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18  Abstract:
19  The B-class of MADS-box transcription factors has been studied in many plant species,
20  but remain functionally uncharacterized in the Rosaceae family. APETALA3 (AP3), a
21  member of this class, controls the identity of petals and stamens in Arabidopsis
22 thaliana. In this work, we identified two members of the AP3 lineage in the cultivated
23 strawberry (Fragaria x ananassa): FaAP3 and FaTM6. Interestingly, FaTM6, and not
24 FaAP3, shows an expression pattern equivalent to that of AP3 in Arabidopsis. Genome
25  editing using Cluster Regularly Interspaced Short Palindromic Repeats (CRISPR)/Cas9
26  system is becoming a robust tool for targeted and stable mutagenesis of DNA.
27  However, whether it can be efficiently used in an octoploid species such as F. x
28  ananassa is not known. Here we report for the first time the application of
29  CRISPR/Cas9 in F. x ananassa to characterize the function of FaTM6 in flower
30 development. An exhaustive analysis by high-throughput sequencing of the FaTM6
31  locus spanning the target sites showed a high efficiency genome editing already in the
32  TO generation. The phenotypic characterization of the mutant lines indicates that
33  FaTM6 plays a key role in petal and especially in anther development in strawberry.
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33 in an octoploid species such as F. x ananassa, and offer new opportunities for
34  engineering strawberry to improve traits of interest in breeding programs.

35

36  Introduction:

37 In the 26 years that have passed since the formulation of the classic ABC model for
38  floral organ identity (Coen and Meyerowitz, 1991), our understanding of the molecular
39  mechanisms controlling floral organ development has progressed significantly. The
40  activity of the B-class proteins, APETALA3 (AP3) and PISTILLATA (PI), specifies
41  petal and stamen identity when their activity overlaps with A-class and C-class proteins,
42 respectively (Krizek and Meyerowitz, 1996). AP3 and PI arose from an ancestral
43 duplication event, which it is suggested that occurred before the diversification of the
44  angiosperms (Kramer et al., 1998). Later, AP3 experienced a second duplication before
45  the diversification of the higher eudicots in the 4P3 lineage, resulting in two paralogous
46  lineages, eudP3 and Tomato MADS box gene6 (TM6), which differ in their C-terminal
47  sequence motifs (Pnueli et al., 1991; Kramer et al., 1998). Although there are species
48  that has lost one of the lineages, such as Arabidopsis and Antirrhinum, which lack TM6,
49  and papaya, which lost eu4P3 instead (Causier et al., 2010), most species posses both
50  euAdAP3 and TM6 genes, which have functionally diversified. eudP3 genes, such as the
51  Arabidopsis AP3, are mainly involved in both petal and stamen development (Jack et
52 al., 1992). By contrast, TM6-like genes have a predominant role in stamens (de Martino
53  etal., 2006; Rijpkema et al., 2006; Roque et al., 2012).

54 In strawberries (genus Fragaria), flowers differ from those of Arabidopsis in several
55  aspects. The most striking difference is the presence of hundreds of independent carpels
56  located on an enlarged stem tip, the receptacle, which expands upon carpel fertilization
57  to generate the fleshy part of the berry, surrounded by the true fruits, the achenes
58  (Nitsch, 1950; Hollender et al., 2011). The role of any of the homeotic genes in the
59  ABC model of flower development has not yet been functionally determined in
60  strawberries, so it is not yet known whether or how these genes contribute to the
61  development of this particular type of flower.

62  Strawberries possess a wide range of ploidy levels, varying from diploid, such as the
63  ancestral species, the woodland strawberry F. vesca (2n = 2x = 14 chromosomes), to
64  decaploid, such as F. iturupensis (2n = 10x = 70); the cultivated strawberry (F. x

65  ananassa) is an octoploid species (2n = 8x = 56). Recent studies have proposed that the
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66  complex origin of the F. x ananassa genome is the result of the hybridization of three or
67  four different species with different levels of ploidy (Tennessen et al., 2014; Sargent et
68 al., 2016). Recently, a virtual reference genome of F. x ananassa has been established
69 after sequencing some wild relatives (Hirakawa et al., 2013), however, a whole-genome
70  sequence for this species has not been published yet. As an alternative, the genome of
71  the diploid F. vesca is commonly used as the reference genome (Shulaev et al., 2011;
72  Tennessen et al., 2013; Tennessen et al., 2014; Li et al., 2017; Edger et al., 2018).

73  Reverse genetics strategies employed to characterize gene function in strawberry are
74 based on gene down-regulation via post-transcriptional gene silencing by RNA
75  interference (RNAIi) (Guidarelli and Baraldi, 2015). However, the RNAi approach has
76  some drawbacks, such as temporary knockdown effects, unpredictable off-target
77  influence and too much background noise (Martin and Caplen, 2007). Recent progress
78  in genome editing methods has opened new possibilities for reverse genetics studies. In
79  particular, the Clustered Regularly Interspaced Short Palindromic Repeat
80  (CRISPR)/CRISPR-associated 9 endonuclease (Cas9) technology, hereafter
81  CRISPR/Cas9, has become a very powerful tool for the acquisition of desired mutations
82  due to its simplicity, efficiency, and stability. CRISPR/Cas9-mediated mutagenesis has
83  been widely applied to plant research in the last few years, not only in Arabidopsis,
84  (Jiang et al., 2013; Li et al., 2013; Feng et al., 2014; Gao and Zhao, 2014; Jiang et al.,
85  2014) but also in Rosaceae species, such as apple (Malnoy et al., 2016; Nishitani et al.,
86 2016), and recently, the diploid wild strawberry F. vesca (Zhou et al., 2018).
87  CRISPR/Cas9 has also been used in crops with high ploidy levels such as citrus
88  (triploid), potato, oilseed rape, cotton (tetraploids), and bread wheat (hexaploid)
89  (Weeks, 2017). However, the functionality of this genome editing system has yet to be
90 tested in an octoploid such as F. x ananassa.

91 In this study, we use CRISPR/Cas9 to functionally characterize the role of a homeotic
92  gene in F. x ananassa, in particular, FaTM6, which mutation affects the development of
93  petals, anthers, pollen grains, and, subsequently, of berries. This work demonstrates that
94  FaTM6 plays a role equivalent to AP3 in Arabidopsis, and that the CRISPR/Cas9
95  system can be a suitable tool for functional analyses and molecular breeding in the
96  cultivated strawberry species, which may have important economic implications.

97

98  Results:
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99  Identification and phylogenetic analysis of 4P3 lineage genes in F. vesca
100  To identify genes belonging to the AP3 lineage in strawberry, we BLASTed the AP3
101  protein sequence from Arabidopsis (AtAP3) using the reference genome of the diploid
102 F. vesca (cv. Hawaii 4), obtaining two genes with high homology: FvH4 2g38970 and
103  FvH4 1g12260, sharing 55.45% and 50.43% of amino acid identity with AtAP3
104  respectively. To place these two genes in a phylogenetic context, we performed a
105  phylogenetic analysis using Neighbor-Joining of AP3- and TM6-like proteins from
106  gymnosperms to core eudicots (Fig. S1). The phylogenetic analysis shows that
107  FvH4 2g38970 (hereafter named FveAP3) and FvH4 1g12260 (hereafter named
108  FveTMO6) belong to the eudP3 and TM6 lineages respectively, indicating that F. vesca,
109  unlike Arabidopsis, contains both AP3 lineages.
110
111 Expression analysis of 4AP3 lineage genes in F. x ananassa
112 To further investigate the role of the AP3 lineage genes in the cultivated strawberry, we
113 first analyzed their expression using quantitative real-time PCR (qQRT-PCR) in sepals,
114  petals, stamens, receptacles and carpels of F. x ananassa flowers at stage 12 (Hollender
115 et al, 2011). As shown in Fig. 1A, FaTM6 is expressed in both petals and stamens,
116  being the latest the tissue with the highest expression level. Differently, FadP3 is
117  expressed mainly in receptacles, followed by carpels and petals, with very little
118  expression in stamens and sepals (Fig. 1B). This suggests that FaTM6, and not FaAP3
119  is the gene with the homologous function to AP3 in Arabidopsis. Hence, we selected
120 FaTM6 to study its role in flower development by CRISPR/Cas9-mediated
121  mutagenesis.
122
123 FaTMG6 targets and off-target identification
124 We first searched for candidate sgRNAs to edit FaTM6 using the available sequence of
125  FveTM6 from the F. vesca reference genome (cv. Hawaii 4). Two target sites for
126  FveTMG6 were selected in order to generate a dual sgRNA construct that may create a
127  large deletion and/or increase the efficiency of the mutagenesis (Belhaj et al., 2013).
128  The sgRNAs, located within exon 1 (sgRNAT1) and exon 2 (sgRNA2), were selected
129  based on their high specificity score and minimum possible off-target activities (Fig.
130  1C, Table S1). The sgRNA1 spans the carboxyl-end of the M-domain and the amino-
131  terminal of the “intervening” (I) region of the FveTM®6 protein, while the sgRNA2 is
132 located within the I region (Fig. S2). Out of the seven putative off-targets predicted,
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133 only two were located at coding sequences (CDS), containing four and five mismatches
134 within the sgRNA1-PAM sequence respectively (Table S1). In addition, these two
135  genes are very lowly expressed in flower organs such as petals and anthers, where T7M6
136  shows the highest expression in both F. x ananassa (Fig. S3) and F. vesca (Hawkins et
137 al., 2017). Hence, we did not expect any phenotypic effect on those tissues due to a
138  possible off-target activity.

139

140  Identification of FaTMG6 alleles and construct design

141  We evaluated the suitability of the two guides designed using the reference genome for
142 editing ability in the two genotypes used in this study (F. vesca cv. Reine des Vallées
143 (RV)and F. x ananassa cv. Camarosa). In order to detect any possible polymorphisms
144  to the reference genome that might affect the CRISPR/Cas9-mediated editing, we
145  amplified and cloned the genomic regions of 7M6 spanning the two target sites (Fig.
146  1C, Table S2) and performed Sanger sequencing. While F. vesca cv. RV did not show
147  any variation in the 7M6 sequence compared to the reference genome, five different
148  alleles were identified in F. x ananassa cv. Camarosa (Fig. S4). These alleles contained
149  indels in the first and second intron, and 4 synonymous and 8 non-synonymous SNPs
150  within the coding region (Fig. S4). None of these alleles had polymorphisms in the
151  region targeted by sgRNA2, but allele #5 contained a G168T substitution within the
152 PAM-proximal region of sgRNAI1 (Fig. S4), which might decrease the cleavage
153  efficiency (Xu et al., 2017). To determine which alleles are expressed in petals and
154  stamens, we generated cDNA from these tissues and performed high-throughput
155 amplicon sequencing for the region spanning sgRNA1 and sgRNA2. Our data indicate
156  that at least four of the five FaTMG6 alleles identified are expressed in both petals and
157  stamens (Table S3). In detail, we detected alleles #3, #4, #5, and a sequence that might
158  correspond to either allele #1 or #2, which are indistinguishable within the CDS region
159  sequenced. Given this information and with our dual sgRNA strategy, sgRNA2 would
160  likely ensure editing events due to the lack of polymorphisms, while sgRNA1 would
161 allow us to assess the effect of the mismatch in allele #5 on editing efficiency. This
162  design would also result in large deletions if both sites are cleaved by Cas9, likely
163  producing non-functional alleles. We designed a single binary vector harboring the two
164  sgRNAs under AtU6-26 promoters, and the Cas9 nuclease under the 35SCaMV
165  promoter: sgRNA1-2/Cas9 (Fig. 1D).
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166

167  Functionality test of the sgRNA1-2/Cas9 vector by transient transformation of F.
168  vesca fruits

169  Since the transformation and establishment of stable transgenic plants requires 6-9
170  months, we first tested the functionality of our dual sgRNA/Cas9 editing construct by
171  transient transformation of diploid F. vesca cv. RV fruits. The sgRNA1-2/Cas9 vector
172 was agroinfiltrated in the receptacle of fruits at the green stage (Fig. 1E), and genomic
173 DNA was extracted after ten days post-infiltration. A PCR-amplification with primers
174  spanning the target sites (Table S2) was performed in order to detect CRISPR/Cas9-
175  mediated editing events evidenced by amplicon sizes that are different from the wild-
176  type allele (Fig. 1C). The PCR results confirmed that two of the four fruits infiltrated
177  with the sgRNA1-2/Cas9 vector showed a smaller amplicon in addition to the wild-type
178  amplicon (Fig. 1F). Cloning and Sanger sequencing of the smaller amplicon from these
179  two plants confirmed the presence of a deletion of ~190 bp between the two target sites
180 in 18 clones, validating the functionality of the sgRNA1-2/Cas9 vector in the diploid
181  strawberry species (Fig. 1G).

182

183  Targeted mutagenesis of FaTMGé6 in stable transgenic F. x ananassa plants

184  Next, we generated stable transgenic plants of F. x ananassa cv. Camarosa with the
185  same sgRNA1-2/Cas9 vector. We obtained and micropropagated five independent lines,
186  termed tmé6 lines, and used PCR to examine the presence of editing events as described
187  for the transient assays (Fig. 2A; Table S2). Different amplicon patterns were obtained
188  between the tm6 lines and the untransformed control line, indicating the generation of
189  wvarious indels by the CRISPR/Cas9 complex (Fig. 2B). These results confirm the
190  CRISPR/Cas9-mediated mutagenesis of FaTM6 in F. x ananassa.

191 In order to analyze the CRISPR/Cas9-induced mutations at the FaTM6 locus at the
192  molecular level, we selected three transgenic lines tm6-1, tm6-7 and tm6-9, based on
193 their amplicon patterns. Using high throughput amplicon sequencing and de novo
194  assembly, nine, seven, and ten different alignment groups were obtained for tmo6-1, tm6-
195 7, and tm6-9 respectively (Fig. 2C; Table S3). Alleles #1 showed a single editing event
196 in all three lines, while allele #2 had the same deletion in all of them (Fig. 2C).
197  However, different editing events were obtained for alleles #3, #4 and #5 within each

198  transgenic line, except for tmo6-7, which had only one modification in allele #3 (Fig.
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199  2C). As expected, most of the CRISPR/Cas9-induced mutations occurred downstream
200  of the PAM sequences, although a deletion including the whole PAM-sgRNAT1 region
201  was also observed in tm6-9 (Fig. 2C).

202  All sequences obtained for alleles #1 through #4 showed mutations within the region
203  targeted by sgRNAI1 (Fig. 2C). However, no editing was observed in this target site in
204  allele #5, most likely due to the mismatch present in the sgRNA1 seed sequence (Fig.
205  2C). For the region targeted by sgRNA2, the sequencing analysis showed that all five
206  alleles were edited, although wild-type sequences were also detected for this target only
207  in allele #5 (Fig. 2C).

208  As expected from the amplicon pattern obtained for these three lines, all of them
209  contained large deletions generated by the simultaneous double-strand breaks (DSBs) in
210  both target sites. These deletions of 187 and 193 nts resulted in a deletion of 27 or 29
211  amino acids (aas), respectively, or in the generation of a premature stop codon (-188
212 nts) (Fig. 2C and Fig. S5). Most of the editing events generated frameshift mutations,
213 especially in the tm6-1 line, which resulted in the production of seven truncated proteins
214 (#2, #3A, #3B, #4A, #4B, #5A and #5B) out of the nine allelic variants detected (Fig.
215 S5). In addition to the generation of these truncated proteins, shorter amino acid
216  deletions and substitutions were also obtained in tm6-7 and tm6-9 (Fig. S5).

217

218  FaTMGé plays a key role in anther development

219  To determine the function of FaTM6, we analyzed the flower phenotype of the tmo6-1,
220  tm6-7 and tm6-9 lines. At pre-anthesis stage, petals in the mutant lines were shorter and
221  greenish compared to that of the control flowers (Fig. 3A-B). More severe defects were
222 observed in the anthers, which were smaller and darker than that of the wild-type (Fig.
223 3C). A more detailed anatomical analysis of the anthers at the dehiscence stage and that
224  of the pollen grains were performed by Scanning Electron Microscopy (SEM). Wild-
225  type anthers displayed the typical four-lobed structure, with a very well defined
226  epidermal layer, and with pollen grains visible at the stomium rupture site (Fig. 3D).
227  However, the anthers of /m6 mutant lines displayed morphological differences, showing
228  clear defects in the epidermal cell layer and a reduced number of pollen grains at the
229  stomium (Fig.3D). This apparent difference in pollen content was quantified, resulting
230  in a 10-fold reduction in tm6-1 and tm6-7, and a 50-fold reduction in tm6-9 compared to
231  the control (Fig. S6). Moreover, most of the pollen grains from the mutant lines showed

232 aberrant and collapsed structures (Fig. 3E).
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233 Since ovule fertilization and proper development of embryos and achenes are necessary
234  for normal receptacle development (Nitsch, 1950), we assessed the fruit formation in
235  tmé6 lines compared with emasculated controls. The emasculation of WT flowers caused
236 a complete abortion in the receptacle development (Fig. 4A). Consistent with the
237  impaired pollen grain formation, the m6 mutant lines also showed arrested
238  development of the receptacles (Fig. 4A, B). Nevertheless, a few fruits (5.7 and 2.2% in
239  tm6-7 and tm6-9 respectively) showed a local enlargement of the receptacle around
240  some achenes, indicating that some residual pollination took place (Fig. S7).

241  Consistent with the lack of FaTM6 expression in carpels, these organs showed normal
242  development (Fig. 4C). In order to confirm the carpel viability in the mutant lines, we
243  pollinated carpels of the #mo6-7 line using WT pollen. As shown in Fig. 4D a WT
244  receptacle was fully developed, indicating that the lack of pollination is the responsible
245  for the aborted fruit phenotype in the tm6 lines. These results taken together indicate an
246  essential role of FaTM6 in anther and pollen formation during flower development of F.
247  x ananassa.

248

249  Discussion:

250  FaTMBeé is involved in petal and stamen development

251  Here, we report that strawberry, unlike Arabidopsis thaliana, has maintained both a
252  euAP3 and a TM6 gene. While FveAP3 contains the euAP3 motif in the C-terminal
253  domain of the protein, FveTM6 posses a motif more similar to those of the paleoAP3
254  genes (Fig. S2) (Kramer et al., 1998). A transcriptome study during floral development
255  of F. vesca reported that FveTM6 (genel4896-v1.0-hybrid) is strongly expressed in
256  anthers (Hollender et al., 2014), consistent with our result in the octoploid strawberry.
257  However, in that work, FveTM6 was mis-annotated as Fve4P3, since our phylogenetic
258  analysis shows that this gene belongs to the 7M6 lineage instead (Fig. S1). Moreover,
259  expression analysis of FadP3 and FaTM6 in flowers of F. x ananassa have shown that
260  FaTM6 and not FaAP3 is the gene with the typical B-class type expression pattern (Fig.
261  1A-B), which is consistent with previous studies in Rosaceae (Hibino et al., 2006).

262  Sequencing analyses of the region spanning the CRISPR target sites for 7M6 indicate
263  that the diploid F. vesca cultivar used in this study is homozygous at this locus.
264 However, the octoploid strawberry F. x ananassa cv. Camarosa showed high

265  heterozygosity at the FaTM6 locus, consistent with the genetically complex genome of
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266  this species. At least five alleles of FaTM6 among the four pairs of homoeologous
267  chromosomes were detected. However, we cannot discard an even more complex
268  scenario with more FaTM6 alleles due to the possible presence of additional
269  polymorphisms outside the region covered in this study. Furthermore, deep sequencing
270  of cDNA from petals and sepals showed that at least four of the five FaTM6 are
271  expressed in both organs, being alleles #1 and #2 indistinguishable within the CDS
272 region sequenced (Table S3).

273 The role of euAP3 genes in petal and stamen specification has been well established
274  (Jack et al., 1992; Schwarz-Sommer et al., 1992; de Martino et al., 2006; Roque et al.,
275  2012). However, there have been fewer reports on the role of TM6-like TFs, which play
276  a more important role in stamen identity (Rijpkema et al., 2006; Roque et al., 2012).
277  Our results are also consistent with a predominant role of FaTM6 in stamen
278  development since the anthers in the rm6 mutant lines were severely affected, and they
279  showed a drastic reduction in pollen content and viability (Fig. 3C-E, Fig. S6), while the
280  petals of the tm6 mutants showed more modest defects in overall size and color (Fig.
281  3B). This is consistent with the phenotype reported in TM61 (RNA1) lines of tomato,
282  which developed smaller petals that were attributed to a decrease in cell proliferation
283  (de Martino et al., 2006). Similarly, PTD, the Populus trichocarpa TM6 ortholog, has
284  been postulated to play a role in regulating cell proliferation (Sheppard et al., 2000)

285  Auxin transport from the fertilized carpels to the floral receptacle is essential for the
286 latter to grow into a fleshy and edible fruit (Nitsch, 1950; Kang et al., 2013). The high
287  percentage of fruit abortions obtained in the fm6 mutant lines, which phenocopy
288  emasculated WT flowers, supports the tight coupling of flower and fruit development
289  (Fig. S7, Fig. 4A-B). The presence of a small number of aberrant fruits with enlarged
290 portions of receptacle around developed achenes (Fig. S7) indicates that some residual
291  viable pollen is formed. tm6 mutants developed anatomically normal pistils (Fig. 4C),
292  consistent with the lack of FaTM6 expression in this organ (Fig. 1A). In fact, carpels in
293 tmé lines are functional since fruit development was restored using WT pollen. All of
294  these findings indicate that the defect in pollen formation and not in gynoecium
295  development causes the fruit abortions in the tm6 lines.

296

297  CRISPR/Cas9 is an efficient tool for gene functional analysis in the octoploid
298  strawberry
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299  In this study, we have designed a dual sgRNA system that has efficiently edited the
300 FaTMG6 gene in the octoploid strawberry. Moreover, we have developed a quick and
301  easy validation in vivo of the sgRNA efficiency performing a transient assay in fruits of
302 the diploid F. vesca.

303 A deep sequence analysis in three independent transgenic CRISPR lines in F. x
304  ananassa showed a high efficiency of sgRNA1, which drove the editing of 4 of the 5
305  FaTM6 alleles in all lines examined (Fig. 2C, Table S3). Only allele #5 remained totally
306 unedited at this target site, likely because of the mismatch in the seed sequence, which
307  has been reported to decrease the cleavage efficiency (Xu et al., 2017). Although Cas9
308  can still tolerate mismatches within the target site (Hsu et al., 2013; Braatz et al., 2017),
309  our results indicate that the mismatch in the seed sequence of allele #5 totally prevented
310 the Cas9 activity (Fig. 2C, Table S3). None of the alleles had mismatches with
311  sgRNAZ2, and this led to the editing of all the five FaTM6 alleles. Interestingly, an
312 unedited variant was also detected with a low prevalence in each line only for allele #5
313 (#5-C, #5-B and #5-C in tm6-1, tm6-7 and tm6-9 respectively) (Table S3). It is possible
314  that the SNP present at the sgRNAI target site for allele #5 also affected editing at the
315  sgRNA2 site. All of these results support that a preliminary sequence analysis is an
316  essential step to optimize the efficiency of the CRISPR/Cas9 system in a polyploid and
317  highly heterozygous species such as F. x ananassa, especially when a reference genome
318  sequence is not available. Moreover, when designing CRISPR/Cas9 experiments to edit
319  a polymorphic locus of F. x ananassa, we recommend designing constructs containing
320  multiple sgRNAs against the different allelic variants.

321  Despite the octoploid nature of strawberry, our analysis indicates that t/mo6-1 and tm6-9
322 lines contain more than eight allelic variants, indicating that these two lines are
323 chimeras. These genetic mosaics are common in CRISPR/Cas9 TO generations of plants
324  obtained from somatic tissue due to the activity of Cas9 during later stages of shoot
325  development (Liu et al., 2017). Due to the high heterozygosity of the cultivated
326  strawberry, breeding lines can be only maintained and propagated clonally by runners.
327  Therefore, even though a full knock-out was not achieved in the TO generation,
328  continuous clonal propagation of the transgenic lines containing the CRISPR/Cas9 may
329  enable the eventual mutation of all eight homeologs.

330  In summary, we have characterized the role of a homeotic gene in strawberry, FaTMG6,

331  for the first time. We have shown that it is primarily involved in anther development,
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332 but also has a role in petal formation. Therefore, we propose that CRISPR/Cas9 is a
333 powerful tool for gene functional studies in the commercial strawberry that can
334  overcome the drawbacks of the RNAIi such as instability and unpredictable off-targets.
335  Moreover, we show that genome-editing is a feasible approach that can be used in the
336  future to generate lines with agronomic traits of interest in F. x ananassa despite the
337  high ploidy of this species.

338

339  Methods:

340  Alignment and Phylogenetic Tree of AP3- and TM6-like proteins

341 The A. thaliana AP3 protein sequence was BLASTed against translated protein
342  sequences of the strawberry genome (v4.0.al) (Edger et al., 2018) at the Genome
343  Database for Rosaceae server (https://www.rosaceae.org/) to obtain Fragaria vesca
344  TM6 (FveTM6) and AP3 (FveAP3) protein sequences. Multiple sequence alignment of
345  AP3- and TM6-like proteins were performed using MUSCLE with the SeaView version
346 4 program (Gouy et al., 2010). The phylogenetic tree was inferred by the Neighbor-
347  Joining method. A total of 1000 bootstrap pseudo-replicates were used to estimate
348  reliability of internal nodes. Evolutionary distances were computed using the Poisson
349  correction method. The tree was rooted using four Pl-like sequences: At-PI (4.
350  thaliana), TPI (S. lycopersicum), FvePI-1 and FvePI-2 (F. vesca). Tree inference was
351 performed using MEGA version 7 (Kumar et al., 2016). The dataset comprised 68
352  previously reported AP3- and TM6-like genes from gymnosperms, monocots, basal
353  angiosperms, basal eudicots and core eudicots obtained from GenBank. All sequences
354  used in this analysis, with their GenBank Accession numbers and respective species, are
355  listed in the Accession numbers section.

356

357  Plant material, transient and stable transformation

358  F. vesca (cv. Reine des Vallées) and F. x ananassa Duch. (cv. Camarosa) plants were
359  grown and maintained under green house conditions (IHSM, Malaga, Spain). Transient
360  expression of the sgRNA1-2/Cas9 binary vector was performed by infiltration of a
361  suspension of Agrobacterium tumefaciens (strain AGL-0) into fruits at the green stage
362  of development of F. vesca as previously described (Hoffmann et al., 2006). Fruits were
363  collected ten days after the infiltration when they reached the red stage. For stable

364  transformation of F. x ananassa cv. Camarosa, plants were micropropagated in N30K
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365 medium supplemented with 2.20 uM Kinetin. Transformation was performed according
366  to the protocol described by Barceld and colleagues (Barcelo et al., 1998). Leaf discs
367  were transformed with Agrobacterium (strain LBA4404) carrying a pCAMBIA2300
368 plasmid that contained the kanamycin resistance gene mpt/l and the Cas9-sgRNA
369  cassette. Regenerated shoots were selected in the same medium supplemented with 50
370  mg-1" kanamycin and 500 mg-1" carbenicillin. Resistant plants were transferred to the
371  green house after 20-30 weeks post-transformation.

372

373  Design of sgRNAs and vector construct

374  Genomic sequence of FveTM6 (FvH4 1g12260), previously annotated as genel4896-
375  vl1.0-hybrid, was obtained from the reference genome of Shulaev et al., 2011. Single-
376  guide RNAs were designed wusing the ATUM CRISPR/gRNA tool
377  (https://www.atum.bio/eCommerce/cas9/input) with FveTM6 CDS as the input

378  sequence. We performed a BLAST search of FveTM6 CDS against F. vesca reference
379  genome to select those candidate sgRNAs that were specific to the target gene. Two
380  sgRNAs located in exon 1 and exon 2, and separated by 198 bp (from PAM to PAM)
381  were selected. CRISPOR web-tool (http://crispor.org) (Haeussler et al., 2016) was used

382  to validate the quality of the selected sgRNAs and to identify putative off-targets.

383 Two different vectors were used to generate the final sgRNAI1-2/Cas9 construct:
384  pAtU6:sgRNA and 35S:hSpCas9 (Mao et al., 2013). We cloned both sgRNA1 and
385 sgRNA2 into pAtU6:sgRNA vectors using Bbsl. pAtU6:sgRNA1 was cloned into
386  35S:hSpCas9 vector using Acc651 and Sall. pAtU6:sgRNA2 was amplified to include
387  Cfr9 and Xbal restriction sites and cloned it into the pAtU6:sgRNA1/35S:hSpCas9
388  wvector, generating a construct with the Cas9 and the two sgRNAs cassettes. The final
389  binary vector was obtained cloning the sgRNA1-2/Cas9 cassettes into pPCAMBIA2300
390 using Kpnl and Xbal sites. The binary vector was introduced into Agrobacterium
391  tumefaciens strain AGL-0 for transient expression and into LBA4404 for stable
392 transformation.

393

394  Mutation identification

395  Genomic DNA was isolated using the CTAB method from fruits of the transiently
396  transformed plants, and leaves from stably transformed plants. The presence of the
397  transformation cassette was tested by PCR using primers P248 and P249 to amplify
398 Cas9 (Table S2). CRISPR/Cas9-mediated indels were detected by agarose gel
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399  electrophoresis after PCR using primers flanking both sgRNAs (P180/P181 for transient
400  assay, and P445/P446 for stable lines; Table S2). For transient expression experiments,
401  the PCR amplicons were cloned into pPGEMT-Easy vector system (Promega, Madison,
402 USA) and transformed into E. coli DH5a. Single colonies were picked to identify
403  mutations by Sanger sequencing.

404

405 Amplicon sequencing and sequence analysis

406  cDNA from petals and stamens was amplified using P445 and P475 (Table S2), and
407  genomic DNA from leaves was amplified using P445 and P446 (Fig. 2; Table S2) for
408  high-throughput amplicon sequencing. Resulting amplicons were reamplified for
409  indexing. Libraries were purified with Agencourt® AMPure® XP beads (Beckman
410  Coulter) using the manufacturer’s recommendations, and their quality was verified
411  using a TapeStation 4200 HS DNA (Agilent). Libraries were quantified using real time
412  PCR. The libraries were pooled in equimolar ratios before paired-end sequencing (2 x
413 250 cycles) using a MiSeq system (Illumina).

414  For the sequence analysis, the paired-end reads were collapsed using the FLASH
415  algorithm developed by (Mago¢ and Salzberg, 2011), with a quality filter of 33 in Phred
416  scale. Then, the resulting clusters were transformed to FASTA format using a custom
417  python script. 35 nucleotides in the 5' and 3' positions were trimmed using
418  Trimmomatic in order to reduce noise (Bolger et al., 2014). Custom python scripts
419  were designed for sequence identification and quantification. For the quantification
420  process, no similarity threshold for sequence clusters was applied. Sequences with at
421  least 1% of prevalence were selected as possible allelic variants. However, PCR bias hid
422  some alleles. In these rare cases, a fingerprint strategy based in exclusive SNPs for the
423 missing allele that allowed variations among the target sites was designed using custom
424  python scripts.

425

426  Phenotypic analyses

427  For control plants and tm6 mutant lines, flowers at the pre-anthesis stage were marked
428  so that all phenotypic analyses could be performed at the same developmental stage.
429  SEM visualization of stamens was performed using flowers at 2 days post-anthesis, and
430  that of carpels at the pre-anthesis stage. Stamens and carpels were visualized without
431  processing using a JEOL JSM-6490LV electron microscope under low vacuum

432 conditions (30 MPa). To analyze the pollen morphology, anthers at the dehiscence stage
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433  were incubated in absolute ethanol for 3 hours, air-dried, and coated with gold in a
434 sputtering Quorum Q150R ES. Gold-coated pollen grains were examined using a MEB
435  JEOL 840 microscope.

436

437  Quantification of pollen grains

438 To quantify the pollen content in control and fm6 mutant lines, three flowers per
439  genotype were collected at 2 days post-anthesis. Anthers were removed and incubated
440  with 10% sucrose and 1% acetocarmine for the staining of viable pollen. Pollen grains
441  were quantified using a Neubauer chamber under a stereomicroscope Multizoom AZ-
442 100 (Nikon).

443

444  Emasculation and cross-pollination

445  Emasculation of flowers was performed by removing all of the stamens in control
446  flowers at the pre-anthesis stage. In order to avoid cross-pollination, the emasculated
447  flowers were covered with cotton. To analyze the functionality of the carpels in tm6
448  lines, tm6-7 flowers were pollinated using wild-type pollen. In detail, the anthers of the
449  mutant flowers were removed manually at pre-anthesis to avoid any possible self-
450  fertilization. Then, a small paintbrush was used to pollinate the tm6 stigmas with wild-
451  type pollen. In order to avoid cross-contamination, cross-pollinated flowers were
452  covered with cotton.

453

454  Accession numbers

455 Most of the protein sequences were obtained from GenBank: MASAKO B3 (Rosa
456  rugosa; AB055966), PaTM6 (Prunus avium; AB763909), MAMADS13 (Malus x
457  domestica; AJ251116), MATM6 (M. x domestica; AB081093), HmTM6 (Hydrangea
458  macrophylla;, AF230703), GDEF1 (Gerbera hybrida; AJ009724), VvIM6 (Vitis
459  vinifera; DQ979341), BalTM6 (Balanophora fungosa; JQ613232), PATM6 (Petunia x
460  hybrida; DQ539417), LeTM6 (Solanum Ilycopersicum; X60759), NbTM6 (Nicotiana
461  benthamiana; AYS577817), PtAP3-2 (Pachysandra terminalis; AF052871), PtAP3-1 (P.
462  terminalis; AF052870), Gu.ti. AP3-5 (Gunnera tinctoria; AY337757), Gu.ti. AP3-4 (G.
463  tinctoria; AY337756), FavAP31.1 (Fragaria x ananassa; AY429427), MASAKO euB3
464  (R. rugosa; AB099875), GDEF2 (G. hybrida; AJ009725), HpDEF2 (Hieracium
465  piloselloides; AF180365), HpDEF1 (H. piloselloides; AF180364), AtAP3 (Arabidopsis
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466  thaliana; AF115814), CMB2 (Dianthus caryophyllus; 1L.40405), SLM3 (Silene latifolia;
467  X80490), RAD2 (Rumex acetosa; X89108), RADI1 (R. acetosa; X89113), JrAP3
468  (Juglans regia; AJ313089), RfAP3-2 (Ranunculus ficaria; AF130870), RfAP3-1 (R.
469  ficaria; AF052854), HmAP3 (H. macrophylla; AF230702), NMH7 (Medicago sativa;
470  L41727), VvAP3 (V. vinifera; EF418603), CitMADSS (Citrus unshui; AB218614),
471  DEF (Antirrhinum majus; X52023), NtDEF (Nicotiana tabacum; X96428), PhDEF (P.
472  x hybrida; DQ539416), StDEF (Solanum tuberosum; X67511), TAP3 (S. lycopersicum;
473  DQ674532), LeAP3 (S. lycopersicum; AF052868), RfAP3-1 (R. ficaria; AF052854),
474  RbAP3-1 (Ranunculus bulbosus; AF052876), RfAP3-2 (R. ficaria; AF130870),
475 RbLAP3-2 (R. bulbosus; AF130869), PnAP3-1 (Papaver nudiculae; AF052873),
476  PapsAP3-1 (Papaver somniferum; EF071993), PcAP3 (Papaver californicum;
477  AF052872), LtAP3 (Liriodendron tulipifera; AF052878), MpMADS7 (Magnolia
478  praecocissima; AB050649), Pe.am.AP3 (Persea americana; AY337748), CfAP3-1
479  (Calycanthus floridus; AF230699), CfAP3-2 (C. floridus; AF230700), PeMADS2
480  (Phalaenopsis equestris;, AY378149), PeMADSS (P. equestris; AY378148),
481 OsMADSI16 (Oryza sativa; AF077760), SILKY1 (Zea mays; AF181479), PeMADS4
482  (P. equestris; AY378147), LMADSI1 (Lilium longiflorum; AF503913), LRDEF (Lilium
483  regale; AB071378), CryMADSI (Cryptomeria japonica; AF097746), CryMADS2 (C.
484  japonica; AF097747), GnegGGM?2 (Gnetum gnemon; AJ132208), GnegGGM13 (G.
485  gmnemon; AJ132219), DALI13-1 (Picea abies; AF158543), PrDGL (Pinus radiata;
486  AF120097), GnegGGM15 (G. gnemon; AJ251555), TPI (S. lycopersicum; DQ674531)
487  FveTM6 (Fragaria vesca; FvH4 1g12260), FveAP3 (F. vesca; FvH4 2g38970). AtPI
488  (A. thaliana; At5g20240), FvePI-1 (F. vesca; FvH4 2g27860.1), FvePI-2 (F. vesca;
489  FvH4 2g278270.1).
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666  Figure 1. Expression of AP3 and 7M6 genes in the cultivated strawberry (Fragaria
667  x ananassa), construct design and evaluation of CRISPR-Cas9-based editing of the
668  wild strawberry, Fragaria vesca. Relative (Rel.) expression by qRT-PCR of the F. x
669  ananassa (A) TM6 gene (FaTM6) and (B) AP3 gene (FaAP3) in sepals (se), petals (pe),
670  stamens (st), receptacles (re) and carpels (ca) of F. x ananassa flowers at stage 12.
671  Error bars denote the standard deviation (s.d.) of three biological replicates with three
672  technical replicates each. (C) The F. vesca TM6 (FveTM6) locus, including exons
673  (boxes) and introns (lines). sgRNAs 1 and 2 are represented in green and PAM
674  sequences in orange. Primers used for CRISPR/Cas9 editing characterization are
675 indicated. (D) Schematic representation of the two sgRNAs and Cas9 expression
676  cassettes in a single binary vector pPCAMBIA2300 (sgRNA1-2/Cas9 vector). (E) Green
677  fruit agroinfiltrated with the sgRNA1-2/Cas9 vector. (F) PCR to detect indels in
678  FveTM6. Top panel: PCR of Cas9 in four fruits that transiently expressed the vector.
679  Bottom panel: PCR with P180 and P181 (Table S2) showing a ~323-bp band (red
680  squares) in fruits #2 and #4 in addition to the wild-type band (512 bp). (G) Alignment of
681  sequences obtained after the purification, cloning and Sanger sequencing of the ~323 bp
682  band from fruits #2 and #4. Fragments with 189- and 188-bp deletions resulting from
683  simultaneous DSBs in both target sites were detected in 2 and 16 clones, respectively.
684

685  Figure 2. Identification of CRISPR/Cas9-induced mutations in the F. x ananassa
686  TM6 allele (FaTMG6). (A) Schematic representation of the positions of the sgRNAs in
687  the F. vesca TM6 (FveTM®6) locus. Primers used for the analysis in agarose gel and for
688 deep sequencing are represented (P445 and P446; Table S2). (B) Top panel:
689  Identification of Cas9 gene in transgenic fm6 lines. Bottom panel: Detection of
690  mutations at the FaTM6 locus using P445 and P446 primers. (C) Sequence alignment
691  obtained by high-throughput amplicon sequencing in control and tm6 mutant lines.
692 PAM sequences are marked in bold; sgRNAs are underlined; blue font indicates
693  distinctive SNPs among FaTM6 alleles; bold red font indicates mutations induced by
694  CRISPR/Cas9-mediated editing. PTC: Premature termination codon.

695

696  Figure 3. Phenotypic effects of mutations in F. x ananassa TM6 (FaTM6) in
697  flowers. (A) Flowers of control and three independent tm6 lines at the pre-anthesis

698  stage. (B) Petals of tm6 lines appear smaller and greenish. (C) Top panel: flowers at
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699  pre-anthesis with some petals removed. Bottom panel: higher magnification to show
700  details of the morphology of the stamens. (D-E), Scanning electron microscopy (SEM)
701  of the structure of the anthers at the dehiscence stage (D) and pollen grains (E). Scale
702 bars: (A-C): 1 cm; (D): 200 pm; (E): 20 pm.

703

704  Figure 4. Phenotypic effect of mutations in F. x ananassa TM6 (FaTMG6) in fruits
705 and complementation experiment. (A) Wild-type flowers emasculated at the pre-
706  anthesis stage phenocopy aborted flowers in fm6 mutant lines. (B) Top panels: adult
707  plants of control and m6 mutant lines. Bottom panels: control plant develops wild-type
708  berries, but tm6 flowers abort. (C) Scanning electron microscopy (SEM) of the structure
709  of carpels at pre-anthesis stage. (D) Fruit developed from a tm6-7 flower emasculated
710  and pollinated with wild-type pollen. Scale bar: (A): 1 cm; (C): 200 um.

711

712 Supplemental Figure 1. Neighbor-Joining Analysis of TM6 and euAP3 lineage
713 proteins. Representative AP3 lineage proteins from core eudicots to gymnosperms were
714 included in the analysis. The two AP3-like proteins from Fragaria vesca
715 (FvH4 1g12260 and FvH4 2¢38970) are represented in bold types. Four PISTILLATA
716  genes were used as outgroup. Numbers next to the nodes are bootstrap values from
717 1000 pseudo-replicates. The protein sequences were obtained from GenBank (see
718  Accesion numbers section).

719

720  Supplemental Figure 2. Alignment of AP3- and TMé6-like proteins. Eight TM6-
721  and four AP3-like proteins were selected for the alignment. The M- and K-domain
722 characteristics of MIKC-type MADS transcription factors are boxed. PaleoAP3 and
723 EuAP3 motives are located at the carboxyl end of the TM6- and AP3-like proteins. Red
724 squares mark the region where the sgRNAs were designed for F. vesca TM6 (FveTM6).
725  sgRNAI is located spanning the M-domain and the I region. sgRNAZ2 is located at the I
726  region. FveTM6 and FveAP3 (F. vesca), MASAKO B3 and MASAKO euB3 (Rosa
727  rugosa), PaTM6 (Prunus avium), MAMADSI13 and MdTM6 (Malus x domestica),
728  VVIMG6 (Vitis vinifera), PA\TM6 (Petunia x hybrid), LeTM6 and LeAP3 (Solanum
729  Iycopersicum), AtAP3 (Arabidopsis thaliana). The protein sequences were obtained
730  from GenBank (see Accession numbers section).

731
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732 Supplemental Figure 3. Expression analysis of two putative off-targets. Expression
733  of FvH4 5g20380 and FvH4 2g29560 was analyzed using the eFP browser for F. vesca
734  (Hawkins et al., 2017). Expression data from the flower and fruit stages were obtained
735  from Hollender et al., 2014 and Kang et al., 2013 respectively. All stage numbering
736  follows Hollender et al., 2011.

737

738  Supplemental Figure 4. Alignment of 7M6 sequences from F. vesca and F. x
739  ananassa. PCR flanking the two target sites (primers P180 and P181; Supplemental
740  Table 3) for TM6 was performed, purified, cloned and sequenced by the Sanger method
741  for F. vesca cv. Hawaii 4, F. vesca cv. Reine des Vallées (RV), and F. x ananassa cv.
742  Camarosa. The aligned region spans from the position 61 after the start codon, to the
743 nucleotide 475, based on the TM6 sequence in F. vesca. Exons are delimited with a
744  black line; red font: sgRNAs; grey background: PAM; green background: synonymous
745  polymorphisms; red background: non-synonymous polymorphisms; asterisks:
746  conserved nucleotides.

747

748  Supplemental Figure 5. Alignment of TM6 predicted amino acid sequences. TM6
749  protein sequence from amino acid 33 to 99 in control is aligned with the protein
750  sequences of the tm6 mutant lines. Red and bold fonts indicate CRISPR/Cas9-induced
751  variants. Red asterisk: premature termination codon (PTC). Information about the
752  amino acid modification is included after the protein sequence.

753

754  Supplemental Figure 6. Pollen yield quantification. (A) Pictures of pollen grains
755  stained with acetocarmine. (B) Quantification of pollen amount using the Neubauer
756  chamber. Error bars denote the standard deviation (s.d.) of three biological replicates.
757

758  Supplemental Figure 7. Fruit phenotype quantification. Chart showing the
759  percentage of fruits with mutant, intermediate (Int.) and wild-#ype phenotype in control
760  and tmé6 lines. Fruits with partial receptacle enlargement were considered to have an
761  intermediate phenotype. Numbers of fruits analyzed for each genotype are indicated
762  above the bars.

763

764  Supplemental Table 1. Off-target analysis for sgRNA1 and sgRNA2. Sequences,
765  Cutting Frequency Determination (CFD) score (Doench et al., 2016), and position in the
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F. vesca v4.0.al reference genome (Edger et al., 2018) is displayed. CFD score are
predictive of off target potential of sgRNA:DNA interactions. Off-targets are ranked by
CFD off-target score from most to least likely. Mismatches compared with the sgRNA
sequence are shown in bold type. Off-targets located within coding sequences (CDS)

are marked in grey.

Supplemental Table 2. List of oligonucleotides used in this study.

Supplemental Table 3. Analysis of high-throughput sequencing of amplicons of
TM6 cDNA and genomic DNA. 7M6 sequences flanking the two target sites were
obtained from cDNA from petals and stamens of F. x ananassa cv. Camarosa (sheets 1
and 2), and from gDNA from leaves of control and Fatmé6 lines (sheets 3-6). %

Prevalence indicates the presence of each cluster obtained by de-novo assembly.


https://doi.org/10.1101/351296
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/351296; this version posted June 20, 2018. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Figure 1
A B
600 30
FaTM6 FaAP3
= 500 c 25
S S
2 400 2 20
o )
% 300 % 15
— 200 — 10
[0} [0}
T 100 T 5
0 - 0 o | | i |
se pe st re ca se pe st re ca

o
m

sgRNA1 sgRNA2
__ TCTATGGAGCTCGCACTACGAGE

> <
P180 P181 100 bp bp
D %) )
= )
Z z
WP K 35S HATE-25 E))| [AUG 23{5grNA
]
3
T
F &
SgRNA1-2/Cas9
Control ~ #1 #2 #3 #4
as9 G
P180-P181
SQRNAL 149nts SQRNA2 PAM NTs (N. clones)
siabp CCACCRGTATATTAGOCCTACCACT./.GAICTATGGAGCTCGCACTACGAGE
P
CCACGA- o ACGAGG -189 (2)

GAGG -188 (6)

CCACGA(
TACGAGG -188 (10)

v
CCACGA- a

~323 bp

Figure 1. Expression of AP3 and TM6 genes in the cultivated strawberry (Fragaria x ananassa),
construct design and evaluation of CRISPR-Cas9-based editing of the wild strawberry, Fragaria
vesca. Relative (Rel.) expression by qRT-PCR of the F. x ananassa (A) TM6 gene (FaTM6) and (B)
AP3 gene (FaAP3) in sepals (se), petals (pe), stamens (st), receptacles (re) and carpels (ca) of F. x
ananassa flowers at stage 12. Error bars denote the standard deviation (s.d.) of three biological
replicates with three technical replicates each. (C) The F. vesca TM6 (FveTM6) locus, including exons
(boxes) and introns (lines). sgRNAs 1 and 2 are represented in green and PAM sequences in orange.
Primers used for CRISPR/Cas9 editing characterization are indicated. (D) Schematic representation of
the two sgRNAs and Cas9 expressioncassettes in a single binary vector pPCAMBIA2300
(sgRNA1-2/Cas9 vector). (E) Green fruit agroinfilirated with the sgRNA1-2/Cas9 vector. (F) PCR to
detect indels in FveTM6. Top panel: PCR of Cas9 in four fruits that transiently expressed the

vector. Bottom panel: PCR with P180 and P181 (Table S2) showing a ~323-bp band (red squares) in
fruits #2 and #4 in addition to the wild-type band (512 bp). (G) Alignment of sequences obtained after
the purification, cloning and Sanger sequencing of the ~323 bp band from fruits #2 and #4. Fragments
with 189- and 188-bp deletions resulting from simultaneous DSBs in both target sites were detected in 2
and 16 clones, respectively.
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Figure 2. Identification of CRISPR/Cas9-induced mutations in the F. x ananassa TM6 allele (FaTM6). (A) Schematic representation of the positions of the
sgRNAs in the F. vesca TM6 (FveTM6) locus. Primers used for the analysis in agarose gel and for deep sequencing are represented (P445 and P446; Table S2).
(B) Top panel: Identification of Cas9 gene in transgenic tmé lines. Bottom panel: Detection of mutations at the FaTM6 locus using P445 and P446 primers. (C)
Sequence alignment obtained by high-throughput amplicon sequencing in control and tmé mutant lines. PAM sequences are marked in bold; sgRNAs are
underlined; blue font indicates distinctive SNPs among FaTMé alleles; bold red font indicates mutations induced by CRISPR/Cas9-mediated editing. PTC:
Premature termination codon.
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Figure 3
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Figure 3. Phenotypic effects of mutations in F. x ananassa TM6 (FaTMé) in flowers. (A) Flowers of
control and three independent tmé lines at the pre-anthesis stage. (B) Petals of tm6 lines appear smaller
and greenish. C, Top panel: flowers at pre-anthesis with some petals removed. Bottom panel: higher
magpnification to show details of the morphology of the stamens. (D-E) Scanning electron microscopy
(SEM) of the structure of the anthers at the dehiscence stage (D) and pollen grains (E). Scale bars:
(A-C): 1 cm; (D): 200 ym; (E): 20 pym.
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Figure 4. Phenotypic effect of mutations in F. x ananassa TM6 (FaTM6) in fruits and complementation experiment. (A) Wild-type flowers emasculated at
the pre-anthesis stage phenocopy aborted flowers in fm6 mutant lines. (B) Top panels: adult plants of control and tm6 mutant lines. Bottom panels: control plant
develops wild-type berries, but tmé flowers abort. (C), Scanning electron microscopy (SEM) of the structure of carpels at pre-anthesis stage. (D) Fruit developed
from a tm6-7 flower emasculated and pollinated with wild-type pollen. Scale bar: (A): 1 cm; (C): 200 ym.
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Supplemental Figure 1. Neighbor-Joining Analysis of TM6 and euAP3 lineage proteins. Representative AP3 lineage proteins from
core eudicots to gymnosperms were included in the analysis. The two AP3-like proteins from Fragaria vesca (FvH4_19g12260 and
FvH4_2g38970) are represented in bold types. Four PISTILLATA proteins were used as outgroup. Numbers next to the nodes are
bootstrap values from 1000 pseudo-replicates. The protein sequences were obtained from GenBank (see Accesion numbers section).
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Supplemental Figure 2. Alignment of AP3- and TM6-like proteins. Eight TM6- and four AP3-like proteins were selected for the alignment.
The M- and K-domain characteristics of MIKC-type MADS transcription factors are boxed. PaleoAP3 and EuAP3 motives are located at

the carboxyl end of the TM6- and AP3-like proteins. Red squares mark the region where the sgRNAs were designed for F. vesca TM6
(FveTM6). sgRNAT1 is located spanning the M-domain and the | region. sgRNA2 is located at the | region. FveTM6 and FveAP3

(F. vesca), MASAKO B3 and MASAKO euB3 (Rosa rugosa), PaTM6 (Prunus avium), MdMADS13 and MdTM6 (Malus x domestica),

VVTM6 (Vitis vinifera), PATM6 (Petunia x hybrid), LeTM6 and LeAP3 (Solanum lycopersicum), AtAP3 (Arabidopsis thaliana). The protein
sequences were obtained from GenBank (see Accession numbers section).
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Supplemental Figure 3. Expression analysis of two putative off-targets. Expression of FvH4_5g20380 and FvH4_2g29560 was
analyzed using the eFP browser for F. vesca (Hawkins et al., 2017). Expression data from the flower and fruit stages were obtained
from Hollender et al., 2014 and Kang et al., 2013 respectively. All stage numbering follows Hollender et al., 2011.
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Supplemental Figure 4

61
F. vesca cv. Hawaii 4 TATTCGAAGCGACGAAATGGGATCTTCAAGAAGGCTCAAGAGCTCACGGTTCTGTGTGAT
F. vesca cv. RV TATTCGAAGCGACGAAATGGGATCTTCAAGAAGGCTCAAGAGCTCACGGTTCTGTGTGAT
F. x ananassa cv. Camarosa #1 TATTCGAAGCGACGAAATGGGATCTTCAAGAAGGCTCAAGAGCTCACGGTTCTGTGTGAT
F. x ananassa cv. Camarosa #2 TATTCGAAGCGACGAAATGGGATCTTCAAGAAGGCTCAAGAGCTCACGGTTCTGTGTGAT
F. x ananassa cv. Camarosa #3 TATTCGAAGCGACGAAATGGGATCATCAAGAAGGCTCAGGAGCTCACGGTTCTTETGTGAT
F. x ananassa cv. Camarosa #4 TATTCGAAGCGACGAAATGGGATCTTCAAGAAGGCTCAAGAGCTCACGGTTATGTGTGAT
F. x ananassa cv. Camarosa #5 TATTCGAAGCGACGAAATGGGATCTTCAAGAAGGCTCAAGAGCTCACGGTTCTGTGTGAT
Kk hkhkkhkkhkkhkkhkhkhkhkhkhkhkhkhkhkhhk hhkkhkhhkhkkhkhkhkhkkdkdx dhkhkkkhkhkhkhkkhkhkhkdx * *kkkxk
121 PAM sgRNA1
F. vesca cv. Hawaii 4 GCTCATGTCTCCCTCATCATGCAGTCCTCCACTGATAAAATCCACGAGTATATTAGCCCT
F. vesca cv. RV GCTCATGTCTCCCTCATCATGCAGTCCTCCACTGATAAAATCCACGAGTATATTAGCCCT
F. x ananassa cv. Camarosa #1 GCTCATGTCTCCCTCATCATGCAGTCCTCCACTGATAAAATCCACGAGTATATTAGCCCT
F. x ananassa cv. Camarosa #2 GCTCATGTCTCCCTCATCATGCAGTCCTCCACTGATAAAATCCACGAGTATATTAGCCCT
F. x ananassa cv. Camarosa #3 GCTCAGGTCTCCCTCATCATGCAGTCCTCCACTAATAGAATCCACGAGTATATTAGCCCT
F. x ananassa cv. Camarosa #4 GCTCAGGTTTCCCTCATCATGCAGTCCTCCACTGATAAAATCCACGAGTATATTAGCCCT
F. x ananassa cv. Camarosa #5 GCTCAGGTCTCCCTCATCATGCAGTCCTCCACTGATAAAATCCACGATTATATTAGCCCT
Khkhkhkk hhk Ak hkkhkhhkhkhkhkhdkhkkhkhhhkhkhkhhkhdk d,hkk *hkhkhkhhkhhkdx *hkhdhhhkhhxkkxk
181
F. vesca cv. Hawaii 4 ACCACTACGTACGTCCAACATCTCTAGCTAGCTACTCTTTATTTATGATCTTTTGTTCAC
F. vesca cv. RV ACCACTACGTACGTCCAACATCTCTAGCTAGCTACTCTTTATTTATGATCTTTTGTTCAC
F. x ananassa cv. Camarosa #1 ACCACTACGTACGTCCAACATCTCTAGCTAGCTACTCTTTATTTATGATCTTTTGTTCAC
F. x ananassa cv. Camarosa #2 ACCACTACGTACGTCCAACATCTCTAGCTAGCTACTCTTTATTTATGATCTTTTGTTCAC
F. x ananassa cv. Camarosa #3 ACCACTACGTACGTCCAACATCTCTAGCTAGCTACTCTTTATTTATGATCTTTTGTTCAC
F. x ananassa cv. Camarosa #4 ACCACTACGTACGTCCAACATCTCTAGCTAGCTACTCTTTATTTATGATCTTTTGTTCAC
F. x ananassa cv. Camarosa #5 ACCACTACGTACGTCCAACATCTCTAGCTAGCTACTCTTTATTTATGATCTTTTGTTCAC
KAk hkhkkhkhkhkhhhhhhhhh kb hhhhhhkhh bk hhkhkhkhkhkhkhkhkhhkhkhhkhkhkhkhkhkhkhkhkhkhkdhhkhkhkhkkkkk
241
F. vesca cv. Hawaii 4 TTTTGATCTTTGCTTGATAATTCCATATATAGAACTGATACGGATGTAAATCAGGCACAA
F. vesca cv. RV TTTTGATCTTTGCTTGATAATTCCATATATAGAACTGATACGGATGTAAATCAGGCACAA
F. x ananassa cv. Camarosa #1 TTTTGATCTTTGCTTGATAATTCCATATATAGAACTGATACGGATGTAAATCAGGCACAA
F. x ananassa cv. Camarosa #2 TTTTGATCTTTGCTTGATAATTCCATATATAGAACTGATACGGATGTAAATCAGGCACAA
F. x ananassa cv. Camarosa #3 TTTTGATCTTTGTTTGATTCCATATATAGAACTG---ATACGGATGTAAATCAGGCACAA
F. x ananassa cv. Camarosa #4 TTTTGATCTTTGGTTGATTCCATATATAGAACTGATGATACGGATGTAAATCAGGCACAA
F. x ananassa cv. Camarosa #5 TTTTGATCTTTGCTTGATTCCATATATAGAACTG---ATACGGATGTAAATCAGGCACAA
Kk hkhkhkhkkhkkhkkhkkx Khkhkkk * ok kok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok
301 sgRNA2 PAM
F. vesca cv. Hawaii 4 GAAGATGTTTGATCTCTACCAAAAGAATTTGCAGATCGATCTATGGAGCTCGCACTACGA
F. vesca cv. RV GAAGATGTTTGATCTCTACCAAAAGAATTTGCAGATCGATCTATGGAGCTCGCACTACGA
F. x ananassa cv. Camarosa #1 GAAGATGTTTGATCTCTACCAAAAGAATTTGCAGATCGATCTATGGAGCTCGCACTACGA
F. x ananassa cv. Camarosa #2 GAAGATGTTTGATCTCTACCAAAAGAATTTGCAGATCGATCTATGGAGCTCGCACTACGA
F. x ananassa cv. Camarosa #3 GAAGETGTTTGATCTCTACCAGAAGAATTTGCAGATCGATCTATGGAGCTCGCACTACGA
F. x ananassa cv. Camarosa #4 GAAGATGTATGATCTCTACCAGAAGAATTTGCAGATCGATCTATGGAGCTCGCACTACGA
F. x ananassa cv. Camarosa #5 GAAGATGTTTGATCTCTACCAGAAGAATTTGCAGATCGATCTATGGAGCTCGCACTACGA
Khkhkk hhkk hhkhkkhkhhkkhkhkhhk hhkhhhhhhhkhhhhkhhkhhhhhhhkhhkhkhkhkhkhkhkhkkhhkkhhkkhkk
361
F. vesca cv. Hawaii 4 GGTGATTAAAGTTAACCAAAGGAGTCTGTCAATTTTTT-————————— TTATTCTATAAA
F. vesca cv. RV GGTGATTAAAGTTAACCAAAGGAGTCTGTCAATTTTTT---—-————-—-— TTATTCTATAAA
F. x ananassa cv. Camarosa #1 GGTGATTAAAGTTAACCAAAGGAGTCTGTCAATTTTTT-————————— TTATTCTATAAA
F. x ananassa cv. Camarosa #2 GGTGATTAAAGTTAACCAATGGAGTCTGTCAATTTTTT-—--—————-— TTATTCTATAAA
F. x ananassa cv. Camarosa #3 GGTGATTAAAGTTAACCAAAGGAGTCTGTCAATTTTATTTATTTATTTTTATTCTATATA
F. x ananassa cv. Camarosa #4 GGTGATTAAAGTTAACCAAAGGATATAGAAAATAGTTGTA-———————————————————
F. x ananassa cv. Camarosa #5 GGTGATTAAAGTTAACCAAAGGATATAGAAAATATTTGTA--————-—-————————————
Kk khkkhkhkhkkhkkhkhkhkhkhkhkhkhkhhk K*kk * * %k *
421
F. vesca cv. Hawaii 4 CAAAATATTTGTAGAGTTTCTGTATGTGTTAATTTTGTTTGCTGATTTTGGTGGA
F. vesca cv. RV CAAAATATTTGTAGAGTTTCTGTATGTGTTAATTTTGTTTGCTGATTTTGGTGGA
F. x ananassa cv. Camarosa #1 CAAAATATTTGTAGAGTTTCTGTATGTGTTAATTTTGTTTGCTGATTTTGGTGGA
F. x ananassa cv. Camarosa #2 CAAAATATTTGTAGAGTTTCTGTATGTGTTAATTTTGTTTGCTGATTTTGGTGGA
F. x ananassa cv. Camarosa #3 GAAAATATTTGGAGAGTTTTTGTATGTGTTAATTTTGTTTGCTGATTTTGGTGGA
F. x ananassa cv. Camarosa #4 =  —--———-—-———--——- GAGTTTCTGTATGTGTTAATTTTGTTTGCTGATTTTGGTGGA
F. x ananassa cv. Camarosa #5 =  ———————————-- GAGTTTCTGTATGTGTTAATTTTGTTTGCTGATTTTGGTGGA

Kkkkhkhk Kk kk kA Ak hhkhkhkkhhkk kA Ak kkkkkkkkkkkkkkk

Supplemental Figure 4. Alignment of TM6 sequences from F. vesca and F. x ananassa. PCR flanking the two target sites (primers
P180 and P181; Supplemental Table 3) for TM6 was performed, purified, cloned and sequenced by the Sanger method for F. vesca cv.
Hawaii 4, F. vesca cv. Reine des Vallées (RV), and F. x ananassa cv. Camarosa. The aligned region spans from the position 61 after the
start codon, to the nucleotide 475, based on the TM6 sequence in F. vesca. Exons are delimited with a black line; red font: sgRNAs; grey
background: PAM; green background: synonymous polymorphisms; red background: non-synonymous polymorphisms; asterisks:
conserved nucleotides.
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Supplemental Figure 5

#Alleles

33
#1 QELTVLCDAHVSLIMQSSTDKIHE-YISPTTTHKKMFDLYQKNLQIDLWSSHYEAMKENLWKLKEVNN
#2 QELTVLCDAHVSLIMQSSTDKIHE-YISPTTTHKKMFDLYQKNLQIDLWSSHYEAMKENLWKLKEVNN
#3 QELTVLCDAQVSLIMQSSTNRIHE-YISPTTTHKKVFDLYQKNLQIDLWSSHYEAMKENLWKLKEVNN
#4 QELTVMCDAQVSLIMQSSTDKIHE-YISPTTTHKKMYDLYQKNLQIDLWSSHYEAMKENLWKLKEVNN
#5 QELTVLCDAQVSLIMQSSTDKIHD-YISPTTTHKKMFDLYQKNLQIDLWSSHYEAMKENLWKLKEVNN

Control

#1 QELTVLCDAHVSLIMQSSTDKIHE-—=======-==-———————————m————— AMKENLWKLKEVNN -29
#2 QELTVLCDAHVSLIMQSSTDKIHETRQ* PTC
#3-A QELTVLCDAQVSLIMQSSTNRIHD* PTC
#3-B QELTVLCDAQVSLIMQSSTNRIHE---SPTTTHKKVFDLYQKNLQIDLWSRGNERELVETEGG* PTC
#4-A QELTVMCDAQVSLIMQSSTDKIHE-Y* PTC
#4-B QELTVMCDAQVSLIMQSSTDKIHEVY* PTC
#5-A QELTVLCDAQVSLIMQSSTDKIHD-YISPTTTHKKMFDLYQKNLQIDLWSSHTRQ* PTC
#5-B QELTVLCDAQVSLIMQSSTDKIHD-YISPTTTHKKMFDLYQKNLQIDLWSSPRGNERELVETEGG* PTC
#5-C QELTVLCDAQVSLIMQSSTDKIHD-YISPTTTHKKMFDLYQKNLQIDLWSSHYEAMKENLWKLKEVNN wt

tm6-1

#1 QELTVLCDAHVSLIMQSSTDKIHE-Y-==—===————————————————— = EAMKENLWKLKEVNN -27
#2 QELTVLCDAHVSLIMQSSTDKIHETRQ* PTC
#3 QELTVLCDAQVSLIMQSSTNRIHE-Y-=--—-—--—-———-————————mm—— - EAMKENLWKLKEVNN -27
#4-A QELTVMCDAQVSLIMQSSTDKIHE-Y-=====--—-———mmmmmmmmmm oo o EAMKENLWKLKEVNN -27
#4-B QELTVMCDAQVSLIMQSSTDKIHE-YISPTTTHKKMYDLYQKNLQIDLWSSH-EAMKENLWKLKEVNN -1

#5-A QELTVLCDAQVSLIMQSSTDKIHD-YISPTTTHKKMFDLYQKNLQIDLWSSHTRQ* PTC
#5-B QELTVLCDAQVSLIMQSSTDKIHD-YISPTTTHKKMFDLYQKNLQIDLWSSHYEAMKENLWKLKEVNN wt

tm6-7

#1 QELTVLCDAHVSLIMQSSTDKIHEVY* PTC

#2 QELTVLCDAHVSLIMQSSTDKIHETRQ* PTC

#3-A QELTVLCDAQVSLIMQSSTNRIH-—-=--===~ VRTRRCLISTRRICRSIYGARYEAMKENLWKLKEVNN 21 aas subst/-7
#3-B QELTVLCDAQVSLIMQSSTNRILAL----PLRTRRCLISTRRICRSIYGARTRQ* PTC

#4-A QELTVMCDAQVSLIMQSSTDSTRRCMIST-——————————————————————— EAMKENLWKLKEVNN 9 aas subst/-23
#4-B QELTVMCDAQVSLIMQSSTDKIHD--ISPTTTHKKMYDLYQKNLQIDLWSSH-EAMKENLWKLKEVNN 1 aa subst/-2
#4-C QELTVMCDAQVSLIMQSSTDKIHE-Y====-=--———————mmmmmm o m e EAMKENLWKLKEVNN -27

#5-A QELTVLCDAQVSLIMQSSTDKIHD-YISPTTTHKKMFDLYQKNLQIDLWSSHLRGNERELVETEGG* PTC

#5-B QELTVLCDAQVSLIMQSSTDKIHD-YISPTTTHKKMFDLYQKNLQIETYS* PTC

#5-C QELTVLCDAQVSLIMQSSTDKIHD-YISPTTTHKKMFDLYQKNLQIDLWSSHYEAMKENLWKLKEVNN wt

tmé6-9

Supplemental Figure 5. Alignment of TM6 predicted amino acid sequences. TM6 protein sequence from amino acid 33 to 99 in control
is aligned with the protein sequences of the tmé6 mutant lines. Red and bold fonts indicate CRISPR/Cas9-induced variants. Red asterisk:
premature termination codon (PTC). Information about the amino acid modification is included after the protein sequence.
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Supplemental Figure 6. Pollen yield quantification. (A) Pictures of pollen grains stained with acetocarmine. (B) Quantification of
pollen amount using the Neubauer chamber. Error bars denote the standard deviation (s.d.) of three biological replicates.
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Supplemental Figure 7. Fruit phenotype quantification. Chart showing the percentage of fruits with mutant,
intermediate (Int.) and wild-type phenotype in control and tmé lines. Fruits with partial receptacle enlargement were
considered to have an intermediate phenotype. Numbers of fruits analyzed for each genotype are indicated above
the bars.
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Supplemental Table 1

Sequence CFD score Position (Strawberry Genome
v4.0.al chromosomes/maker
standard CDS)

sgRNA1 TGGTAGGGCTAATATACTCG TGG Fvb17v4.O.a1: 6715277 - 6715299
(+) / FvH4 1gl2260 (lst exon)
Off-target #1 TGCTGGGGCAAATATACTCA TGG 0.222527 Fvb5iv4.0.a1: 12055720 -

12055742 (+) / FvH4 5g20380
(2nd exon)

Off-target #2 TGGTTGGGCTAATATATACA TGG 0.106061 Fvb2 v4.0.al: 25934976 -
25934954 (-) / intergenic
region (putative promoter of
FvH4_ 2935080 (279 nt upstream
of start codon) and/or

FvH4 2935070 (2593 nt upstream
of start codon)

Off-target #3 TGCAAAGGCTAATAAACTCG GGG | 0.106034 Fvb2 v4.0.al: 22903461 -
22903439 (-) / FvH4 2929560
(4th exon)

Off-target #4 TGTTGGGGCTAATCTATTCG CGG 0.036000 Fvb4 v4.0.al: 19433168 -
19433146 (-) / intergenic
region

Off-target #5 TGGGAGTGCTAATATAGTGG TGG 0.002626 Fvb4 v4.0.al: 10677003 -
10677025 (+) / intergenic
region

sgRNA2 TCTATGGAGCTCGCACTACG AGG Fvbliv4.0.a1: 6715121 - 6715099
(-) / FvH4 1gl2260 (2nd exon)

Off-target #1 TCGACGGAGCTAGCACTACT CGG 0.250000 Fvb3 v4.0.al: 18665022 -
18665044 (+) / intergenic
region

Off-target #2 TATATGGACCTCGTTCTACG GGG 0.057436 Fvb5 v4.0.al: 27110536 -
27110514 (-) / intergenic
region

Supplemental Table 1. Off-target analysis for sgRNA1 and sgRNA2. Sequences,
Cutting Frequency Determination (CFD) score (Doench et al., 2016), and position in the
F. vesca v4.0.al reference genome (Edger et al., 2018) is displayed. CFD score are
predictive of off target potential of sgRNA:DNA interactions. Off-targets are ranked by
CFD off-target score from most to least likely. Mismatches compared with the sgRNA
sequence are shown in bold type. Off-targets located within coding sequences (CDS)
are marked in grey.

Doench, J.G., Fusi, N., Sullender, M., Hegde, M., Vaimberg, E.W., Donovan, K.F.,
Smith, 1., Tothova, Z., Wilen, C., Orchard, R., et al. (2016). Optimized sgRNA
design to maximize activity and minimize off-target effects of CRISPR-Cas9. Nat.
Biotechnol. 34:184-191

Edger, P.P., Vanburen, R., Colle, M., Poorten, T.J., Wai, C.M., Niederhuth, C.E.,
Alger, E.I., Ou, S., Acharya, C.B., Want, J., et al. (2018). Single-molecule
sequencing and optical mapping yields an improved genome of woodland
strawberry (Fragaria vesca) with chromosome-scale contiguity. Gigascience 7:1-7
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Table S2. Oligonucleotides used in this study.

Oligo Sequence (5’ -> 3’) Amplicon size | Purpose
P131 GATTGGGTAGGGCTAATATACTCG 24 bp sgRNA1
P132 AAACCGAGTATATTAGCCCTACCC
P133 GATTGCTATGGAGCTCGCACTACG 24 bp sgRNA2
P134 AAACCGTAGTGCGAGCTCCATAGC
P177 ATTGCCCGGGAGCTTCGTTGAAC 600 bp Cloning sgRNAs into the final vector
P179 GCCGTCTAGATGATGGATATCTGC
P443 ATCACCACAGCAACCACAAC 85 bp gRT-PCR FaTMé6
P444 AGGCGGAGATCATGGAGATG
P476 TCAGATTCAAACCAAGACGAAA 97 bp grt-PCR FaAP3
P477 AGCCAATGACTGCAGAATCA
FaCHP1-F | TGCATATATCAAGCAACTTTACACTG 91 bp gRT-PCR CHP1 (housekeeping)
A
FaCHP1-R | ATAGCTGAGATGGATCTTCCTGTGA
P180 AGCTGATTGAGAACCAGACGA 512 bp FveTM6 and FaTMé6 alleles characterization.
P181 CGAGTCATCAAATGGCCAAAC sgRNA1-2/Cas9-mediated mutagenesis detection
P248 GAGATCGTGTGGGATAAGGG 717 bp Cas9 detection
P297 GATATTCTCGGCCTGCTCTC
P445 TCGTCGGCAGCGTCAGATGTGTATAA 472 bp FveTM6 amplicon sequencing (NGS) gDNA
GAGACAGTATTCGAAGCGACGAAAT
GG
P446 GTCTCGTGGGCTCGGAGATGTGTAT
AAGAGACAGTCCACCAAAATCAGCAA
ACA
P445 TCGTCGGCAGCGTCAGATGTGTATAA 314 bp FveTM6 amplicon sequencing (NGS) gDNA
GAGACAGTATTCGAAGCGACGAAAT
GG
P475 GTCTCGTGGGCTCGGAGATGTGTAT

AAGAGACAGTCCTCAGCTTATTGTTA
ACCTC
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