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Abstract  45 
 46 

The use of CRISPR-Cas9 has revolutionized functional genetic work in many organisms, 47 
including more and more insect species. However, successful gene editing or genetic 48 
transformation has not yet been reported for chelicerates, the second largest group of 49 
terrestrial animals. Within this group, some mite and tick species are economically very 50 
important for agriculture and human health, and the availability of a gene-editing tool would 51 
be a significant advancement for the field. Here, we report on the use of CRISPR-Cas9 to create 52 
gene knock-outs in the spider mite Tetranychus urticae. The ovary of virgin adult females was 53 
injected with a mix of Cas9 and sgRNAs targeting the phytoene desaturase gene. Natural 54 
mutants of this gene have previously shown an easy-to-score albino phenotype. Albino sons 55 
of injected virgin females were mated with wild-type females, and two independent 56 
transformed lines where created and further characterized. Albinism inherited as a recessive 57 
monogenic trait. Sequencing of the complete target-gene of both lines revealed two different 58 
lesions at expected locations near the PAM site in the target-gene. Both lines did not 59 
genetically complement each other in dedicated crosses, nor when crossed to a reference 60 
albino line with a known genetic defect in the same gene. In conclusion, two independent 61 
mutagenesis events were induced in the spider mite T. urticae using CRISPR-Cas9, providing 62 
an impetus for genetic transformation in chelicerates and paving the way for functional 63 
studies using CRISPR-Cas9 in T. urticae. 64 
 65 
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1 Introduction 89 
 90 
Mites and ticks are members of the chelicerates, the largest group of terrestrial animals after 91 
insects. T. urticae and other spider mites are important crop pests worldwide. This herbivore 92 
species is at the extreme end of the generalist-to-specialist spectrum and can feed on a 93 
staggering 1,100 plant species. Not surprisingly, it is currently reported as the ‘most resistant’ 94 
pest worldwide, as it developed resistance to more than 90 acaricides (Mota-Sanchez and 95 
Wise, 2019; Van Leeuwen and Dermauw, 2016; Van Leeuwen et al., 2015). In 2011, a 90 Mb 96 
high-quality Sanger-sequenced genome became available for this species (Grbic et al., 2011). 97 
This allowed to disentangle some of the molecular mechanisms underlying resistance, 98 
whether to man-made pesticides or plant secondary compounds. The extreme adaptation 99 
potential of T. urticae was associated with specific gene expansions in known detoxification 100 
enzyme families, such as cytochrome P450 monooxygenases, glutathione-S-transferases, 101 
carboxyl-choline esterases, an unexpected repertoire of ABC and MFS transporters, and a 102 
proliferation of cysteine peptidases (Dermauw et al., 2013a; Dermauw et al., 2013b; Grbic et 103 
al., 2011; Santamaría et al., 2012). In addition, several genes acquired via horizontal gene 104 
transfer were uncovered and characterized, such as intradiol-ring cleaving dioxygenases 105 
(Schlachter et al., 2019; Wybouw et al., 2012; Wybouw et al., 2014; Wybouw et al., 2018). 106 
Gene-expression studies have revealed large transcriptional differences between susceptible 107 
and resistant T. urticae strains, as well as after short-term transfer or adaptation to new hosts 108 
(Dermauw et al., 2013b; Grbic et al., 2011; Snoeck et al., 2018; Wybouw et al., 2014; Wybouw 109 
et al., 2015; Zhurov et al., 2014). Furthermore, mite-plant interactions have been thoroughly 110 
examined (Alba et al., 2015; Blaazer et al., 2018; Bui et al., 2018; Jonckheere et al., 2016; 111 
Martel et al., 2015; Santamaría et al., 2019; Wybouw et al., 2015; Zhurov et al., 2014). For 112 
instance, some salivary proteins were shown to modulate plant defenses (Iida et al., 2019; 113 
Villarroel et al., 2016). The availability of a high-quality genome and new technical advances 114 
in high-throughput sequencing has also led to the development of a genetic mapping tool, 115 
bulked-segregant analysis, which allowed to map quantitative trait loci at high resolution 116 
(Bryon et al., 2017; Kurlovs et al., 2019; Van Leeuwen et al., 2012; Wybouw et al., 2019a). To 117 
conclude, the spider mite has been an exceptional good model to study adaptation, owing to 118 
clear advantages in experimental manipulation, a small high-quality genome and the 119 
development of advanced genomic mapping tools. 120 

 121 
However, the lack of tools for reverse genetics that can directly validate the involvement 122 

of genes and mutations in phenotypes of interest (and validate most of the work outlined 123 
above) has impeded critical advances in T. urticae molecular biology. RNA interference (RNAi) 124 
has dramatically accelerated scientific progress in different groups of insects (Scott et al., 125 
2013), linking genes with phenotypes, but this technique is currently not always 126 
straightforward in mites (Kwon et al., 2016; Suzuki et al., 2017). Even more so, a recent 127 
technique, named clustered regularly interspaced short palindromic repeats (CRISPR) - 128 
CRISPR-associated protein 9 (Cas9), has revolutionized functional genetic work in many 129 
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organisms (Zhang and Reed, 2017). Successful CRISPR-Cas9-mediated gene manipulation has 130 
been reported for a steadily increasing number of organisms in the arthropod subphyla 131 
Crustaceae (Gui et al., 2016; Martin et al., 2016; Nakanishi et al., 2014) and Hexapoda, 132 
including Diptera, Hymenoptera, Hemiptera, Coleoptera, Orthoptera and diverse Lepidoptera 133 
(see Sun et al. (2017) for a review, Kotwica-Rolinska et al. (2019); Xue et al. (2018)), but not in 134 
the wide group of chelicerates. It is clear that the development of such method for directed, 135 
heritable gene editing is also crucial for the study of T. urticae and other mite and tick species. 136 

 137 
The CRISPR-Cas9 technique currently usually consists of a two-component system with a 138 

small, easy to synthesize single guide RNA (sgRNA) and a bacterial nuclease (Cas9). It 139 
introduces double-stranded breaks in eukaryotic genomes, where the breaks can be repaired 140 
randomly (non-homologous end-joining, NHEJ) or based on a template (homology-directed 141 
repair) (Scott et al., 2018). In order to obtain efficient genomic DNA cleavage, Cas9 and sgRNA 142 
should be introduced into the oocytes (Rungger et al., 2017). In Drosophila, this is currently 143 
most easily accomplished by injecting sgRNAs in transgenic embryos expressing Cas9 under a 144 
germline-specific promotor (see for example Bajda et al. (2017) and Douris et al. (2016), and 145 
references in Korona et al. (2017)). Most current approaches with non-model organisms rely 146 
upon delivering the Cas9 ribonucleoprotein (RNP) complex (Cas9 protein + sgRNA) by 147 
embryonic microinjection (Chaverra-Rodriguez et al., 2018). However, within the chelicerates, 148 
embryo injection has not been accomplished yet, as injected embryos die (Garb et al., 2018; 149 
Sharma, 2017). This is probably the main reason why transgenic mites and ticks have not yet 150 
been reported (with the exception of one older study that was never replicated (Presnail and 151 
Hoy, 1992)). An alternative method, avoiding the injection of eggs or embryos, is delivery of 152 
the RNP complex to the germline by injecting the mother animals. Such approaches already 153 
proved to be successful for organisms such as nematodes (Witte et al., 2015) and insects 154 
(Chaverra-Rodriguez et al., 2018; Hunter et al., 2018; Macias et al., 2019). In this study, we 155 
used a similar approach, and injected virgin T. urticae females with a Cas9-sgRNA complex 156 
targeting the T. urticae phytoene desaturase gene, a gene essential for red pigmentation 157 
(Bryon et al., 2017; Bryon et al., 2013). Among the progeny, we identified albino males and 158 
show that their albino phenotype was the result of Cas9-induced mutations in the phytoene 159 
desaturase gene, hereby providing proof of principle of the feasibility of genetic modification 160 
of mites and other chelicerates. 161 

2 Material and Methods 162 

2.1 T. urticae strain 163 
The London strain (wild type, WT) of T. urticae is an outbred reference laboratory strain (Van 164 
Leeuwen et al., 2012) and was used for sequencing of the complete T. urticae genome (Grbic 165 
et al., 2011). All injection experiments were performed with mites from this strain. The Alb-166 
NL strain used in complementation tests was previously described (Bryon et al., 2017). All 167 
strains were maintained as previously described (Riga et al., 2017) on Phaseolus vulgaris cv. 168 
“Prelude” at 26±1°C , 60% RH and 16:8 (light:dark) photoperiod. 169 
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2.2 Recombinant Cas9 ribonucleoproteins and sgRNAs 170 
Recombinant Streptococcus pyogenes Cas9 protein with an N-terminal nuclear localization 171 
signal (NLS) (Alt-R® S.p. Cas9 Nuclease V3, catalog # 1081058) was purchased from Integrated 172 
DNA Technologies (Leuven, Belgium). Two guide sequences were designed using the CRISPOR 173 
website ((2018), accessed in December 2018), with the following settings: T. urticae phytoene 174 
desaturase sequence (tetur01g11270, 175 
https://bioinformatics.psb.ugent.be/orcae/overview/Tetur) as target (“Step 1”), T. urticae 176 
London genome (GCA_000239435.1) as genome (“Step 2”) and “20 bp NGG – Sp Cas9” as 177 
Protospacer Adjacent Motif (“Step 3”). Based on the guide DNA sequences, 3 nmol of single 178 
guide RNAs (sgRNA) was ordered. The ordered sgRNAs were synthetic sgRNAs (sgRNA1 and 179 
sgRNA2) from Synthego (Synthego Corporation, Menlo Park, California, USA), consisting of a 180 
20 nt guide sequence (g1 or g2) + 80-mer “Synthego scaffold”  181 

2.3 In vitro Cas9-sgRNA cleavage experiment 182 
Before performing in vivo CRISPR-Cas9 experiments with T. urticae, we tested whether the 183 
Cas9-sgRNA complex could cleave PCR products of tetur01g11270 in vitro. Primer3 (Rozen and 184 
Skaletsky, 2000) was used to design primers that amplify the tetur01g11270 regions that are 185 
targeted by the two sgRNAs (see above). An 895 bp region is amplified by the 186 
“tetur01g11270_DNA_1” primers (amplicon 1, containing the sgRNA1 cutting site), while 187 
“tetur01g11270_DNA_2” primers amplify a 699 bp region (amplicon 2, containing the sgRNA2 188 
cutting site). T. urticae DNA was extracted from the WT strain using the Gentra Puregene 189 
Tissue Kit (QIAgen), according to the manufacturer’s instructions and using 100 adult females 190 
as starting material. The PCR of tetur01g11270 fragments (amplicon 1 and 2) was conducted 191 
using the Expand™ Long Range dNTPack (Sigma-Aldrich). PCR reaction mixtures were 192 
prepared according to the manufacturer’s instructions and using the following temperature 193 
profile: denaturation for 2 min at 92°C, followed by five touch-down cycles of denaturation at 194 
92°C for 10 s, annealing at 60°C -1°C/cycle for 15 s and elongation at 68°C for 1 min. Next, 37 195 
cycles of 92°C for 10 s, 55°C for 15 s and 68°C for 1 min. After a final elongation of 68°C for 5 196 
min, PCR products were checked by agarose gel electrophoresis, and purified using the EZNA® 197 
Cycle Pure Kit (Omega Bio-Tek). The in vitro digestion protocol was performed as described by 198 
the IDT Alt-R CRISPR-Cas9 System Protocol (version September 2019, available at 199 
https://eu.idtdna.com/pages/support/guides-and-protocols, document ID# CRS-10096-PR 200 
09/19), with some modifications. Briefly, the RNP complex was created by combining 2.5 µl 201 
sgRNA (10 µM stock in TE buffer, pH 7.5), 0.4 µl Alt-R S.p. Cas9 enzyme (62 µM stock) and 22.1 202 
µl Cas9 dilution buffer (30 mM HEPES, 150 mM KCl, pH 7.5). For negative controls, sgRNA was 203 
replaced by TE. After incubation for 10 min at RT, the in vitro digestion reaction was assembled 204 
at RT as follows: 2 µl 10x Cas9 Nuclease Reaction Buffer (200 mM HEPES, 1 M NaCl, 50 mM 205 
MgCl2, 1 mM EDTA, pH 6.5), 4 µl Cas9 RNP (from previous step), 10 µl DNA substrate (amplicon 206 
1 or 2, 50 nM stock) and 4 µl of water. The reaction mixture was incubated for 90 min at 37°C, 207 
after which 2 µL proteinase K (Sigma-Aldrich; 10 mg/ml) was added, and the DNA substrate 208 
was released from the Cas9 endonuclease by incubating for 10 min at 56°C. Subsequently, the 209 
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digestion was analyzed using gel electrophoresis, in which 15 µL reaction mixture was loaded 210 
on gel. 211 

2.4 In vivo Cas9-sgRNA cleavage experiment 212 

2.4.1 Cas9-sgRNA injection mix 213 
The Cas9-sgRNA injection mix was prepared as indicated in Table S1. The final concentration 214 
of the Cas9 protein in the injection mix was 4.85 µg/µL (29.61 µM). Stock solution of each 215 
sgRNA was prepared by dissolving 3 nmol of sgRNA into 30 µL of RNAse-free water. sgRNAs 216 
were added to the injection mix in a 1:3 Cas9:sgRNA molar ratio and 0.5 mM of chloroquine 217 
was also included in the injection mix. The Cas9-sgRNA injection mix was incubated at 37°C 218 
for 10 min, and finally, the injection mix was centrifuged at 4°C for 10 min at 10,000 g and 219 
kept on ice until injection. 220 

2.4.2 Injection of T. urticae female mites 221 
Female mites of the WT strain were allowed to lay eggs on the upper part of bean leaves on 222 
wet cotton in a Petri dish. After eight days, teliochrysalis females were transferred to another 223 
leaf disk and allowed to molt. After another one to four days, these unfertilized females were 224 
used for injections. Agar plates were made by dissolving 15 g of agar into 500 mL of cherry 225 
juice (for color contrast, brand “Eviva”) and subsequently heated until boiling. An agar 226 
“platform” was made by adding two glass microscope slides (26 x 76 mm, 1.1 mm thick; 227 
APTACA, Canelli, Italy), attached to each other by double-sided tape, into a Petri dish 228 
immediately after pouring the agar plates. After solidification of the agar, the microscope 229 
slides were removed, and the agar plate was cut in two along the length of the microscope 230 
slide (Figure S1). Unfertilized females were aligned on the agar platform, with their dorsal and 231 
right lateral side in contact with the agar (Figure 1). Injection needles were pulled from Clark 232 
capillary glass (borosilicate with filament: 1.0 mm (outside diameter, OD) x 0.58 (inner 233 
diameter, ID) x 100 mm (length); catalog # W3 30-0019/GC100F-10 (Harvard Apparatus Ltd, 234 
Holliston, Massachussets, USA)) using a P97-micropipette needle puller (Sutter Instruments, 235 
Novato, California, USA), with the following settings “Heat: 510, Pull: 20, Velocity: 90, Time: 236 
250” (Figure S2). Mites were injected under a Leitz BIOMED Microscope (Wild Leitz/Leica, 237 
Wetzlar, Germany) and with a mechanical micromanipulator (Leitz/Leica, Wetzlar, Germany) 238 
that holds the injection needle (Figure 1). Approximately 6 nl of Cas9-sgRNA injection mix was 239 
injected in the ovary, near the third pair of legs, using a IM 300 Microinjector (Narishige, 240 
London, UK). Two batches (A and B) of mites were injected. Each batch of injected mites was 241 
transferred to a separate leaf disk and allowed to lay eggs. After 24 hours, the injected females 242 
were transferred to a new leaf disk and allowed to lay eggs again. The male haploid progeny 243 
of injected females (on six leaf disks in total (2 batches: A and B, 2 time-points: 0-24h and 24-244 
48h)) was visually screened for the albino phenotype beginning 3 days after egg deposition. 245 
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2.5 Mode of inheritance of albino phenotype and generation of homozygous albino CRISPR 246 
lines A and B. 247 

Albino sons from RNP-injected females from the A and B batch were isolated on bean leaf 248 
disks (one male per leaf disk) and allowed to mate with three to five virgin females of the 249 
parental strain (London, WT). Mated females were allowed to lay eggs for six days on the leaf 250 
disk (disk 1) and were discarded afterwards. Next, three F1 teliochrysalis females that 251 
developed from eggs on disk 1, were transferred to a separate leaf disk, allowed to hatch, and 252 
to lay eggs for four days (disk 2). These virgin F1 females (from disk 2) were then transferred 253 
to another leaf disk and kept at 10°C to increase their life span (disk 3). Subsequently, the 254 
number of albino and WT males was counted on disk 2 and an albino male from disk 2 was 255 
mated with its virgin mother (on disk 3) to generate a homozygous albino line (CRISPR lines A 256 
and B). For these two lines, we also performed a complementation test on detached bean 257 
leaves. Briefly, 15 virgin (teliochrysalis) females from CRISPR line A or B were crossed with 30 258 
males from the Alb-NL strain (Bryon et al., 2017). At least 100 resulting F1 females were 259 
assessed for albinism. Last, we also performed a complementation test between 15 260 
teliochrysalis females of CRISPR line A and 30 males of CRISPR line B, and scored albinism for 261 
at least 100 F1 females. 262 

2.6 DNA and RNA extraction from T. urticae CRISPR lines A and B and PCR amplification of 263 
tetur01g11270 264 

DNA was collected from five pooled females from lines A and B using the CTAB method 265 
previously described by Navajas et al. (1998). PCR of tetur01g11270 fragments was performed 266 
using the primers of the in vitro Cas9-sgRNA cleavage experiment (Table S1) and extracted 267 
DNA from lines A and B was used as template. The reactions consisted of 3 μl 10x Buffer, 0.2 268 
mM of each dNTP, 0.33 μM of each primer, 2 μl template, 1U Kapa Taq DNA Polymerase (Kapa 269 
Biosystems) in a final volume of 30 μl and with cycling conditions as follows: 5 min at 95°C 270 
followed by 40 cycles of 30 s at 95°C, 40 s at 53°C, 1 min at 72°C and a final extension of 2 min 271 
at 72°C. PCR amplicons were verified on a 1.5% agarose gel, purified using the NucleoSpin® 272 
Gel and PCR Clean-Up kit (Macherey-Nagel) according to the manufacturers’ instructions. 273 
Nucleotide sequences were determined in both strands of purified PCR products at the CeMIA 274 
sequencing facility (CEMIA, SA., Greece). Finally, RNA was extracted from mites of the A and 275 
B line. About 100 females were collected and RNA was extracted using the Qiagen RNeasy 276 
PLUS Kit (Qiagen Benelux, Venlo, Nederland). One μg of total RNA was used as template for 277 
synthesizing cDNA with the Maxima First Strand cDNA synthesis Kit for RT-qPCR (Fermentas 278 
Life Sciences, Aalst, Belgium). Primer3 (Rozen and Skaletsky, 2000) was used to design primers 279 
(tetur01g11270_cDNA primers) that amplify the coding sequence of the phytoene desaturase 280 
gene (tetur01g11270) (Table S1. PCRs were performed using the Expand Long Range dNTP 281 
Pack (Roche/Sigma-Aldrich, Belgium). Reaction mixtures were prepared according to the 282 
manufacturer’s instructions. The thermal profile consisted of denaturation for 2 min at 92°C, 283 
followed by 4 touch-down cycles of denaturation at 92°C for 10 s, annealing at 57°C -1°C/cycle 284 
for 15 s and elongation at 68°C for 2.5 min. Next, 40 cycles of 92°C for 10 s, 53°C for 15 s and 285 
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68°C for 2.5 min. After a final elongation of 68°C for 7 min, PCR products were purified using 286 
the E.Z.N.A. Cycle Pure kit (Omega Biotek) and Sanger sequenced by LGC genomics (Germany) 287 
with forward and reverse primers and four internal primers (Table S1). 288 

2.7 Imaging 289 
Images of adult females and immature stages of T. urticae were taken with an Olympus OM-290 
D E-M1 mark II using a micro-objective on bellows (Nikon PB- 4). The following micro-291 
objectives were used: a Nikon M Plan 10x 160/0.25 (for females and larvae of WT strain and 292 
CRISPR line A), Nikon achromatic 10x 160/0.25 (for females of CRISPR line B) and a Nikon BD 293 
Plan ELWD 20x 210/0.4 (for larvae of CRISPR line B). Between 50-150 pictures were used for a 294 
focus stack. The open-source software align_image_stack 295 
(https://www.systutorials.com/docs/linux/man/1-align_image_stack/) and Enfuse 296 
(http://software.bergmark.com/enfuseGUI/Main.html) were used to generate the focus 297 
stack, while Darktable (https://www.darktable.org/) was used for pre-and posttreatment of 298 
images. Images of adult males were taken using a stereomicroscope (Leica S8 Apo, Witzlar 299 
Germany) and a Leica DFC295 camera. 300 
 301 

3 Results 302 

3.1 sgRNA guide sequence design and in vitro Cas9-sgRNA cleavage 303 

Guide sequences were designed using the CRISPOR website as described above. The first guide 304 
sequence (g1, 5’-GGTGGCAAGAGCACGAGCAC-3’) was selected because it had the highest 305 
“out-of-frame” score (the higher this score, the more deletions have a length that is not a 306 
multiple of three (Bae et al., 2014)) while the other guide sequence (g2, 5’-307 
ACAATGGGTACTCCAGTACC-3’) was selected because it was located in a region postulated to 308 
encode the carotenoid binding domain of the phytoene desaturase (Armstrong et al., 1989; 309 
Sanz et al., 2002). Finally, both guide sequences had a predicted off-target count of zero. In 310 
vitro Cas9-sgRNA cleavage of PCR amplicons of tetur01g11270 resulted in the correct in silico-311 
predicted digestion pattern: amplicon 1 (895 bp) was cleaved into a 537 and 398 bp fragment, 312 
while amplicon 2 (699bp) was cleaved into a 197 bp and 502 bp fragment (Figure S3). 313 

3.2 In vivo Cas9-sgRNA experiment 314 

3.2.1 Screening of albino male progeny and generation of CRISPR lines A and B 315 
Two batches of virgin females were injected in the ovary: 245 mites in batch “A” and 177 mites 316 
in batch “B”. Twenty-four hours after injection, the percentage of alive females was recorded 317 
as 78.4% and 71.8%, respectively. Injected females were allowed to lay eggs for 24h, were 318 
placed on new arenas, and allowed to lay eggs for another 24 hours. The number of eggs on 319 
each arena was, approximately, 650 and 900 for batch A and 260 and 650 for batch B after 24 320 
h and 24-48 h, respectively. After hatching, we screened for male larvae lacking pigment. In 321 
the arenas with eggs deposited within 24 hours after injection, we found one alive albino male 322 
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in both batch A and B (Table 1), while in batch A thirteen specimens with albino phenotype 323 
were detected in larvae/protochrysalises resulting from eggs deposited between 24 and 48 324 
hours after injection. However, none of these larvae/protochrysalises developed into adults. 325 
From both batches, the alive albino male was isolated, allowed to develop to the adult stage 326 
and crossed to obtain homozygous stable lines named CRISPR line A and B, respectively, which 327 
were characterized further. All life stages of CRISPR line A lacked red pigments (Figure 3, Figure 328 
S4). In contrast, only immature stages lacked red pigmentation in CRISPR line B, while adult 329 
stages do show traces of red pigmentation in the eyes, especially visible in the males, but lack 330 
red pigmentation in the forelegs (Figure 3, Figure S4, Figure S5). 331 

3.2.2 Mode of inheritance and complementation test of albino phenotype in CRISPR lines A 332 
and B 333 

The genetic basis of the albino phenotype found in males of CRISPR lines A and B was 334 
determined by crossing line A and B males with females of the original WT strain. In all cases, 335 
F1 females of the resulting cross had normal body and eye color (Table 2). Together with the 336 
finding of an approximate 1:1 ratio of albino to WT phenotype in haploid F2 sons produced by 337 
virgin F1 females, this strongly indicated that albinism was inherited as a monogenic recessive 338 
trait. In a complementation test, females of CRISPR line A and males of CRISPR line B were 339 
crossed, and the resulting F1 females were all albinos indicating that the albino phenotype in 340 
both lines is caused by a disruption in the same gene (Table 2). Finally, we also crossed females 341 
of CRISPR lines A and B with males of strain Alb-NL, known to have an inactivating mutation 342 
in the phytoene desaturase gene (tetur01g11270) (Bryon et al. 2017), and found that all 343 
female F1 progeny was albino. This failure to complement suggests that the albino phenotype 344 
of CRISPR lines A and B results from a mutation or disruption in tetur01g11270, the gene 345 
targeted by our Cas9-sgRNA experiment. 346 

3.2.3 Sequence analysis of tetu01g11270 in CRISPR lines A and B 347 
DNA was extracted from CRISPR lines A and B and sequencing of PCR amplicons 1 and 2 348 
revealed disruptions in the tetur01g11270 gene in both lines. Tetur01g11270 of CRISRP line B 349 
harbored a 6 bp deletion (nt 1117-1122 in WT reference sequence of tetur01g11270) that was 350 
located 6 bp upstream of the sgRNA1 PAM site, causing a loss of two amino acids (Arg406 and 351 
Ala407). 352 
Based on an alignment of phytoene desaturases of insects, fungi and bacteria (Figure 3d) 353 
Arg406 is highly conserved. CRISPR line A harbored a 7 bp deletion (nt 1444-1450 in 354 
tetur01g11270 in WT reference sequence of tetur01g11270) that was located 4 bp upstream 355 
of the sgRNA2 PAM site, resulting in the loss of two amino acids and a frame shift, changing 356 
translation (Figure 3b) in the region of the carotenoid binding domain (Armstrong et al., 1989). 357 
To assure that the detected deletions were the only disruptions in the coding sequence of 358 
tetur01g11270 of CRISPR lines A and B, we sequenced the complete cDNA sequence of 359 
tetur01g11270 of both CRISPR lines and the WT strain. The cDNA sequence of CRISPR line B 360 
was, except for the 6 bp deletion, 100% identical to that of the WT strain, while in the cDNA 361 
sequence of CRISPR line A, we found, next to the 7 bp deletion, three non-synonymous single 362 
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nucleotide polymorphisms (SNPs) (Figure S6). All three non-synonymous SNPs resulted in 363 
favored substitutions according to Russel et al. (2003). The amino acid changes “K->Q” and “I-364 
>V” (Figure S6), caused by two non-synonymous SNPs, occur at a non-conserved amino acid 365 
position in the phytoene desaturase protein (Figure S6 and Supplemental Figure S5 in Bryon 366 
et al. Bryon et al. (2017)) and were also present in the WT strain at low frequency (data not 367 
shown). Last, the remaining non-synonymous SNP (resulting in an amino acid change “V->I”) 368 
was located downstream of the 7 bp deletion. 369 

4 Discussion 370 
 371 
CRISPR-Cas9 has revolutionized genome editing in metazoan species, including more and 372 
more arthropods (Kotwica-Rolinska et al., 2019; Reardon, 2019; Sun et al., 2017). For many 373 
arthropods, the ortholog of the Drosophila white gene, an ABC-transporter essential for eye 374 
pigmentation, has been used as a CRISPR-Cas9 target for establishing proof of principle of this 375 
technology (Bai et al., 2019; Ismail et al., 2018; Khan et al., 2017; Xue et al., 2018). For 376 
chelicerates, such as mites and ticks, however, the CRISPR-Cas9 technology has not yet been 377 
validated. The main reason is probably because the injection of mite and tick embryos is 378 
currently not feasible (Khila and Grbić, 2007; Sharma, 2017) and because non-lethal 379 
convenient genetic markers with a clearly visible phenotype are not yet available. In the two-380 
spotted spider mite T. urticae, for example, a clear ortholog of the white gene could not be 381 
identified (Dermauw et al. 2013). However, recent studies have uncovered several mutations 382 
that result in pigmentation defects in a number of spider mite populations and species (Bryon 383 
et al., 2017; Wybouw et al., 2019b). For example, in T. urticae, it was shown that several 384 
mutations in a gene encoding a phytoene desaturase (tetur01g11270) caused an albino 385 
phenotype (lack of red pigment in frontal legs and eyes) (Bryon et al., 2017). Interestingly, like 386 
in a few other arthropods (Zhao and Nabity, 2017), this gene was horizontally acquired from 387 
fungi (Altincicek et al., 2012; Grbic et al., 2011) and encodes an enzyme that catalyzes the 388 
formation of lycopene, from which b-carotene and other red pigments are derived (Maoka, 389 
2019). The discovery of a T. urticae genetic marker with a clearly visible phenotype, scorable 390 
in larvae and even embryos, significantly facilitates screening for potential genetic 391 
transformants. We therefore took advantage of this discovery to design a CRISPR-Cas9 392 
strategy with sgRNAs that target the phytoene desaturase of T. urticae (Figure 3). Next to the 393 
availability of a genetic marker with a clearly visible phenotype, efficient CRISPR-Cas9 further 394 
requires the delivery of the Cas9-sgRNA complex into the embryos in early development. As 395 
successful injection of mite and tick embryos has currently not been achieved (see above), we 396 
followed a strategy previously applied for nematodes, mosquitoes and psyllids (Chaverra-397 
Rodriguez et al., 2018; Cho et al., 2013; Hunter et al., 2018; Macias et al., 2019), and we 398 
injected T. urticae females in the ovary, assuming that the Cas9-sgRNA complex would be 399 
incorporated into the oocytes and developing embryos. In addition, the arrhenotokous 400 
reproduction system allowed us to inject unfertilized females of which the progeny consists 401 
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of haploid males only. This allowed to immediately screen for an albino phenotype among the 402 
male progeny of injected females.  403 

In this study, two batches (A and B) of virgin T. urticae females were injected with Cas9-404 
sgRNA and in each batch one albino male was identified in the progeny developed from eggs 405 
laid by females less than 24 hours after injection (Table 1). Subsequently, homozygous albino 406 
lines (CRISPR line A and B) were generated from these males and both the mode of inheritance 407 
and the complementation test revealed that disruptions in tetur01g11270 caused the albino 408 
phenotype (Table 2). The T. urticae genome harbors three copies of phytoene desaturase, and 409 
although tetur01g11270 is the only one with a clear role in pigment synthesis (Bryon et al., 410 
2013), one could question whether other T. urticae phytoene desaturase genes 411 
(tetur11g04820 and tetur11g04810, Grbić et al. (2011)) were also targeted. However, 412 
complementation tests with a characterized albino line point to a single causal gene (Table 2). 413 
In addition, no off-target effects were predicted for guide sequences of both sgRNAs, and 414 
guide sequence regions differ significantly between tetur01g11270 and the other two 415 
phytoene desaturase genes (Figure S7). Further, to assess whether the tetur01g11270 416 
disruptions were caused by typical CRISPR-Cas9 events, we sequenced tetur01g11270 of 417 
CRISPR lines A and B at the DNA and cDNA level. Typical CRISPR-Cas9 events (Jinek et al., 2012) 418 
were identified in tetur01g11270 of both lines, with deletions located four to six base pairs 419 
upstream of the PAM site (Figure 3). Sequencing of the tetur01g11270 full-length coding 420 
sequence revealed that no other polymorphisms could be detected in CRISPR line B compared 421 
to the WT strain, while the tetur01g11270 coding sequence of CRISPR line A did contain three 422 
favored non-synonymous mutations (Figure S6) of which two were also present in the WT 423 
strain. Altogether, this leaves no doubt that the Cas9-induced deletions in tetur01g11270 of 424 
CRISPR lines A and B are the underlying genetic basis of the albino phenotype. Subtle 425 
differences in the albino phenotype of each line could to some extent also be linked to the 426 
type of the Cas9-sgRNA induced deletion. In CRISPR line A, the 7 bp deletion in tetur01g11270 427 
causes a frameshift, thereby abolishing the carotenoid binding domain (Armstrong et al., 428 
1989), resulting in the lack of pigment in all stages. In CRISPR line B, the 6 bp deletion results 429 
in the loss of two amino acids, including a highly conserved arginine, but does not change 430 
translation (Figure 3d). While immature stages of CRISPR line B lack pigmentation, the eyes of 431 
adult females and especially males of CRISPR line B, traces of red pigmentation could be 432 
observed, suggesting the 6 bp deletion can be considered as a hypomorphic mutation, i.e. 433 
causing only a partial loss of gene function (Muller, 1932). 434 

Based on the total number of eggs that was laid by the injected females (1550 and 910 435 
for batches A and B, respectively), the percentage of CRISPR-Cas9 transformed mite embryos 436 
is low (Table 1). Especially when compared to the CRISPR-Cas9 efficiency in nematodes, where 437 
a mutation frequency of up to 17% in the F1 progeny can be obtained by injection of the Cas9-438 
sgRNA complex into the gonads (Cho et al., 2013). Furthermore, in contrast to the 24h egg 439 
arenas of batch A and B, we could not obtain alive albino males from the 24-48h egg arena of 440 
batch A, as all thirteen detected albino larvae/protochrysalises did not develop into 441 
adulthood. Although genetic evidence was not gathered, we can assume that the observed 442 
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albino males with identical phenotype in interval 24-48h were caused by CRISPR-Cas9 events. 443 
If this is the case, the decreased survival of the larvae/protochrysalises might have been the 444 
result of multiple accompanying off-target CRISPR-Cas9 events at this time point after 445 
injection. However, given that the CRISPOR software predicted that both sgRNAs have zero 446 
off-target effects, this seems unlikely. If only the 24h time point is taken into consideration, 447 
we obtained about one transformant per 200 injected females, a frequency that does allow 448 
to screen for visible phenotypic traits immediately. Arrhenotokous reproduction allows to 449 
immediately screen the males that can be directly used in dedicated crosses to fix the 450 
mutation. Which time point after injection is the most likely to result in CRISPRed embryos 451 
should be investigated and optimization of this timing could potentially increase screening 452 
efficacy. Because of this straightforward phenotype screening and mutation fixation, a ‘CO-453 
CRISPR’ approach might be used to make this strategy also feasible for mutations without a 454 
visible phenotype. In this approach, injection mixtures would contain sgRNA for both a marker 455 
gene and additional target-gene. It was previously shown for nematodes that transformants 456 
with the visible marker have a much higher frequency of mutations in the target-gene 457 
(Dickinson and Goldstein, 2016; Farboud et al., 2019). This allows to preselect a number of 458 
progeny for further screening. 459 

Previously, Bryon et al. (2017) used a similar CRISPR-Cas9 approach in an attempt to 460 
provide functional evidence of the role of mutations and deletions in tetur01g11270 in 461 
albinism. However, typical CRISPR-Cas9 events were not recorded. We hypothesized that this 462 
was most likely due to insufficient RNP uptake by the oocytes. Here, we increased the Cas9 463 
protein concentration more than 5-fold to 4.85 µg/µl. Furthermore, we also added 464 
chloroquine, because it was recently shown that the addition of this compound improves 465 
CRISPR-Cas9 efficiency in mosquitoes (Chaverra-Rodriguez et al. 2018). Recent studies also 466 
hint toward other modifications that could improve CRISPR-Cas9 transformation efficiency, 467 
such as the use of other adjuvants like lipofectamine or branched amphiphilic peptide 468 
capsules (BAPC) (Adams et al., 2019; Hunter et al., 2018), or a shorter Cas protein (Rusk, 2019). 469 
Last, in a recent breakthrough study it was shown how ReMOT (Receptor-Mediated Ovary 470 
Transduction of Cargo) can be exploited to deliver Cas9 in oocytes after the injection of female 471 
mosquitoes. In this system, a “guide peptide” (P2C) mediates the transduction of the Cas9 472 
RNP complex from the female mosquito hemolymph to developing oocytes. Although the 473 
principle of transformation should be transferable to other organisms, the peptide and 474 
protein identified in Chaverra-Rodriguez et al. (2018) have no homologs outside dipterans 475 
(flies and mosquitoes) and might not be readily transferable to mites and ticks. 476 

In conclusion, two independent mutagenesis events were induced in the spider mite 477 
T. urticae using CRISPR-Cas9, providing an impetus for genetic transformation in chelicerates 478 
and paving the way for functional studies using CRISPR-Cas9 in T. urticae. 479 
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Tables 808 
 809 

Table 1 - CRISPR-Cas9 efficiency   

  injection batch 

  A B 

number of injected virgin females 245 177 

number of injected virgin females alive after 24h 192 127 

number of CRISPRed albino male offspring alive* 1 1 

number of CRISPRed albino male offspring not alive** 13 0 

% CRISPR-Cas9 success 5.71 0.56 

*all alive offspring were found in the first 24h after injection 
**assuming albino phenotype is caused by a CRISPR-Cas9 event; all collected dead offspring were either in the 
protonymph or protochrysalis stage 
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Table 2 - Inheritance and complementation tests 

    F2 haploid males     
Crosses F1 ♁, % albino? ALB WT c2 P value 
Inheritance tests (female x male)*  
WT x CRISPR A (rep1) 0 15 20 0.714 0.39802 
WT x CRISPR A (rep2) 0 30 21 1.588 0.20758 
WT x CRISPR A (rep3) 0 17 20 0.243 0.62187 
WT x CRISPR B (rep1) 0 25 20 0.556 0.45606 
WT x CRISPR B (rep2) 0 12 14 0.154 0.69489 
WT x CRISPR B (rep3) 0 28 27 0.018 0.89274 
Complementation tests (female x male)** 
CRISPR A x Alb-NL*** 100     
CRISPR B x Alb-NL 100     
CRISPR A x CRISPR B 100         
*an alive albino male - CRISPR A or CRISPR B - that was detected in the progeny of Cas9-sgRNA injected females of either 
batch A or B, respectively, was crossed with three to five females of the WT strain (1 male x 3-5 females) in 3 replicates 

** 15 females crossed with 30 males; 100 F1 females were screened for wildtype or albino phenotype 
*** the Alb-NL strain is an albino T. urticae strain known to have an inactivating mutation in its carotenoid desaturase 
gene (tetur01g11270) (Bryon et al. 2017) 
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Figures 860 

 861 

 862 

 863 
 864 
Figure 1 - Cas9-sgRNA micro-injection setup for T. urticae  865 
(a) setup for injection of T. urticae females: virgin females were aligned on an “agar platform” 866 
and injected under a microscope; insert: mites aligned on the agar platform, (b) females 867 
approximately injected at the third pair of legs: L1, L2, L3 and L4 refer to the 1st, 2nd, 3rd and 868 
4th pair of legs, respectively (c) virtual cross-section at the third pair of legs; this section was 869 
obtained from a previously performed submicron CT scan of a T. urticae adult female 870 
(Jonckheere et al., 2016); a green triangle points towards Cas9-sgRNA injection location; L3: 871 
third pair of legs, ex= excretory organ. Scale bar in each panel represents 0.1 mm. 872 
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 882 
 883 
Figure 2 - Phenotypes of adult T. urticae females of the WT strain, CRISPR line A and B 884 
Shown are (a) T. urticae pigmentation of the WT strain, (b) albino phenotype of CRISPR line A 885 
and (c) albino phenotype of CRISPR line B. In all cases, adult females are shown. Arrows 886 
indicate red eye spots or distal red-orange pigmentation in the forelegs of WT mites, which 887 
are absent in albino females of line A, while females of line B have no red pigmentation in the 888 
forelegs but slight traces of red pigmentation (here barely visible) are present in the eyes. Left: 889 
lateral view; Right: dorsal view. Scale bar represents 0.1 mm. 890 
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 898 
Figure 3 - Small indels detected in the phytoene desaturase gene (tetur01g11270) of T. 899 
urticae females of CRISPR line A and B 900 
(a) gene structure of tetur01g11270; the position of sgRNA1 and sgRNA2 cutting sites are 901 
indicated with an orange and green triangle, respectively; the position of the primers (1-6) 902 
used for PCR and sequencing of tetur01g11270 cDNA is indicated with arrows (Table S2); (b) 903 
indels found adjacent to the sgRNA cutting sites in tetur01g11270 of females of CRISPR line A 904 
or B; the guide sequence of sgRNA1 and the reverse complement of the sgRNA2 guide 905 
sequence are highlighted in orange and green, respectively, while the protospacer adjacent 906 
motif (PAM) is highlighted in blue; codons are underlined; (b-left) a 6 bp deletion (shaded 907 
gray) was found in tetur01g11270 of females of CRISPR line B, resulting in the deletion of two 908 
amino acids; (b-right) a 7 bp deletion (shaded gray) was found in females from CRISPR line A, 909 
causing a deletion of two amino acids in the carotenoid binding domain and a frame shift 910 
changing translation; (c) chromatogram of the sequences displayed in (b), with the deletions 911 
present in the CRISPR lines shaded gray; (d) alignment of tetur01g11270 of CRISPR line B (d-912 
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left) and CRISPR line A (d-right) with those of other tetranychid mites (Te, Tetranychus evansi, 913 
Pu, Panonychus citri, Pc, Panonychus ulmi), insects (Md, Mayetiola destructor, Ap, 914 
Acyrthosiphon pisum, Mp, Myzus persicae), Fungi (Pb, Phycomyces blakesleeanus, Ff, Fusarium 915 
fujikuroi and Nc, Neurospora crassa) and Bacteria (Rs, Rhodobacter sphaeroides and Pa, 916 
Pantoea ananatis). Accession numbers of all sequences can be found in Bryon et al. (2017) 917 
and in Supplementary Figure S6. (d-right) Mutations in P. blakesleeanus and F. fujikiroi that 918 
result in lowered phytoene desaturase activities are indicated with a black dot and rhombus, 919 
respectively (Prado-Cabrero et al., 2009; Sanz et al., 2002), while a Pro487Leu mutation that 920 
was identified in tetur01g11270 of T. urticae lines W-Alb-1/W-Alb-2, with young stages lacking 921 
pigment but red color being apparent in adults (Bryon et al., 2017), is indicated with an 922 
asterisk. 923 
 924 

Supplementary Figure Legends 925 
 926 
Figure S1 - Agar platforms used for injection of T. urticae females 927 
(a) two microscopic slides attached to each other; (b) cherry/agar plate containing the two 928 
microscope slides; after solidification of agar, slides were removed from the agar and the agar 929 
plate was cut in two along the length of the slide indentation. 930 
 931 
Figure S2 - Injection needle used for injections of T. urticae females. (a) injection needle 932 
pulled from Clark capillary glass; scale bar represents 0.1 mm (b) close-up of the tip of the 933 
pulled needle. 934 
 935 
Figure S3 - In vitro digestion with Cas9/sgRNAs of two PCR amplicons of tetur01g11270 of 936 
adult females of the T. urticae WT strain. lane 1: Cas9 with PCR amplicon 1 (895 bp); lane 2: 937 
Cas9 with PCR amplicon 1 and sgRNA1, resulting in a 537 bp and 398 bp fragment (black 938 
arrows); lane 3: Cas9 with PCR amplicon 2 (699 bp); lane 4: Cas9 with PCR amplicon 2 and 939 
sgRNA2 resulting in a 502 bp and 197 bp fragment (white arrows); M: BenchTop 100 bp DNA 940 
ladder (Promega, catalog# G8291). 941 
 942 
Figure S4 - Phenotype of immature stages of the T. urticae WT strain and CRISPR lines A and 943 
B. Shown are (a) T. urticae pigmentation of the WT strain, (b) albino phenotype of CRISPR line 944 
A and (c) albino phenotype of CRISPR line B. In (a) and (c) larval stages are shown while in (b) 945 
a protonymphal stage is shown. Arrows indicate red eye spots of WT mites that are absent in 946 
immature stages of line A and B. Scale bar represents 0.1 mm. 947 
 948 
Figure S5 - Phenotype of adult males of the T. urticae WT strain and CRISPR lines A and B. 949 
Shown are (a) T. urticae pigmentation of the WT strain, (b) albino phenotype of CRISPR line A 950 
and (c) albino phenotype of CRISPR line B. Arrows indicate red eye spots of WT mites that are 951 
absent in males of line A, while traces of red pigment can be seen in the eyes of males of line 952 
B. Scale bar represents 0.1 mm. 953 
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 954 
Figure S6 - Nucleotide alignment of cDNA of tetur01g11270 of the T. urticae WT strain and 955 
CRISPR line A and B. Nucleotides with 100% identity are shaded black; tetur01g11270 of 956 
CRISPR B line was completely identical to tetur01g11270 of the WT strain while three non-957 
synonymous SNPs (indicated in blue font) were found in tetur01g11270 cDNA of the A strain.  958 
 959 
Figure S7 - Alignment of tetur01g11270, tetur11g04810 and tetur11g04820 of the London 960 
strain (Grbic et al. 2011) with guide sequences of sgRNA1 and sgRNA2. Guide sequences of 961 
sgRNA1 and sgRNA2 are shaded orange and green respectively. 962 
 963 
Supplementary Tables 964 

 965 
Table S1 - Composition of CRISPR-Cas9 injection mix 966 
 967 
Table S2 - Primers used in this study 968 
 969 
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