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Abstract      13 
Gene drives may be capable of addressing ecological problems by altering entire 14 

populations of wild organisms, but their use has remained largely theoretical due to technical 15 
constraints.  Here we consider the potential for RNA-guided gene drives based on the CRISPR 16 
nuclease Cas9 to serve as a general method for spreading altered traits through wild populations 17 
over many generations.  We detail likely capabilities, discuss limitations, and provide novel 18 
precautionary strategies to control the spread of gene drives and reverse genomic changes.  The 19 
ability to edit populations of sexual species would offer substantial benefits to humanity and the 20 
environment.  For example, RNA-guided gene drives could potentially prevent the spread of 21 
disease, support agriculture by reversing pesticide and herbicide resistance in insects and 22 
weeds, and control damaging invasive species.  However, the possibility of unwanted ecological 23 
effects and near-certainty of spread across political borders demand careful assessment of each 24 
potential application.  We call for thoughtful, inclusive, and well-informed public discussions to 25 
explore the responsible use of this currently theoretical technology. 26 

Introduction 27 
 Despite numerous advances, the field of molecular biology has often struggled to address  28 
key biological problems affecting public health and the environment.  Until recently, editing the 29 
genomes of even model organisms has been difficult.  Moreover, altered traits typically reduce 30 
evolutionary fitness and are consequently eliminated by natural selection.  This restriction has 31 
profoundly limited our ability to alter ecosystems through molecular biology.   32 
 If we could develop a general method of ensuring that engineered traits would instead be 33 
favored by natural selection, then those traits could spread to most members of wild populations 34 
over many generations.  This capability would allow us to address several major world problems, 35 
including the spread of insect-borne diseases, the rise of pesticide and herbicide resistance, and 36 
the agricultural and environmental damage wrought by invasive species.   37 
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 Scientists have long known of naturally occurring selfish genetic elements that can 38 
increase the odds that they will be inherited.  This advantage allows them to spread through 39 
populations even if they reduce the fitness of individual organisms.   Many researchers have 40 
suggested that these elements might serve as the basis for “gene drives” capable of spreading 41 

engineered traits through wild populations1–5.  Austin Burt was the first to propose gene drives 42 

based on site-specific “homing” endonuclease genes over a decade ago6.  These genes bias 43 
inheritance by cutting the homologous chromosome, inducing the cell to copy them when it 44 
repairs the break.  Several efforts have focused on the possibility of using gene drives targeting 45 

mosquitoes to block malaria transmission7–12.  However, development has been hindered by the 46 

difficulty of engineering homing endonucleases to cut new target sequences13–15.  Attempts to 47 
build gene drives with more easily retargeted zinc-finger nucleases and TALENs suffered from 48 

instability due to the repetitive nature of the genes encoding them16.  49 
 The recent discovery and development of the RNA-guided Cas9 nuclease has dramatically 50 
enhanced our ability to engineer the genomes of diverse species.  Originally isolated from 51 
“CRISPR” acquired immune systems in bacteria, Cas9 is a non-repetitive enzyme that can be 52 
directed to cut almost any DNA sequence by simply expressing a “guide RNA” containing that 53 
same sequence.  In little more than a year following the first demonstrations in human cells, it 54 

has enabled gene insertion, deletion, and replacement in many different species17–33. 55 
 Building RNA-guided gene drives based on the Cas9 nuclease is a logical way to overcome 56 
the targeting and stability problems hindering gene drive development.  Less obvious is the 57 
extent to which the unique properties of Cas9 are well-suited to overcoming other molecular and 58 
evolutionary challenges inherent to the construction of safe and functional gene drives.   59 
 We submit that Cas9 is highly likely to enable scientists to construct efficient RNA-guided 60 
gene drives not only in mosquitoes, but in many other species.  In addition to altering 61 

populations of insects to prevent them from spreading disease34, this advance would represent 62 
an entirely new approach to ecological engineering with many potential applications relevant to 63 
human health, agriculture, biodiversity, and ecological science.    64 
 The first technical descriptions of endonuclease gene drives were provided by Austin Burt 65 

in his landmark proposal to engineer wild populations more than a decade ago6.  Any of the 66 
rapidly expanding number of laboratories with expertise in Cas9-mediated genome engineering 67 
could attempt to build a gene drive by substituting Cas9 for the homing endonucleases described 68 
in his proposal.  Indeed, the well-recognized potential for gene drives to combat vector-borne 69 
diseases such as malaria and dengue virtually ensures that this strategy will eventually be 70 
attempted in mosquitoes.   71 
 While considerable scholarship has been devoted to the question of how gene drives 72 

might be safely utilized in mosquitoes5,11,35–40, few if any studies have examined the potential 73 
ecological effects of gene drives in other species.  After all, constructing a drive to spread a 74 
particular genomic alteration in a given species was simply not feasible with earlier genome 75 
editing methods.  Disconcertingly, several published gene drive architectures could lead to 76 
extinction or other hazardous consequences if applied to sensitive species, demonstrating an 77 
urgent need for improved methods of controlling these elements.  After consulting with experts 78 
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in many fields as well as concerned environmental organizations, we are confident that the 79 
responsible development of RNA-guided gene drive technology is best served by full 80 
transparency and early engagement with the public.   81 
 Here we provide brief overviews of gene drives and Cas9-mediated genome engineering, 82 
detail the mechanistic reasons that RNA-guided gene drives are likely to be effective in many 83 
species, and outline probable capabilities and limitations.  We further propose novel gene drive 84 
architectures that may substantially improve our control over gene drives and their effects, 85 
discuss possible applications, and suggest guidelines for the safe development and evaluation of 86 
this promising but as yet unrealized technology.  A discussion of risk governance and regulation 87 

intended specifically for policymakers is published separately41.   88 

Natural Gene Drives 89 
 In nature, certain genes “drive” themselves through populations by increasing the odds 90 

that they will be inherited1. Examples include endonuclease genes that copy themselves into 91 

chromosomes lacking them42, segregation distorters that destroy competing chromosomes 92 

during meiosis43, transposons that insert copies of themselves elsewhere in the genome44, 93 

Medea elements that eliminate competing siblings who do not inherit them45,46, and heritable 94 

microbes such as Wolbachia47.   95 

Endonuclease Gene Drives 96 
 Natural homing endonuclease genes exhibit drive by cutting the corresponding locus of 97 
chromosomes lacking them.  This induces the cell to repair the break by copying the nuclease 98 

gene onto the damaged chromosome via homologous recombination (Fig. 1A)42.  The copying 99 
process is termed “homing”, while the endonuclease-containing cassette that is copied is referred 100 
to as a “gene drive” or simply a “drive”.  Because copying causes the fraction of offspring that 101 
inherit the cassette to be greater than 1/2 (Fig. 1B), these genes can drive through a population 102 
even if they reduce the reproductive fitness of the individual organisms that carry them.  Over 103 
many generations, this self-sustaining process can theoretically allow a gene drive to spread from 104 
a small number of individuals until it is present in all members of a population. 105 

Engineered Gene Drives 106 
 To build an endonuclease gene drive, an endonuclease transgene must be inserted in 107 
place of a natural sequence that it can cut.  If it can efficiently cut this sequence in organisms with 108 
one transgene and one natural locus, reliably induce the cell to copy the transgene, and avoid 109 
being too costly to the organism, it will spread through susceptible wild populations.   110 
 Standard drives spread genomic changes and associated traits through populations.  111 
Burt's original study proposed using them to drive the spread of other transgenes or to disrupt 112 

existing genes (Fig. 2A-B)6.  The gene drive copying step can take place immediately upon 113 
fertilization (Fig. 2C) or occur only in germline cells that are immediate precursors to sperm or 114 
eggs, leaving most of the organism's somatic cells with only one copy of the drive (Fig. 2D).   115 
 Suppression drives reduce the size of the targeted population.  Austin Burt outlined an 116 
elegant strategy involving the use of gene drives to disrupt genes that cause infertility or lethality 117 
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only when both copies are lost6.  These “genetic load” drives would spread rapidly through 118 
minimally impaired heterozygotes when rare, and eventually cause the population to crash or 119 
even become extinct due to the accumulated load of recessive mutations. A second approach 120 

would mimic naturally occurring “meiotic” or “gametic” drives that bias the sex ratio2,48–51.  In 121 
this model, the Y chromosome (or its equivalent in other sex-determination systems) would 122 
encode an endonuclease that cuts and destroys the X chromosome during male meiosis, thereby 123 

ensuring that most viable sperm contain a Y chromosome7,8,10,49,50.  The progressively 124 

dwindling number of females will culminate in a population crash or extinction2,6,52–57.    125 
 Whether a standard gene drive will spread through a target population depends on 126 

molecular factors such as homing efficiency, fitness cost, and evolutionary stability58; only the 127 
rate of spread is determined by the mating dynamics, generation time, and other characteristics 128 
of the target population.  In contrast, models suggest that the deleterious and complex effects of 129 
genetic load and sex-biasing suppression drives render them more sensitive to population-130 

specific ecological variables such as density-dependent selection6,35,53,54,59–62.   131 
 No engineered endonuclease gene drive capable of spreading through a wild population 132 
has yet been published.  However, the Crisanti and Russell laboratories have constructed gene 133 

drives that can only spread through laboratory mosquito9 and fruit fly16,63 populations that 134 
have been engineered to contain the endonuclease cut site.  The Burt and Crisanti laboratories 135 
are attempting to build a male-biasing suppression drive using an endonuclease that 136 
serendipitously cuts a conserved sequence repeated hundreds of times in the X chromosome of 137 

the mosquito Anopheles gambiae7,10,64. If successful, their work promises to substantially 138 
reduce the population of this important malaria vector. 139 
 All engineered gene drives based on homing endonucleases cut the natural recognition 140 
site of the relevant enzyme.  Despite early hopes, it has proven difficult to engineer homing 141 
endonucleases to cleave new target sequences.  Numerous laboratories have sought to 142 

accomplish this goal for well over a decade with only a few recent successes13–15.  More recently, 143 
a team constructed new versions of the fruit fly gene drive using modular zinc-finger nucleases or 144 

TALENs in place of the homing endonuclease16, both of which can be engineered to cut new 145 
target sequences.  While initially successful at cutting and homing, both declined in effectiveness 146 
over time due to the evolutionary instability of the modular repeats inherent to those proteins.   147 
 These early attempts demonstrate that it is possible to build synthetic gene drives, but 148 
also emphasize the importance of cutting any desired gene and remaining stable during  copying.  149 
The recent discovery of the RNA-guided Cas9 nuclease represents a possible solution.   150 

RNA-guided Genome Editing Via the Cas9 Nuclease  151 
 One straightforward method of genome editing relies on the same mechanism employed 152 
by endonuclease gene drives: cut the target gene and supply an edited version for the cell to use 153 
as a template when it fixes the damage.  Most eukaryotic genome engineering over the past 154 

decade was accomplished using zinc-finger nucleases65or TALENs66, both of which are modular 155 
proteins that can be redesigned or evolved to target new sequences, albeit only by specialist 156 

laboratories67.  Genome editing was democratized by the discovery and adaptation of Cas9, an 157 
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enzyme that can be programmed to cut target DNA sequences specified by a guiding RNA 158 

molecule17–20,68,69. 159 
 Cas9 is a component of Type II CRISPR acquired immune systems in bacteria, which 160 
allow cells to “remember” the sequences of previously encountered viral genomes and protect 161 
themselves by recognizing and cutting those sequences if encountered again.  They accomplish 162 
this by incorporating DNA fragments into a memory element, transcribing it to produce RNAs 163 

with the same sequence, and directing Cas9 to cut any matching DNA sequences68.  The only 164 
restriction is that Cas9 will only cut target “protospacer” sequences that are flanked by a 165 
protospacer-adjacent motif (PAM) at the 3' end.  The most commonly used Cas9 ortholog has a 166 
PAM with only two required bases (NGG) and therefore can cut protospacers found 167 

approximately every 8 base pairs69. 168 
 Remarkably, it is possible to direct Cas9 to cut a specific protospacer in the genome using 169 

only a single guide RNA (sgRNA) less than 100 base pairs in length69.  This guide RNA must 170 
begin with a 17-20 base pair “spacer” sequence identical to the targeted protospacer sequence in 171 

the genome70.  The process of editing a target gene involves choosing protospacers within the 172 
gene, building one or more guide RNAs with matching spacers, and delivering Cas9, guide RNAs, 173 
and an edited repair template lacking those protospacers into the cell (Fig. 3).   174 

 Cas9 is efficient enough to cut and edit multiple genes in a single experiment22,71.  The 175 
enzyme is active in a wide variety of organisms and is also quite specific, cutting only 176 

protospacers that are nearly identical to the spacer sequence of the guide RNA72–74.  Moreover, 177 
methods that allow Cas9 to bind but not cut enable the expression of target genes to be regulated 178 

by selectively recruiting regulatory proteins attached to Cas9 or the guide RNA72,75.  All of these 179 
applications were developed within the last two years. 180 
 Because RNA-guided genome editing relies on exactly the same copying mechanism as 181 
endonuclease gene drives, it is reasonable to ask whether it might be possible to build gene drives 182 
based on Cas9.  In principle, RNA-guided gene drives might be capable of spreading almost any 183 
genomic alteration that can be generated using Cas9 through sexually reproducing populations. 184 

Will RNA-Guided Gene Drives Enable Us to Edit the Genomes of Wild Populations? 185 
 Although we cannot be certain until we try, current evidence suggests that RNA-guided 186 
gene drives will function in some and possibly most sexually reproducing species.  Learning how 187 
to insert a drive into the germline and optimize its function in each new species will likely require 188 
months to years depending on generation length, with subsequent drives in the same species 189 
taking less time.   Because inserting the drive into the germline with Cas9 involves the same 190 
molecular copying process as the drive itself will utilize, successful insertion may produce a 191 
working if not particularly efficient RNA-guided gene drive.  But if population-level engineering 192 
is to become a reality, all molecular factors relevant to homing - cutting, specificity, copying, and 193 
evolutionary robustness - must be considered.  Below, we provide a detailed technical analysis of 194 
the extent to which Cas9 can address each of these challenges.  Capabilities, limitations, control 195 
strategies, and possible applications are discussed in subsequent sections. 196 

Cutting  197 
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 The first requirement for every endonuclease gene drive is to cut the target sequence.  198 
Incomplete cutting was a problem for the homing endonuclease drive constructed in transgenic 199 
mosquitoes (72% cutting) and also for the homing endonuclease, zinc-finger nuclease, and 200 

TALEN drives in fruit flies (37%, 86%, and 70% cutting)9,16,76.  The simplest way to increase 201 
cutting is to target multiple adjacent sequences.  However, this is impractical for homing 202 
endonucleases and quite difficult for zinc-finger nucleases and TALENs, as each additional 203 
sequence requires a new nuclease protein to be engineered or evolved and then co-expressed. 204 
 In contrast, the RNA-guided Cas9 nuclease can be readily directed to cleave additional 205 
sequences by expressing additional guide RNAs (Fig. 4).  The sequences of these additional guide 206 

RNAs can be altered so as to avoid creating unstable repeats within the drive cassette.16  207 
Including more guides has been demonstrated to improve upon already high rates of cutting.  For 208 
example, fruit flies expressing both Cas9 and guide RNAs in their germline exhibited target 209 

cutting rates exceeding 85-99% in males for four out of six tested guide RNAs77.  The two least 210 
effective guide RNAs individually cut at rates exceeding 12% and 56%, but exhibited cutting rates 211 
above 91% when combined.  Using more than two guide RNAs should further enhance cutting.  212 
The notable success of Cas9-based genome engineering in many different species, including 213 

studies that targeted every gene in the genome78,79, demonstrates that most sequences can be 214 
efficiently targeted independent of species and cell type.  Thus, RNA-guided gene drives should 215 
be capable of efficiently cutting any given gene.    216 

Specificity 217 
 Because cutting other sites in the genome may seriously compromise the fitness of the 218 
organism, the second requirement is to avoid cutting non-targeted sequences.   219 
 While several studies have reported that Cas9 is prone to cutting off-target sequences that 220 

are closely related to the target72–74,80, more recent developments and strategies designed to 221 

improve specificity 70,72,81,82 have demonstrated that the off-target rate can be reduced to 222 
nearly undetectable levels (Fig. 4).  Notably, Cas9 does not appear to represent a noticeable 223 

fitness burden when expressed at a moderate level in fruit flies with or without guide RNAs77.  224 
Organisms with larger genomes may require more careful target site selection due to the 225 
increased number of potential off-target sequences present. 226 

Copying 227 
 The third and most challenging requirement involves ensuring that the cut sequence is 228 
repaired using homologous recombination (HR) to copy the drive rather than the competing 229 
non-homologous end-joining (NHEJ) pathway (Fig. 4).  HR rates are known to vary across cell 230 

types17, developmental stages85,86, species76, and the phase of the cell cycle87.  For example, 231 

the endonuclease gene drive in mosquitoes was correctly copied following ~97% of cuts9, while a 232 

similar drive in fruit flies was initially copied only 2% of the time63 and never rose above 78% 233 
even with extensive combinatorial optimization of promoter and 3' untranslated region.  This 234 
difference is presumably due to a lower rate of HR in fruit fly spermatocytes relative to 235 
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mosquitoes76.  Ideally, drives should be activated only in germline cells at developmental stages 236 
with a high rate of HR, but this may be challenging in many species.   237 
 Copying efficiencies may also depend on whether the cut produces 5'-overhangs, 3'-238 

overhangs, or blunt ends88.  Because Cas9 nickases can generate either overhang type while 239 
Cas9 nucleases produce blunt ends, the enzyme can be adapted to the needs of the cell type and 240 
organism. 241 
 The ability to regulate gene expression with Cas9 might be used to temporarily increase 242 
the rate of homologous recombination while the drive is active (Fig. 4).  For instance, the Cas9 243 

nuclease involved in cutting might simultaneously repress75 genes involved in NHEJ and 244 

therefore increase the frequency of HR89 if supplied with a shortened guide RNA that directs it 245 

to bind and block transcription but not cut90,91.  Alternatively, an orthogonal and nuclease-null 246 

Cas9 protein92 encoded within the drive cassette could repress NHEJ genes and activate HR 247 
genes before activating the Cas9 nuclease.  Lastly, Cas9 might be used directly recruit key HR-248 
directing proteins to the cut sites, potentially biasing repair towards that pathway.   249 

Evolutionary Stability 250 
 Even a perfectly efficient endonuclease gene drive is vulnerable to the evolution of drive 251 
resistance in the population.  Whenever a cut is repaired using the NHEJ pathway, the result is 252 
typically a drive-resistant allele with insertions or deletions in the target sequence that prevent it 253 
from being cut by the endonuclease.  Natural sequence polymorphisms in the population could 254 
also prevent cutting.  These alleles will typically increase in abundance and eventually eliminate 255 
the drive because most drives - like most transgenes - are likely to slightly reduce the fitness of 256 
the organism.  A second path to gene drive resistance would involve the target organism evolving 257 
a method of specifically inhibiting the drive endonuclease.   258 
 The best defense against previously existing or recently evolved drive-resistant alleles is to 259 
target multiple sites.  Because mutations in target sites are evolutionarily favored only when they 260 
survive confrontation with the gene drive, using many target sites can render it statistically 261 
improbable for any one allele to survive long enough to accumulate mutations at all of the sites so 262 

long as cutting rates are high6.  However, very large populations - such as those of some insects - 263 
might require unfeasibly large numbers of guide RNAs to prevent resistance.  In these cases it 264 
may be necessary to release several successive gene drives, each targeting multiple sites, to 265 
overcome resistant alleles as they emerge.  From an evolutionary perspective, the ability to 266 
preclude resistance by targeting multiple sites is the single greatest advantage of RNA-guided 267 
gene drives.    268 
 We propose to extend this strategy by preferentially targeting multiple sites within the 3' 269 
ends of genes important for fitness such that any repair event that deletes all of the target sites 270 
creates a deleterious allele that cannot compete with the spread of the drive (Fig. 4).  Whenever 271 
the drive is copied, the cut gene is replaced with a recoded version flanked by the other 272 
components of the drive.  Recent work has demonstrated that most genes can be substantially 273 

recoded with little effect on organism fitness93; the 3' untranslated region might be replaced with 274 
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an equivalent sequence from a related gene.  Because there would be no homology between the 275 
recoded cut site and the drive components, the drive cassette would always be copied as a unit.   276 
 Relative to drive-resistant alleles, inhibitors of Cas9 are less likely to arise given the 277 
historical absence of RNA-guided nucleases from eukaryotes.  Any inhibitors that do evolve 278 
would presumably target a particular Cas9 protein or guide RNA used in an earlier drive and 279 

could be evaded by building future drives using a Cas9 ortholog with a different guide RNA92,94.  280 
Alternatively and least likely, organisms might evolve higher RNase activity to preferentially 281 
degrade all guide RNAs; this may be difficult to accomplish without harming overall fitness.  282 
 A final evolutionary concern relates to the stability of the gene drive cassette itself.  The 283 
zinc-finger nuclease and TALEN-based gene drives in fruit flies suffered from recombination 284 
between repetitive sequences: only 75% and 40% of each respective drive was sufficiently intact 285 
after one copying event to catalyze a second round of copying.  Because RNA-guided gene drives 286 
will not include such highly repetitive elements, they are likely to be more stable (Fig. 4). 287 

Development Time 288 
 RNA-guided genome editing is advancing at a historically unprecedented pace.  Because it 289 
is now much easier to make transgenic organisms and therefore candidate gene drives, the 290 
design-build-test cycle for gene drives will often be limited only by the generation time of the 291 
organism in the laboratory.  Moreover, many advances from genome engineering can be directly 292 
applied to RNA-guided gene drives.  For example, all of the methods of increasing Cas9 293 
specificity described above were developed for RNA-guided genome editing in the past two years.  294 
Future methods of increasing the rate of HR relative to NHEJ would be useful for both 295 
technologies.  These factors suggest that scientists will enjoy an increasing number of tools well-296 
suited to rapidly building and testing gene drives in addition to those we describe above.   297 
 None of this is to gloss over the many practical difficulties that are likely to arise when 298 
constructing a particular gene drive in a given species.  Early success is as unlikely as ever when 299 
engineering complex biological systems.  But if half a dozen or even a dozen design-build-test 300 
cycles are sufficient to produce moderately efficient gene drives, many molecular biology 301 
laboratories around the world will soon be capable of engineering wild populations.    302 
 303 

Box 1:  Could Gene Drives Alter Human Populations? 
Not unless we wait for many centuries.  Even in a hypothetical future in which human germline 
editing was considered safe and ethical, a driven alteration would be only four times as 
abundant as a non-driven alteration a full century after the birth of an edited human.  This 
assumes future generations would not elect to remove the drive.  Whole-genome sequencing - a 
technology that is available in many modern hospitals and is widely expected to be ubiquitous in 
the near future - is quite capable of detecting the presence of any gene drive if we decide to look.

Gene Drive Limitations 304 
 Given their potentially widespread availability, it will be essential to develop a 305 
comprehensive understanding of the fundamental limitations of genetic drive systems.   306 
 First and most important, gene drives require many generations to spread through 307 
populations.  Once transgenic organisms bearing the gene drive are constructed in the 308 
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laboratory, they must be released into the wild to mate with wild-type individuals in order to 309 
begin the process of spreading the drive through the wild population.  The total time required to 310 
spread to all members depends on the number of drive-carrying individuals that are released, the 311 
generation time of the organism, the efficiency of homing, the impact of the drive on individual 312 
fitness, and the dynamics of mating and gene flow in the population, but in general it will take 313 

several dozen generations6,35,54,59–61.  Thus, drives will spread very quickly in fast-314 
reproducing species but only slowly in long-lived organisms.   315 
 Second, gene drives cannot affect species that exclusively practice asexual reproduction 316 
through clonal division or self-fertilization.  This category includes all viruses and bacteria as well 317 
as most unicellular organisms.  Highly efficient standard drives might be able to slowly spread 318 
through populations that employ a mix of sexual and asexual reproduction, such as certain 319 
plants, but drives intended to suppress the population would presumably force target organisms 320 
to reproduce asexually in order to avoid suppression. 321 
 Third, drive-mediated genome alterations are not permanent on an evolutionary 322 
timescale.  While gene drives can spread traits through populations even if they are costly to each 323 
individual organism, harmful traits will eventually be outcompeted by more fit alleles after the 324 
drive has gone to fixation.  Highly deleterious traits may be eliminated even more quickly, with 325 
non-functional versions appearing in large numbers even before the drive and its cargo can 326 
spread to all members of the population.  Even when the trait is perfectly linked to the drive 327 
mechanism, the selection pressure favoring the continued function of Cas9 and the guide RNAs 328 
will relax once the drive reaches fixation.  Maintaining deleterious traits within a population 329 
indefinitely is likely to require scheduled releases of new RNA-guided gene drives to periodically 330 
overwrite the broken versions in the environment. 331 

 Fourth, our current knowledge of the risk management5,11,36,37,95 and 332 

containment35,38 issues associated with gene drives is largely due to the efforts of researchers 333 
focused on mosquito-borne illnesses.  Frameworks for evaluating ecological consequences are 334 

similarly focused on mosquitoes39 and the few other organisms for which alternative genetic 335 

biocontrol methods have been considered96.  While these examples provide an invaluable 336 
starting point for investigations of RNA-guided gene drives targeting other organisms, studies 337 
examining the particular drive, population, and associated ecosystem in question will be needed. 338 
 339 

Box 2:  Could gene drives alter domesticated animals or crops?  
In theory they could, though probably not without the permission of the farmers, scientists and 
breeders who typically monitor reproduction.  For example, genetic records and artificial 
insemination are so common among cattle and other domesticated animals that it would be 
exceedingly difficult for a gene drive to spread through any of these species.  Seed farms play a 
similar role for crops.  Long generation times will represent a further barrier for many 
domesticated species.  In general, our expectation is that beneficial applications are more likely 
to involve the alteration of weeds and insect pest populations rather than the crops themselves. 

Safeguards and Control Strategies 340 
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 Given the potential for gene drives to alter entire wild populations and therefore 341 
ecosystems, the development of this technology must include robust safeguards and methods of 342 

control41.   Whereas existing gene drive proposals focus on adding genes97, disrupting existing 343 

genes6, or suppressing populations, RNA-guided gene drives will also be capable of replacing 344 
existing sequences with altered versions that have been recoded to remove the sites targeted by 345 
the drive (Fig. 3).  We hypothesize that the unique ability of RNA-guided gene drives to target 346 
any gene may allow them to control the effects of other gene drives or transgenes.   347 

Reversibility 348 
 RNA-guided gene drives could reverse genome alterations that have already spread 349 
through populations.  Suppose a given gene drive causes unexpected side-effects or is released 350 
without public consent.  A “reversal” drive released later could overwrite one or all genomic 351 
changes spread by the first drive (Fig. 5A).  The new sequence spread by the reversal drive must 352 
also be recoded relative to the original to keep the first drive from cutting it, but any amino acid 353 
changes introduced by the first drive could be undone.  If necessary, a third drive could restore 354 
the exact wild-type sequence, leaving only the guide RNAs and the gene encoding Cas9 as 355 
signatures of past editing (Fig. 5B).   356 
 The ability to update or reverse genomic alterations at the speed of a drive, not just a 357 
drive-resistant allele, represents an extremely important safety feature.  Reversal drives could 358 
also remove conventionally inserted transgenes that entered wild populations by cross-breeding 359 
or natural mutations that spread in response to human-induced selective pressures.  However, it 360 
is important to note that even if a reversal drive were to reach all members of the population, any 361 
ecological changes caused in the interim would not necessarily be reversed. 362 

Immunization 363 
 RNA-guided gene drives could be used to block the spread of other gene drives.  For 364 
example, an “immunizing” drive could prevent a specific unwanted drive from being copied by 365 
recoding sequences targeted by the unwanted drive (Fig. 5A).  This could be done preemptively 366 
or reactively and would spread on a timescale comparable to that of the unwanted drive.  A 367 
combined “immunizing reversal” drive might spread through both wild-type individuals and 368 
those affected by an earlier gene drive, converting both types to a recoded version that could not 369 
be invaded by the unwanted drive (Fig. 5B).  This may represent the fastest method of 370 
neutralizing an already-released drive.  As with a standard reversal drive, any ecological changes 371 
caused in the interim would not necessarily be reversed. 372 

Precisely Targeting Subpopulations 373 
 RNA-guided gene drives might be confined to a single genetically distinct target species or 374 
even a subpopulation by targeting unique genes or sequence polymorphisms.  Because these 375 
“precision drives” will only cut the unique sequence, they will not be able to spread through non-376 
target populations as long as that sequence is sufficiently distinct.  We estimate that either the 377 
PAM or at least five base pairs of the spacer must differ within each target site in order to prevent 378 
the guide RNAs in the drive from evolving to recognize the equivalent non-target 379 

sequence73,74,80,98.   380 
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 Populations that are not genetically distinct but experience only intermittent gene flow, 381 
such as those on islands, might be given a unique sequence permitting them to be specifically 382 
targeted by precision drives later on.  For example, releasing Drive A into the island population 383 
would recode a target gene, but exhibit no other effect (Fig. 5A).  Releasing Drive B, a precision 384 
drive which would exclusively spread through Drive A but not the wild-type allele, would 385 
similarly replace Drive A with a unique sequence.  So long as Drive A does not escape the island 386 
before being replaced, the unique sequence in the island population would allow it to be targeted 387 
with future precision drives that could not spread through mainland populations (Fig. 5C).   388 

Limiting Population Suppression 389 
 Population suppression may be one of the most powerful applications of gene drives.  The 390 

previously described genetic load and sex-biasing drives6 could potentially lead to 391 

extinction54,61. While this outcome may be necessary to achieve compelling goals such as the 392 
eradication of malaria, other situations may call for more refined methods.  Here we outline a 393 
handful of alternative architectures that would provide greater control over the extent of 394 
population suppression.  395 
 Chemical approaches to population control might utilize “sensitizing drives” to render 396 
target organisms vulnerable to a particular molecule using one of three strategies (Fig. 6).  First, 397 
a sensitizing drive might reverse known mutations that confer resistance to existing pesticides or 398 

herbicides.   Second, it might carry a prodrug-converting enzyme99 that would render a prodrug 399 
molecule toxic to organisms that express it.  Third, it could swap a conserved gene for a version 400 
that is strongly inhibited by a particular small molecule.   Because sensitizing drives would have 401 
no effect in the absence of their associated molecule - and in some cases vice versa - they could 402 
grant very fine control over the geography and extent of population suppression with minimal 403 
ecological risk. 404 
 Temporal approaches to controlling populations would deliberately limit the lifetime of a 405 
suppression drive by rendering its effects evolutionarily unstable (Fig. 6).  For example, a male-406 
determining or female-specific sterility gene carried by a standard drive on an autosome would 407 
suppress the target population, but the effect would be short-lived because any drive that 408 
acquired a loss-of-function mutation in the cargo gene would be strongly favored by natural 409 
selection due to its ability to produce fertile female offspring.  Notably, turning existing female-410 

specific sterility lines5,100,101 into unstable drives may increase their effectiveness.  Periodically 411 
releasing organisms carrying new unstable drives that are capable of replacing earlier broken 412 
versions could extend the suppression effect. 413 
 Genetic approaches to population control might initiate suppression only when two 414 
distinct “interacting drives” encounter one another (Fig. 6).  For example, a cross between 415 
standard drives A and B might produce sterile females and fertile males that pass on the “sterile-416 
daughter” trait when crossed with females of any type.  Scattering A- and B-carrying individuals 417 
throughout an existing population would produce many tiny pockets dominated by either A or B 418 
and very few organisms in between due to the infertility of AB females.  Because each drive would 419 
spread from a small number of initially released individuals scattered over a wide area, this 420 
strategy may be capable of large-scale population suppression, but its effectiveness and 421 
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resolution will depend on the average distance between released A and B individuals.  Further 422 
suppressing the residual A and B populations could be accomplished by releasing only members 423 
of the opposite drive type.  Modeling studies will be needed to determine whether this possibility 424 
is feasible for different species.  Interestingly, the use of this drive type would effectively induce 425 
speciation in the affected population.   426 
 Finally, immunizing drives might protect specific subpopulations from the effects of full-scale 427 
suppression drives released elsewhere (Fig. 6).  Assuming some degree of gene flow, the 428 
immunized population will eventually replace the suppressed population, though this might be 429 
delayed if crossing the two drives generates a sterile-daughter effect as described above.  Due to 430 
the comparatively uncontrolled spread of both drive types through the wild-type population, this 431 
method would only be suited to large geographic areas or subpopulations with limited gene flow. 432 
For example, immunization might be used to protect the native population of a species while 433 
suppressing or eradicating populations on other continents. 434 
 435 

Box 3:  What types of genes can be edited using gene drives? 
 Genes can be edited reliably if they are important to fitness.  This is because NHEJ 
events that create drive-resistant alleles by deleting all the protospacer cut sites will only be 
harmful if they disrupt the function of important genes.  NHEJ events in unimportant genes and 
sequences will produce drive-resistant alleles lacking the targeted sites.  These will spread and 
interfere with propagation of the drive.  As a result, unimportant genes can be reliably disrupted 
or deleted but not edited. 
 Genes that are carried as cargo will not be evolutionarily stable unless they directly 
contribute to the efficient function of the drive.  This limits opportunities to spread transgenes 
unrelated to drive function, although periodically releasing new drives that overwrite earlier 
broken versions could potentially maintain functional cargo genes in a large fraction of the 
population. 

Applications of RNA-Guided Gene Drives 436 
RNA-guided gene drives have the potential to merge the fields of genomic and ecological 437 

engineering.  They may enable us to address numerous problems in global health, agriculture, 438 
sustainability, ecological science, and many other areas (Fig. 7).  Of these opportunities, perhaps 439 
the most compelling involve curtailing the spread of vector-borne infectious diseases, controlling 440 
agricultural pests, and reducing populations of environmentally and economically destructive 441 
invasive species. 442 

Eradicating Insect-Borne Diseases 443 
 The human toll inflicted by infectious diseases spread by insects is staggering.  Malaria 444 
alone kills over 650,000 people each year, most of them children, while afflicting 200 million 445 

more with debilitating fevers102.  Dengue, yellow fever, chikungunya, trypanosomiasis, 446 
leishmaniasis, Chagas, and Lyme disease are also spread by insects.  These afflictions could 447 
potentially be controlled or even eradicated by altering vector species to block transmission.  448 
Several laboratories have identified candidate gene disruptions or transgenes that interfere with 449 

the transmission of malaria97,103,104 and other well-studied diseases105.  Depending on their 450 
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effectiveness, these alterations may or may not allow the disease to be eradicated before the 451 
pathogen evolves resistance.  Alternatively, the relevant vector species might be suppressed or 452 
eliminated using RNA-guided gene drives, then potentially reintroduced from sheltered 453 
laboratory or island populations once disease eradication is complete. In the case of malaria, 454 
gene drive strategies may represent particularly effective solutions to the emerging problem of 455 
mosquito vectors with an evolved preference to bite and rest outdoors, traits that render them 456 
resistant to current control strategies based on indoor insecticide spraying and bednets.  457 

Agricultural Safety and Sustainability 458 
 The evolution of resistance to pesticides and herbicides is a major problem for 459 
agriculture.  It has been assumed that resistant populations will remain resistant unless the 460 
relevant alleles impose a substantial fitness cost in the absence of pesticide or herbicide.  We 461 
propose that RNA-guided sensitizing drives might replace resistant alleles with their ancestral 462 
equivalents to restore vulnerability.  For example, sensitizing drives could potentially reverse the 463 

mutations allowing the western corn rootworm to resist Bt toxins106 or horseweed and pigweed 464 

to resist the herbicide glyphosate107,108, which is currently essential to more sustainable no-till 465 
agriculture.  Because these three organisms undergo one generation per year, comparatively large 466 
numbers of drive-bearing individuals must be released to quickly exert an effect, but fewer than 467 

are already released to control pests using the sterile-insect technique109,110.   Releases would 468 
need to occur in local areas not treated with pesticide or herbicide, which would quickly become 469 
reservoirs of sensitizing drives that could spread into adjacent fields.  Periodically releasing new 470 
drives could potentially allow any given pesticide or herbicide to be utilized indefinitely.  471 
Modeling experiments will be needed to evaluate feasibility for different target species. 472 
 A second form of sensitizing drive could potentially render pest populations vulnerable to 473 
molecules that never previously affected them.  For example, a gene important to fitness might be 474 
replaced with a version from another species or laboratory isolate whose function is sensitive to a 475 
particular compound.  In principle, this approach could eventually lead to the development and 476 
use of safer and more species-specific pesticides and herbicides. 477 

Controlling Invasive Species 478 
 One of the most environmentally damaging consequences of global economic activity is 479 
the introduction of invasive species, which often cause ecological disruption or even the 480 
extinction of native species.  Isolated ecosystems such as those on small islands are especially 481 
vulnerable.  RNA-guided suppression drives might be used to promote biodiversity by controlling 482 
or even eradicating invasive species from islands or possibly entire continents.  The economics of 483 
invasive species control are also compelling: the top ten invasives in the United States cause an 484 

estimated $42 billion in damages every year112.  Black and brown rats alone cause $19 billion in 485 
damages and may be responsible for more extinctions than any other nonhuman species. 486 

Deploying RNA-guided suppression drives against invasive species will incur two primary 487 
risks related to undesired spread.  First, rare mating events may allow the drive to affect closely 488 
related species.  Using precision drives to target sequences unique to the invasive species could 489 
mitigate or eliminate this problem.  Second, the suppression drive might spread from the 490 
invasive population back into the native habitat, perhaps even through intentional human action. 491 
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Native populations might be protected using an immunizing drive, but doing so would 492 
risk transferring immunity back into invasive populations.  Instead, we might grant the invasive 493 
population a unique sequence with a standard drive (Fig. 5C), verify that these changes have not 494 
spread to the native population, and only then release a suppression drive targeting the recoded 495 
sequences while holding an immunizing drive in reserve.  Another approach might utilize a 496 
sensitizing drive to render all populations newly vulnerable to a specific compound, which could 497 
then be used as a pesticide for the local control of invasive populations.  All of these possibilities 498 
will require modeling and experimentation to establish safety and feasibility before use.   499 

Most importantly, all decisions involving the use of suppression drives must involve 500 
extensive deliberations including but not limited to ecologists and citizens of potentially affected 501 
communities.  502 

Development and Release Precautions 503 
Because any consequences of releasing RNA-guided gene drives into the environment 504 

would be shared by the local if not global community, research involving gene drives capable of 505 
spreading through wild-type populations should occur only after a careful and fully transparent 506 
review process.  However, basic research into gene drives and methods of controlling their effects 507 
can proceed without risking this type of spread so long as appropriate ecological or molecular 508 
containment strategies are employed (Fig. 8).   509 

A great deal of information on probable ecological outcomes can be obtained without 510 
testing or even building replication-competent gene drives.  For example, early studies might 511 
examine possible ecological effects by performing contained field trials with organisms that have 512 
been engineered to contain the desired change but do not possess a functional drive to spread it.  513 
Because they do involve transgenic organisms, these experiments are not completely without 514 
risk, but such transgenes are unlikely to spread in the absence of a drive.   515 

We recommend that all laboratories seeking to build standard gene drives capable of 516 
spreading through wild populations simultaneously create reversal drives able to restore the 517 
original phenotype.  Similarly, suppression drives should be constructed in tandem with a 518 
corresponding immunizing drive.  These precautions would allow the effects of an accidental 519 
release to be swiftly if partially counteracted.  The prevalence of gene drives in the environment 520 
could in principle be monitored by targeted amplification or metagenomic sequencing of 521 
environmental samples.  Further investigation of possible monitoring strategies will be needed. 522 

Transparency, Public Discussion, and Evaluation 523 
Technologies with the potential to significantly influence the lives of the general public 524 

demand societal review and consent.  As self-propagating alterations of wild populations, RNA-525 
guided gene drives will be capable of influencing entire ecosystems for good or for ill.  As such, it 526 
is imperative that all research in this nascent field operate under conditions of full transparency, 527 
including independent scientific assessments of probable impacts and thoughtful, informed, and 528 
fully inclusive public discussions. 529 
 The decision of whether or not to utilize a gene drive for a given purpose should be based 530 
entirely on the probable benefits and risks of that specific drive.  That is, each drive should be 531 
judged solely by its potential outcomes, such as its ability to accomplish the intended aims, its 532 
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probable effects on other species, the risk of spreading into closely related species by rare mating 533 
events, and impacts on ecosystems and human societies.  As scientists developing these 534 
technologies, it will be our responsibility to make all empirical data and predictive models freely 535 
available to the public in a transparent and understandable format.  Above all else, we must 536 
openly share our level of confidence in these assessments as we determine how best to proceed. 537 

Discussion 538 
 The potentially widespread implications of RNA-guided gene drives demand a thoughtful 539 
and collected response.  Numerous practical difficulties must be overcome before gene drives will 540 
be in a position to address any of the suggested applications.  Many of our proposals and 541 
predictions are likely to fall short simply because biological systems are complex and difficult to 542 
engineer.  Even so, the current rate of scientific advancement related to Cas9 and the many 543 
outcomes accessible using the simplest of gene drives suggest that molecular biologists will soon 544 
be able to edit the genomes of wild populations, reverse or update those changes in response to 545 
field observations, and perhaps even engage in targeted population suppression.   546 
 What criteria might we use to evaluate an RNA-guided gene drive intended to address a 547 
given problem?  There are compelling arguments in favor of eliminating insect-borne human 548 
diseases, developing and supporting more sustainable agricultural models, and controlling 549 
environmentally damaging invasive species.  At the same time, there are valid concerns regarding 550 
our ability to accurately predict the ecological and human consequences of these interventions.  551 
By bringing these possibilities before the scientific community and the public prior to their 552 
realization in the laboratory, we hope to initiate transparent, inclusive, and well-informed 553 
discussions concerning the responsible evaluation and application of these nascent 554 

technologies41. 555 
 556 
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Fig. 1.  The spread of endonuclease gene drives. (A)  When an organism carrying an 572 
endonuclease gene drive (blue) mates with a wild-type organism (grey), the gene drive is 573 
preferentially inherited by all offspring.  This  can enable the drive to spread until it is present in 574 
all members of the population - even if it is mildly deleterious to the organism.  (B)  575 
Endonuclease gene drives are preferentially inherited because the endonuclease cuts the 576 
homologous wild-type chromosome.  When the cell repairs the break using homologous 577 
recombination, it must use the gene drive chromosome as a repair template, thereby copying the 578 
drive onto the wild-type chromosome.  If the endonuclease fails to cut or the cell uses the 579 
competing non-homologous end-joining repair pathway, the  drive is not copied, so efficient gene 580 
drives must reliably cut when homology-directed repair is most likely. 581 
 582 
 583 
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Fig. 2. Consequences and timing of gene drive replication.  (A) Gene drives can carry other 584 
genes with them as cargo.  For example, a transgene that blocks malaria transmission could be 585 
driven through wild mosquito populations.  There is no selection to maintain the function of a 586 
cargo gene.   (B)  Gene drives can disrupt or replace other genes.  For example, a drive might 587 
replace a mosquito gene important for malaria transmission. Because it cannot spread without 588 
disrupting the target gene, this strategy is evolutionarily stable.  (C)  If homing occurs in the 589 
zygote or early embryo, all organisms that carry the drive will be homozygous in all of their 590 
tissues.  (D) If homing occurs in the late germline cells that contribute to sperm or eggs, the 591 
offspring will remain heterozygous in most tissues and avoid the consequences of drive-induced 592 
disruptions. 593 
 594 
 595 
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Fig. 3.  RNA-guided genome editing via Cas9.  The Cas9 nuclease protein and guide RNA must 596 
first be delivered into the target cell.  This is often accomplished by transfecting DNA expression 597 
plasmids, but delivering RNA is also effective.  The guide RNA directs Cas9 to bind target DNA 598 
“protospacer” sequences that match the “spacer” sequence within the guide RNA.  Protospacers 599 
must be flanked by an appropriate protospacer-adjacent motif (PAM), which is NGG for the most 600 

commonly used Cas9 protein69.  If the spacer and protospacer are identical or have only a few 601 
mismatches at the 5' end of the spacer, Cas9 will cut both strands of DNA, creating a blunt-ended 602 
double-strand break.   If supplied with a repair template containing the desired changes and 603 
homology to the sequences on either side of the break, the cell may use homologous 604 
recombination to repair the break by incorporating the repair template into the chromosome.  605 
Otherwise, the break will be repaired by non-homologous end-joining, resulting in gene 606 
disruption.  Cas9 cutting is efficient enough to alter both chromosomes at the same time and/or 607 

to edit multiple genes at once22,71.  If the cell being edited is a germline cell that gives rise to 608 
eggs or sperm, the changes can be inherited by future generations. 609 
 610 
 611 
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Fig. 4.  Technical advantages of RNA-guided gene drives.  Clockwise from lower left: The 612 
targeting flexibility of Cas9 permits the exclusive selection of target sequences with few potential 613 
off-targets in the genome.  Targeting multiple sites increases the cutting frequency and hinders 614 
the evolution of drive resistant alleles, which must accumulate mutations at all of the sites.  The 615 
Cas9 nuclease is can be quite specific in the sequences that it targets; fruit flies do not exhibit 616 
notable fertility or fitness defects resulting from off-target cutting when both Cas9 nuclease and 617 

guide RNAs are expressed in the germline77. Choosing target sites with few or no close relatives 618 

in the genome, using truncated guide RNAs70, employing paired Cas9 nickases72 instead of 619 

nucleases, or utilizing Cas9-FokI fusion proteins81,82 can further increase specificity.  Several of 620 

these strategies can reduce the off-target mutation rate to borderline undetectable levels70,81,82.  621 
The frequency at which the drive is correctly copied might be increased by using Cas9 as a 622 

transcriptional regulator to activate HR genes and repress NHEJ genes72,75 (Fig. 4-S1).  By 623 
choosing target sites within an essential gene, any non-homologous end-joining event that 624 
deletes all of the target sites will cause lethality rather than creating a drive-resistant allele, 625 
further increasing the evolutionary robustness of the RNA-guided gene drive.  Other options 626 
include using distinct promoters and guide RNAs to avoid repetitiveness and increase stability 627 
(Fig. 4-S2) or employing newly characterized, engineered, or evolved Cas9 variants with 628 

improved properties83,84.   These optimization strategies have also been summarized in tabular 629 
form with additional details (Fig 4-S3). 630 
 631 
 632 
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Fig. 5.     Methods of reversing, preventing, and controlling the spread and effects of gene drives.  633 
(A)  Reversal drives could correct or reverse genomic alterations made by an earlier drive with 634 
unexpected side effects.  They might also be used to reverse conventionally engineered or evolved 635 
changes.   Immunization drives could prevent other gene drives from affecting a specific 636 
population or provide a population with resistance to DNA viruses.  Precision drives could 637 
exclusively spread through a subpopulation with a unique gene or sequence.  (B) Together, these 638 
can quickly halt an unwanted drive and eventually restore the sequence to the original wild-type 639 
save for the residual Cas9 and guide RNAs.  (C) Any population with limited gene flow can be 640 
given a unique sequence  by releasing drives A and B in quick succession.  So long as drive A does 641 
not escape into other populations before it is completely replaced by drive B, subsequent 642 
precision drives can target population B without risking spread into other populations.  643 
 644 
 645 
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Fig. 6. Controlling population suppression.  Previously proposed genetic load and meiotic 646 
suppression drives spread without limit and may incur a substantial risk of extinction.  647 
Alternative gene drive types might be used to grant finer control over the extent of suppression.    648 
“Sensitization drives” would be harmless save for conferring vulnerability to a particular 649 
chemical, which could then be used as a population-specific pesticide.  Evolutionarily “unstable 650 
drives” would place a limit on the average number of drive copying events and thus the extent of 651 
population suppression.   “Interacting drives” would initiate suppression only upon encountering 652 
a specific genetic signature in the population, in this case a different gene drive.  The 653 
combination would create a sterile-daughter effect (Fig6-S1) capable of continuing suppression 654 
for several generations.  Finally, an immunizing drive could protect a subpopulation from a full 655 
genetic load or male-biasing suppression drive employed elsewhere.  Interacting drive and 656 
immunizing drive approaches would  be effective on very large populations spread across 657 
substantial geographic areas (Fig6-S2) while suffering from correspondingly reduced geographic 658 
resolution and greater ecological risk (Fig6-S3).  Resolutions are approximations only and will 659 
vary with the specific drive utilized in each class. 660 
 661 
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Fig. 7. Potential applications of RNA-guided gene drives.  Clockwise from left. Disease vectors 662 
such as malarial mosquitoes might be engineered to resist pathogen acquisition or eliminated 663 
with a suppression drive.  Wild populations that serve as reservoirs for human viruses could be 664 
immunized using Cas9, RNAi machinery, or elite controller antibodies carried by a gene drive.   665 
Reversal and immunization drives could help ensure that all transgenes are safe and controlled.  666 
Drives might quickly spread protective genes through threatened or soon-to-be-threatened 667 

species such as amphibians facing the expansion of chytrid fungus111.  Invasive species might be 668 
locally controlled or eradicated without directly affecting others. Sensitizing drives could improve 669 
the sustainability and safety of pesticides and herbicides.  Gene drives could test ecological 670 
hypotheses concerning gene flow, sex ratios, speciation, and evolution.  Technical requirements 671 
for these applications vary with the drive type required (Fig. 7-S1). 672 



eLife (2014) doi:10.7554/eLife.03401      31    

Fig. 8.  Containment strategies and ecological risk.  Ecological containment involves building 673 
and testing gene drives in geographic areas that do not harbor native populations of the target 674 
species.  For example, most gene drive studies involving tropical malarial mosquitoes have been 675 
conducted in temperate regions in which the mosquitoes cannot survive or find mates.  676 
Molecular containment ensures that the basic requirements for drive are not met when mated 677 
with wild-type organisms.  True drives must cut the homologous wild-type sequence and copy 678 
both the gene encoding Cas9 and the guide RNAs.  Experiments that cut transgenic sequences 679 
absent from wild populations and copy either the gene encoding Cas9 or the guide RNAs - but 680 
not both - should be quite safe.  Ecological or molecular containment should  allow basic research 681 
into gene drive effectiveness and optimization to be pursued with negligible risk.  Fig.8-S1 682 
categorizes these and many other possible experiments according risk. 683 
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Fig. 4-S1.  Enhancing drive copying by regulating endogenous genes.  (A) Very short guide 684 

RNAs direct nuclease-active Cas9 to bind but not cut the corresponding protospacer91.  When 685 

bound near the promoter of a gene, Cas9 has been shown to repress transcription75.  Using the 686 
drive nuclease to repress key genes required for the non-homologous end-joining (NHEJ) 687 
pathway may increase the rate at which the drive is copied by boosting the effective rate of the 688 
competing homologous recombination (HR) pathway.  (B)  NHEJ genes could be repressed and 689 
HR genes activated in advance of cutting by employing an orthogonal nuclease-null Cas9 protein 690 
as a transcriptional regulator.  The regulator would be expressed in the desired germline stage 691 
using an appropriate tissue-specific promoter and repress NHEJ genes by simple binding.  HR 692 
genes could be simultaneously activated using guide RNAs featuring additional 3' hairpins that 693 

bind a transcriptional activator expressed separately98, or by using a separate orthogonal Cas9.  694 
To ensure that modulation of repair pathways is coincident with cutting, the regulator might 695 
similarly activate transcription of the drive nuclease.  Regulation will be evolutionarily stable 696 
during the lifetime of the drive if the drive nuclease requires the regulator for proper expression.   697 
 698 
 699 



eLife (2014) doi:10.7554/eLife.03401      33    

Figure 4-S2. Repetitiveness and evolutionary stability of multiple guide RNAs.  (A)  700 
Homologous recombination between repetitive DNA sequences can lead to instability.  Attempts 701 
to build zinc-finger and TALEN gene drives demonstrated that repeated components are severely 702 

unstable during drive copying, possibly due to the single-strand annealing pathway16.  While the 703 
cas9 gene itself has no repeats, recombination between guide RNA cassettes or guide RNA 704 
promoters - most commonly the U6 promoter - is a possibility.  (B)  Using multiple guide RNAs 705 
with differing sequences that are known to retain function could reduce homology and thereby 706 
prevent instability.  The length of the hairpin created by fusing the bacterial tracrRNA and crRNA 707 

can be varied by more than a dozen bases with equivalent activity92, while tracrRNA equivalents 708 

from closely related bacteria can be substituted94.  Similar alterations could presumably be 709 

discovered through experimentation114.  Together, these allow the creation of many different 710 
functional guide RNA sequences that do not share more than a few dozen bases of homology.  711 
Homology in the promoters used for guide RNA expression - most commonly U6 -  might be 712 
similarly reduced by employing different Polymerase III promoters; several of which are typically 713 

present in each species23,115,116.  (C)   To reduce the requirement for multiple promoters, 714 
studies have shown that more than one guide RNAs can be expressed from a single promoter in 715 
various ways82,116.  If cutting is already highly efficient, strategies that utilize RNA polymerase II 716 

promoters that typically exhibit reduced cutting efficiency may represent alternatives116.  (D) 717 
The total number of guides and promoters can be doubled without notably decreasing stability by 718 
arranging them in two inverted groups on opposite sides of the drive. Finally, guide RNA 719 
engineering and improvement is an extremely active area of research; if current solutions prove 720 
to be inadequate, it is likely that alternatives will soon become available. 721 
 722 
 723 
 724 
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Figure 4-S3. Table of known technological advances that might be adapted to 725 
optimize gene drive efficiency.  Off-target fitness cost, Cas9 cutting efficacy, and 726 
correct drive copying by homologous recombination (HR) are the primary 727 
determinants of drive fitness.  The ideal standard gene drive confers an effective 728 
fitness benefit of 100%, as it is transmitted to twice as many progeny with no fitness 729 
cost.  The fitness of suppression drives is more complicated due to species-specific 730 
density and resource-dependence and mating dynamics and must be considered on 731 
a case-by-case basis.   732 
 The most challenging problem at the molecular scale concerns the highly variable rates of 733 
homologous recombination (HR) relative to non-homologous end-joining (NHEJ) in different 734 
species, cell types, and developmental stages.  Cas9 cutting should ideally occur during a stage 735 
featuring efficient HR and minimal NHEJ to maximize fitness.  Within the germline, homologous 736 
recombination rates are normally highest in the oocyte because NHEJ is nearly absent in that cell 737 
type.  As development progresses, the incidence of NHEJ rises sharply even if the HR machinery 738 
remains active.  For this reason, we anticipate that maternally transmitted drives that both cut 739 
and are copied into the paternal chromosome in the zygote will be among the most efficient.   740 
 Paternally transmitted drives cannot cut the maternal chromosome until they are 741 
expressed, which occurs at different times in different species.  Those species that initiate 742 
transcription comparatively early, such as mice, are likely to be more amenable to gene drives 743 
than those that begin late, such as Drosophila.  However, this does not necessarily imply that HR 744 
occurs at low efficiency in Drosophila embryos; injecting Cas9 and guide RNA-encoding 745 

plasmids along with a template to be copied yielded correct insertions in 13/16 embryos25.  In 746 
contrast, injecting Cas9 and guide RNAs targeting two genes along with templates for repair into 747 
mouse embryos yielded 7/10 pups with the first insertion and 8/10 with the second insertion, 748 
with six of those having both; all other mice utilized NHEJ.  We suspect that while drive copying 749 
rates will be difficult to predict in advance in a given species, any drive constructed with a 750 
housekeeping, viral, or strong germline promoter is likely to function reasonably well due to the 751 
combination of highly efficient maternal copying and moderate paternal copying in the zygote 752 
and early embryo.   753 
 Germline copying can also occur later in development for standard drives.  The difference 754 
between achiasmate species with low HR rates during meiosis, at least in males, and chiasmate 755 
species is likely to be crucial.  The difference is clearly demonstrated by comparing the Anopheles 756 
drive, which exhibited 97% HR and a fitness benefit over 50% (25% given its restriction to 757 

males)9, to the equivalent Drosophila drive, which exhibited 71% HR and an effective fitness 758 
benefit of 32% (54% homing - 22% NHEJ; a 16% benefit given its restriction to males) only after 759 

extensive optimization76.  The latter was improved from an initial construct demonstrating only 760 

35% HR63, which is insufficient to generate a fitness benefit if targeting an essential gene and 761 
will generate more resistant alleles than copies of the drive if not.  Limiting expression to the late 762 
germline may be very effective, but early germline or especially oocytic expression may be 763 
superior depending on the species.   764 
 Finally, it may be possible to repress genes required for the competing non-homologous 765 
end-joining pathway using Cas9 in order to boost the effective homologous recombination rate in 766 
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a particular germline stage (Fig. 4-S1).  Genes responsible for homologous recombination might 767 
be activated in a similar manner.  The main question is whether the resulting changes in protein 768 
abundance will occur quickly enough to influence drive copying.   769 
 770 
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Fig. 6-S1. Sample interacting drives that produce a sterile-daughter effect.  (A) Drive 771 
A spreads through the wild-type population without any phenotypic effect using Cas9-A and 772 
guide RNAs A-E (essential).  It also carries guide RNAs B-F (fertility), which cannot be utilized by 773 
Cas9-A.  (B) Drive B spreads through the wild-type population without any phenotypic effect 774 
using Cas9-B and guide RNAs B-E (essential).  It also carries guide RNAs A-F (fertility), which 775 
cannot be utilized by Cas9-B.  Cas9-A and Cas9-B are orthogonal in that they do not recognize 776 
one another's guide RNAs.  (C)   When organisms bearing Drives A and B are crossed, offspring 777 
inherit one copy of each.  Both drives are copied as normal.  In addition, Cas9-A (from Drive A) 778 
uses guide RNAs A-F (from Drive B) to cut a gene essential for female fertility, while Cas9-B 779 
(from Drive B) does the same using guide RNAs-B-F (from Drive A) to cut a different gene.  780 
Drives A and B have internal homology appropriate to be copied into these cut fertility genes, 781 
disrupting them and causing infertility in females.  If all repairs are conducted via homologous 782 
recombination, there are now four drives: A, B, AB1, and AB2.  In reality, recombination between 783 
the non-homologous chromosomes is likely to be less efficient, causing loss of the female fertility 784 
genes but not explicit copying of AB1 and/or AB2.  The phenotypic effect is identical. 785 
 786 
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Fig. 6-S2.  An extreme example of ecological management: the use of suppression 787 
and immunizing drives to control rat populations worldwide.  (A) Releasing Y-Drive-788 
SD (male-biasing sterile-daughter) rats into invasive rat populations would initiate local 789 
eradication while an immunizing drive protectively recoded the native rat populations of Eurasia.  790 
Stowaway-mediated gene flow, depicted as a border of Y-Drive-SD framing Eurasia, will result in 791 
local population suppression due to the sterile-daughter effect that would remain when the drives 792 
interacted, limiting the ability of either population to invade the other.  This control process 793 
would have to be repeated with new drives once recoded stowaways successfully re-invade the 794 
rat-free habitats.  Because of the complexity of gene flow patterns in rats, the uncertainty of 795 
whether a Y-Drive-SD would be effective, and the possibility for adverse human intervention, 796 
controlling rat populations in this way will not be feasible any time within the next decade and 797 
possibly not at all, but it provides a useful world-spanning example of a possible drive-based 798 
solution aiming to solve a serious global problem.  Relying on precision drives to give specific 799 
invasive rat populations unique genetic markers (Fig. 5C) for subsequent targeting with 800 
precision suppression drives or utilizing weaker suppression drive types (Fig. 6) may represent 801 
more feasible alternatives. 802 
 803 
 804 
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Fig. 6-S3. Characteristics of population suppression drives. The optimal 805 
suppression drive for a given population will be highly species- and situation-806 
dependent.  In species with poorly understood genetics, more technically 807 
challenging drives may not be an option.  While all true drives risk spreading into 808 
non-target populations with compatible sequences, the ecological risks to those 809 
populations vary.  For some drives, a single individual escaping to a non-target 810 
population could cause widespread population suppression or even extinction, 811 
while others would require multiple sequential escapees of particular drive types.  812 
Some drives will be quickly eliminated by natural selection if not continually re-813 
released, others would require a reversal drive to restore the wild-type sequence 814 
but should not have any phenotypic effects, and the most aggressive would require 815 
a suitable immunizing drive to be released within a certain timeframe in order to 816 
prevent a population crash.  All of these risks could be mitigated by first recoding 817 
the target population to create a unique target sequence using successive standard 818 
drives (Fig. 5A-B}).   “Sterile-daughter” refers to a drive cassette that causes female infertility 819 
analogous to Drives AB1 and AB2 in Fig. 6-S1; because its fitness will be at most 50% of a 820 
standard gene, it cannot exhibit true drive.   821 
 822 
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Fig. 7-S1.  Technical limitations of different gene drive architectures with 823 
implications for various applications.  In addition to those listed above, an RNA-824 
guided gene drive spreading through a population will be under selection to 825 
maintain the function of Cas9 and the guide RNAs, as any nonfunctional mutants 826 
will lose their inheritance advantage.  This selective pressure is restricted to 827 
components that relate to drive function or efficiency and will only last for as long 828 
as the drive spreads.  Once it reaches fixation, any mutations that can increase 829 
fitness by inactivating the drive components will be favored.   830 
 831 
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Fig.8-S1. Estimated ecological risk of experiments during RNA-guided gene drive 832 
development.  This should not be considered an exhaustive list, but includes many 833 
relevant experiments that might be performed during the development of an RNA-834 
guided gene drive of any type.  The assessment of ecological risk is intended to be a 835 
guideline only and will vary with the purpose of the drive.  For example, releasing a 836 
laboratory-tested “neutral” drive that is intended to cause no changes in organism 837 
phenotype beyond spreading its cas9 gene, guide RNAs, and recoded essential gene 838 
through the population is listed as a moderate risk because it will certainly edit a wild population, 839 
but in a way that is comparatively unlikely to affect its interactions with the ecosystem.  840 
Contained field trials of drives that do cause phenotypic changes are listed as moderate-high risk 841 
due to the very real possibility of a containment breach and subsequent unintentional population 842 
engineering; a standard drive with few or no expected phenotypic effects would represent a 843 
moderate risk, while a suppression drive would represent a high risk. 844 
 845 
 846 


















