at the gRNA-specified target site. (ii) The drive cassette, containing Cas9 and
gRNA, is integrated into the target locus via HDR, resulting in (iii) heterozygosity
for the drive allele. (iv) The remaining wild-type allele is targeted by Cas9 and gRNA
expressed from the drive allele, leading to (v) HDR-mediated copying of the drive
allele into the wild-type locus and (vi) homozygosity for the drive allele.
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where themean fitnessW equals 1– s{q2+ rqF+2rqh(1–F)+2pqc(1–F)+
2pqh(1 – F) (1 – c)}.When F = r = 0, q′ andW reduce to the formulas of
Unckless et al. (15). Mean fitness of the population after the introduc-
tion of gene drive also measures the degree of population suppression.
We thus modeled propagation of a CRISPR/Cas9-based drive based on
each of the gRNAs described above. We considered each drive to be
highly efficient (c = 0.95) and near-dominant (h = 0.98). Our assump-
tion of high drive efficiency is based on the reported high efficiencies of
these drives inD.melanogaster (6),A. stephensi (7), andA. gambiae (8).
We considered each population to be randomly mating (F = 0). The
TC010993 drive is an example of an ideal situation, in which a highly
deleterious gene drive (s = 0.8) is introduced at a frequency of 0.7 into a
randomly mating wild population harboring no ITDs. In this case, the
drive is fixed after eight generations, effectively suppressing the popu-
lation (Fig. 3A).However,when an ITD is present at low frequency (Iinit =
0.01) in a randomly mating population, similar to a drive scenario using
the Ace2 gRNA described above, the frequency of the drive rapidly de-
clines while ITD frequency increases, until the drive frequency is <0.01
Drury et al., Sci. Adv. 2017;3 : e1601910 19 May 2017
and the ending ITD frequency Ifinal is ~0.45 after 10 generations (Fig. 3B),
as calculated by

Ifinal ¼ Iinitf1 – q′hsð1 – FÞg=W ð2Þ

It is important to note that resistance to the drive increases, as
measured by ITD frequency, until the drive is effectively eliminated
from the population. This suggests that the population would be subs-
tantially more refractory to additional releases of individuals carrying
this drive. We note that the ITD frequency of 0.01 is lower than the
frequency of the Ace2 gRNA ITD in either of the populations in which
it is present, suggesting that our estimate is conservative in this case.
Last, we considered a scenario in which a gene expected to have lower
fitness consequences is disrupted, perhaps with an antipathogen drive,
as has been described inA. stephensi (7), which would be analogous to a
drive based on thew gRNAwe selected.Wemodeled this drive using all
the above-described parameters, except that s = 0.4 to represent a mod-
est fitness effect. In this example, the drive is present at a frequency of
PAM Seed Rest of protospacer

w gRNA (ChLG9:12,976,966–12,976,988, reverse complement)

SNPs G/T

India
Jerez
Purdue
Peru

C/G

0/60
4/46
17/74
0/53

0/52
0/45
2/63
0/52

Ace2 gRNA (ChLG2:11,524,230–11,524,252)

G/ASNPs

India
Jerez
Purdue
Peru

0/43
0/33
2/30
12/32

TC010993 gRNA (ChLG9:5,078,623–5,078,645, reverse complement)

C/TSNPs

India
Jerez
Purdue
Peru

0/44
0/41
0/51
2/34

T/G

17/49
0/35
9/38
10/34

Fig. 2. Genetic variation in Cas9 target sequences. Each component of the Cas9 target sequence is highlighted according to its potential to affect Cas9 cleavage
[red, PAM (complete abrogation of cleavage); yellow, seed (reduced cleavage efficiency); green, outer protospacer (little to no effect on cleavage efficiency)]. The
frequency of each SNP in the analyzed population is given below each gRNA sequence. Note that all regions harbor SNP variants in some population and an obstruct-
ing variant in the critical PAM region of Ace2 occurs at a frequency of 0.375 in the Peru population.
3 of 7



SC I ENCE ADVANCES | R E S EARCH ART I C L E
>0.9 for 63 generations but declines to <0.01 after 91 generations (Fig.
3C), indicating that a low-frequency ITD can eventually halt the spread
of a drive with amoderate organismal fitness penalty.We also observed
a marked increase in ITD frequency during drive elimination,
consistent with our results using a highly deleterious drive.

We next tested the effect of inbreeding on drive propagation. Al-
though rates of inbreeding (F) inT. castaneumhavenot been determined,
thesemeasurements have beenmade formosquitoes and range from not
significant to 0.8 (27–29). For ourmodel,we chose a conservative estimate
of F = 0.15. In the absence of ITDs, as in the TC010993-like scenario de-
scribed above, this degree of inbreeding resulted in a rapid crash of drive
frequency, leading to a frequency of <0.01 in six generations (Fig. 4A).
Combination of an ITD at a frequency of 0.01, similar to ourAce2 exam-
ple, with inbreeding at a rate of 0.15 had a negligible effect on the speed at
which the drive crash occurred (Fig. 4B). Notably, inbreeding also limited
the spread of the ITD relative to the corresponding no-inbreeding
scenario (Fig. 3B), likely due to the rapidity of the cessationof drive spread
(Fig. 4B). Last, introduction of inbreeding into the w-like situation de-
scribed in Fig. 3C led to a drastic acceleration of drive loss, with drive
frequency reaching <0.01 in 39 rather than 91 generations (Fig. 4C).

In the examples given above, we assumed specific values for the
starting parameters c (drive efficiency), s (fitness penalty of the drive),
and F (degree of inbreeding). We therefore sought to examine the gen-
eral effects of varying each parameter on drive and ITD frequency. We
first considered s, the fitness penalty of a drive, in the context of a ran-
Drury et al., Sci. Adv. 2017;3 : e1601910 19 May 2017
domly mating population with a low-frequency (0.01) ITD. As indi-
cated by our results using s = 0.4 and 0.8 (Fig. 2), an increase in the
fitness penalty of the drive leads to accelerated elimination from the
population. By plotting the generation of drive elimination (considered
to be the generation at which the drive frequency is first <0.01) versus s,
we observed an exponential decrease in the number of generations to
drive elimination as s is increased (Fig. 5A). We also found that, for
values of s from 0.1 to 0.7, ITD frequency is ~1 at the generation of drive
elimination (Fig. 5A). This is consistent with our analysis of a drive with
a moderate fitness penalty (Fig. 3C) and suggests that although a drive
with a lesser fitness cost will persist in the population for longer, it will
have the secondary effect of rendering the population resistant to re-
peated releases of the drive. We performed a similar analysis for inbreed-
ing, varying the value of F from 0 to 1. As suggested by our analysis in Fig.
4, increased inbreeding led to a more rapid drive elimination but reduced
the frequency of ITDs in the population (Fig. 5B). Last, we considered
modulationof c, drive efficiency, in the context of a randomlymatingpop-
ulation. Less efficient drives persisted longer in thepopulationbut led to an
increased ITD frequency,whereasmore efficient drives decreased ITD fre-
quency at the expense of persistence in the population (Fig. 5C).
DISCUSSION
We have modeled the effects of standing genetic variation and
inbreeding on CRISPR/Cas9-based gene drives using T. castaneum
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as a model. Our results suggest that even a low-frequency ITD can
severely limit the spread of a highly deleterious drive and cause its
elimination from a population. A key result of our analysis is that ITDs
were selected for and present at a higher frequency in the population
following drive elimination, substantially increasing the resistance of
the population to future attempts to propagate this drive. We found
that ITDs have a less pronounced effect on drives with a lower fitness
cost to the organism but are still capable of eliminating the drive from
a population over time. This is particularly relevant to antipathogen
drives inserted into loci thought to have little fitness effect on an orga-
nism, such as the insertion of an antimalarial drive into the white locus
of A. stephensi (6), emphasizing the importance of minimizing fitness
effects on the host. We note that our assumptions of high drive effi-
ciency and near dominance favor drive transmission in our model and
that a reduction in either of these parameters accelerates drive loss. We
found that in the case of a strongly deleterious gene drive, moderate
inbreeding caused a very rapid loss of the drive regardless of the pres-
ence of an ITD. Furthermore, Bull (30) has shown that gene drive can
favor a gene that increases the tendency to inbreed, so the use of a
constant level of inbreeding in our modeling is conservative. Inbreed-
ing also accelerated the loss of a moderately deleterious drive, but the
drive was stable for several generations before declining.

Our analyses suggest that standing genetic variation and inbreeding
could have wide-ranging and sometimes severe consequences on the
efficiency of drive propagation in a wild population. Inbreeding, which
in our analyses had the most profound impact on drive propagation,
may bemost effectively overcome by saturation of the target population
with drive individuals through repeated, high-volume releases. Tomin-
imize the potential impacts of ITDs on drive spread, we propose that a
survey of genetic diversity at the locus of interest in the target population
is a necessary first step in designing a CRISPR-based gene drive. If a
target region of a locus of interest is highly variable, it may be prudent
to select a different region of the gene for disruption to avoid the
potential complications of ITDs described here. It is also important to
note that although CRISPR/Cas9-based gene drives have been reported
to be highly efficient, they do generate short insertions and deletions
(indels) at a low frequency (6–8). These mutations would render the
gRNA target site resistant to further editing and thus represent induced
Drury et al., Sci. Adv. 2017;3 : e1601910 19 May 2017
ITDs that would then be selected for, similar to the naturally occurring
ITDs, when their fitness cost is not too high.

Although standing genetic variation in a wild target population has
the potential to severely compromise CRISPR/Cas9-based gene drives,
recent advances in characterization of additional engineered and
natural Cas9 variants may offer potential solutions to the problem of
ITDs ina regionof interest. For example,molecular evolutionofS. pyogenes
Cas9 yielded variants with non-NGG PAM specificities (31). Further-
more, Cas9 variants from different bacterial species with different PAM
specificities have been described and used for genome editing (31–33),
as has Cpf1, an alternative CRISPR nuclease with a non-NGG PAM
specificity (34). If the PAM specificity can be suitably matched to the
variation of the target population, these alternative CRISPR nucleases
would not be susceptible to the problems highlighted in our model.

Our results raise significant practical concerns for the design of
CRISPR/Cas9-based gene drives intended for use in the wild. Analysis
of genetic variation in the target population is essential, as is, if possible,
characterization of mating structure to assess the potential impact of
inbreeding on drive spread. To this end, it will be of great interest to test
the predictions of ourmodeling in diverse laboratory populations before the
implementationof anyCRISPR/Cas9-basedgenedrive in awildpopulation.
MATERIALS AND METHODS
gRNA design
Exon sequences forw,Ace2, andTC010993 (Tcas3 assembly) were ob-
tained from BeetleBase (http://beetlebase.org/blast/blast.html) (35)
and input into CRISPRdirect (https://crispr.dbcls.jp) (36) using the
Tcas3 assembly for the specificity check. Only high-quality gRNA se-
quences (defined as having a single 20-nucleotide oligomer + PAM
and a single 12-nucleotide oligomer + PAMmatch) were selected for
SNP analysis.

Populations and sample preparation
A total of 96 individuals were randomly selected from four wild-caught
laboratory populations of T. castaneum [Bhopal, India; Lima, Peru;
Lafayette, IN (Purdue); and Jerez, Spain]. Each population was established
from individuals collected from local populations of T. castaneum
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found in granaries and markets. All populations were collected and
maintained at population sizes of greater than 250 individuals to reduce
the potential for inbreeding and loss of genetic variation in the labora-
tory. To compare the genetic variationwithin and between populations,
DNA was extracted and purified using the cetyl trimethylammonium
bromide (CTAB) method (37) from 24 randomly selected individuals
from each population. Each individual DNA sample was uniquely bar-
coded using the Nextera Index Kit (Illumina). Libraries with an insert
size of 300 base pairs were constructed using the Nextera DNA Library
PreparationKit (Illumina)with amodified protocol (38). Three individ-
ualDNA samples were discarded because of low yield after library prep-
aration and fragment size selection steps.

Sequencing and mapping
Libraries were sequenced for 150 cycles in paired-end mode on an
Illumina HiSeq 2500 at the Hubbard Center for Genome Studies, Uni-
versity of New Hampshire (Durham, NH). We sequenced 93 individ-
uals (24 individuals each from the India, Peru, and Purdue populations
and 21 individuals from the Jerez population) to a coverage depth of ~2
to 3×, with an average of ~50× total coverage for each population (Jerez,
37.675 ± 0.005; Purdue, 51.935 ± 0.009; Peru, 50.286 ± 0.008; India,
63.003 ± 0.009). The FASTQ files were filtered using Cutadapt
(https://cutadapt.readthedocs.io/en/stable/) to remove low-quality
sequence (Q < 20) and trimmed to remove library adaptors. The resulting
files were processed for mapping using Fix Pairings (https://github.com/
svm-zhang/make_life_easier). The paired-end reads for each individual
were aligned to the Tcas3 reference genome using BWA 0.7.6a (39).
The resulting SAM files were converted to BAM and mpileup files using
SAMtools (40). The individual whole-genome sequence data were pooled
by population, and mpileup files were synced using PoPoolation2
(https://sourceforge.net/projects/popoolation2/) (41). From this, we ob-
tained a direct major and minor allele count for every SNP in our target
loci. To further reduce the contribution of sequencing error, we used a
technical replicate to filter out discordant sites. We defined discordant
sites as positions within the genome where the alleles called in each of
the two technical replicates did not agree (for example, in one techni-
cal replicate, we observed both T and A allele calls at a given position but
observed only T alleles at the same position in the other technical
replicate).
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