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Abstract

Identifying the genetic mechanisms that translate information from the environment into
developmental programs to control size, shape and color are important for gaining insights into
adaptation to changing environments. Insect polyphenisms provide good models to study such
mechanisms because environmental factors are the main source of trait variation. Here we
studied the genetic mechanism that controls photoperiod-induced wing length polyphenism in
the water strider Gerris buenoi. By sequencing RNA sampled from wing buds across
developmental stages under different photoperiodic conditions known to trigger alternative wing
developmental trgectories, we found that differences in transcriptional activity arose primarily in
the late 5" instar stage. Among the differentially expressed genes, the Fat/Hippo and ecdysone
signaling pathways, both putative growth regulatory mechanisms showed significant enrichment.
We used RNA interference against the differentially expressed genes Fat, Dachsous and Y orkie
to assess whether they play a causative role in photoperiod induced wing length variation in
Gerris buenoi. Our results show that the conserved Fat/Hippo pathway is a key regulatory
network involved in the control of wing polyphenism in this species. This study provides an
important basis for future comparative studies on the evolution of wing polyphenism and

significantly deepens our understanding of the genetic regulation of insect polyphenisms.
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I ntroduction

The size and shape of insect wings are determined by the action of developmental genetic
programs in conjunction with hormonal cues that adjust growth according to endogenous and
exogenous environment (Tripathi and Irvine, 2022). Wing size has an environmentally-sensitive
component in many insect species to allow proper scaling of wing size to body size (Nijhout and
Cdllier, 2015), and this relationship is impacted by a number of environmental factors such as
temperature and diet (Bakker, 1959; Robertson, 1963; Atkinson, 1994; Partridge et al., 1994;
Nijhout, 2003b). For some species environmental factors can induce discrete wing length
variation, termed wing polyphenism (Hayes et al., 2019). Wing polyphenisms are generally
considered as examples of adaptive plasticity that acts to increase the fitness of an individual in
relation to selective agents that can be predicted from environmental cues (Nijhout, 2003a). A
fundamental and largely unanswered question pertaining to wing polyphenism is how the
conserved genetic and endocrine pathways governing wing development have evolved to
generate discrete morphological variation based on input from environmenta cues.

In Drosophila, organ intrinsic (e.g. morphogens) and extrinsic (hormones) factors act
during development to regulate the final wing size of individuals (Tripathi and Irvine, 2022),
where the plastic growth largely occurs through the endocrine axis of regulation (Mirth and
Shingleton, 2019). In this system, insulin-like peptide (ILP) signaling canonically acts through
the insulin/insulin-like growth factor signaling (11S) and target of rapamycin (Tor) pathways to
adjust sizein accordance to nutrient levels (Brogiolo et al., 2001; Hietakangas and Cohen, 2009),
whereas ecdysteroid signaling regulates both size and patterning (Gokhale et al., 2016; Nogueira
Alves et al., 2022) by mediating the regulation of genes and pathways involved in wing
morphogenesis (Herboso et al., 2015; Parker and Struhl, 2020; Strassburger et al., 2021; Perez-
Mockus et al., 2023). Notably, the regulatory function of these two hormones in insect wing
development is conserved over considerable evolutionary distances (Herboso et al., 2015;
Nijhout and Callier, 2015; Nijhout, Laub and Grunert, 2018) and both have been shown to
regulate morph determination in wing polyphenic species, as well as play a role in other
polyphenisms (Rountree and Nijhout, 1995; Xu et al., 2015; Velichirammal et al., 2017;
Fawcett et al., 2018; Nijhout and McKenna, 2018; Smykal et al., 2020; van der Burg et al.,
2020). Hence, a likely commonality for polyphenismsisthat they evolve through modification of
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the conserved signal transduction pathways for environmentally-sensitive growth and
devel opment.

It is well-established that the environmental cues driving polyphenisms are translated into
the endocrine signaling environment of insects, which in turn directs the developmental
trgjectory of individuals (Nijhout, 2003a). Yet, how hormones act to regulate the proximate
genetic pathways of growth and patterning in the focal tissues to generate alternative
morphologies remains largely unclear (Gotoh et al., 2015). However, despite the general lack of
genetic experimentation tools for species displaying alternative morphologies, some recent
studies have unraveled a molecular switch system operated by the expression pattern of insulin
receptor (INR) paralogs in the brown planthopper Nilparvata lugens (Xu et al., 2015; Lin et al.,
2016). Here, growth induced by the I1S pathway is tuned down when an aternative InR (INR2) is
expressed, likely due to the formation of an INR1/INR2 receptor dimer that is less capable of
signal transduction than the canonical INR1/InR1 dimer (Xu et al., 2015).

Despite the fact that a role for the IIS pathway has also been established in other
hemipteran species (Fawcett et al., 2018; Smykal et al., 2020) — which suggests a conserved role
in the regulation of wing dimorphisms — we recently showed that the 1IS pathway does not
control photoperiodically-induced wing polyphenism in the water strider Gerris buenoi
(Gudmunds et al., 2022). Interestingly, nutrition does not act as a cue for the induction of
aternative wing morphsin G. buenoi (Gudmunds et al., 2022), in contrast with the nutritionally-
sensitive and I1S-regulated polyphenisms in the brown planthopper and the soapberry bug
(Jadera haemotoloma, Fawcett et al., 2018; Lin et al., 2018). This interspecific variation in
inductive cue and pathway utilization in hemipteran wing polyphenism thus poses the question
of whether the evolution of polyphenisms is constrained to specific genetic routes as a
consequence of the identity of both the selective agent and the triggering environmental cue.
Given that the only hemipteran wing polyphenisms for which specific genetic pathways have
been identified to date are regulated through nutrition, the exploration of the evolution of wing
polyphenism necessitates studies in species where nutrition is not the morph-determining cue.

In this study, we used RNA sequencing (RNA-seg) and RNA interference (RNAI) to
explore the mechanisms underlying seasonal wing length variation in the water strider Gerris
buenoi. Wing length in this species is strongly regulated by photoperiod, and shows the clear
bimodal distribution characteristic of a polyphenism both in the wild (Spence, 1989) and in the
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93 lab (Gudmunds et al., 2022). When reared in 12L:12D nearly 100% of individuals develop into
94  the long-winged (macropterous) morph and close to 100 % of individuals reared in 18L:6D
95 develop into the short-winged (micropterous) morph. The strong correlation between
96 photoperiod and adult wing morph in G. buenoi greatly facilitates transcriptome sampling
97  throughout development, as photoperiod provides a strong predictive basis of the developmental
98 trgectory i.e. which adult wing morph the individual will develop into. To our knowledge, thisis
99 the first tissue-specific gene expression study of wing polyphenism in direct association to the
100 environmental cue that operates the developmental switch (but see Vellichirammal,
101  Madayiputhiya and Brisson, 2016; Zhang et al., 2021 for alternative approaches). Our results
102 yield new insights into the genetic basis of wing polyphenism and support the idea that distinct
103  genetic pathways underlying wing polyphenism in hemipterans have been coopted depending on
104  theenvironmental cue.
105
106  Material and Methods
107  Water strider husbandry and photoperiod treatments
108 The G. buenoi population used in this study was originally collected in Toronto, Canada, during
109 2012 but has been replenished several times since with individuals from the same area. It has
110  continuously been reared in the lab in photoperiod conditions that generated different wing
111  morphs. The parental population for the experiments was reared at ~20°C (room temperature,
112 RT) in a 22:2 light:dark photoperiod. The replenishment of adults to the parental population
113  occurred mainly from individuals that had been reared in 18L:6D or 12L:12D at 25°C, thus
114 constituting a mix of macropterous and micropterous individuals (see Figure 1A). Feeding
115 occurred five times a week with frozen crickets (Acheta domestica). All experiments with
116  photoperiod occurred in growth rooms with ~80 pEinstein (9400 lux) light intensity at 25°C
117  constant temperature. Aeration with air stones connected to an air pump was used to ensure that
118 the water surface was kept clean and remained suitable for water striders.
119
120  Size measurements
121 The data on adult body and wing length were taken from previously published material
122  (Gudmunds et al., 2022). Here, individuals were reared in different nutrient regimes in ether
123 12L.:12D or 18L:6D until adulthood and then body length and wing length were measured using
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124 Imagel (version 1.53 k). The data includes both males and females. Measurement of instar five
125 (i5) wing bud and tibia length were performed by collecting and taking photos of i5 exuvia
126  (Nikon SMZ800 stereo microscope with Nikon DS Fil camera).

127

128  Experimental set-up and sampling for RNA sequencing

129  With the intention to characterize gene expression changes mediating the plastic response to
130 photoperiod, individuals were reared in both short (12L:12D; generating ~100% macropterous
131 individuals) and long day conditions (18L:6D; generating ~100% micropterous individuals).
132  Nymphs from both photoperiods were sampled at different time intervals after eclosion into both
133 ingtar four (i4) and i5 to use for RNA extractions and sequencing.

134 These nymphal stages were chosen based on a previous experiment where we showed i4
135 to concentrate most change in sensitivity to photoperiod, and i5 to be when the adult wing tissue
136  is specified and undergoes differential growth (Gudmunds et al., 2022). We firstly assessed the
137  developmental duration of instar three (i3), i4 and i5 in 12L:12D and 18L:6D at 25 °C constant
138 temperature to ensure that the sampling of individuals between the two photoperiods represented
139  proportional development within each instar (Supplemental Table S1). For that purpose, we
140 collected eggs randomly from the stock population and reared individuals in groups in ether
141  photoperiod. Upon moulting into i3, we isolated individuals in plastic cups, where they were fed
142  once a day with a single cricket, and monitored moulting events every day at mid-photophase.
143  The developmental duration (recorded in days) was analyzed using a two-sided Student's t-test.
144  For each photoperiod, we started the experiment with 60 individuals but due to mortality the
145 final sample size was 55 for 12L.:12D and 49 for 18L:6D. The outcome of the developmental
146  duration experiment led us to sample individuals at the following four sampling timepoints
147  (relative to total instar duration): i4 30% (hereafter instar four early; i4E), i4 ~85% (instar four
148 late; i4L), i5 ~19% (instar five early; i5E) and i5 ~67% (instar five late; i5L). In chronological
149 time, we sampled at i4 24 hours after eclosion (hae) for i4E, i4 72 hae for i4L, i5 24 hae for i15E,
150 and i5 72 hae in 18L:6D (corresponding to 64% of development) and 96 hae in 12L:12D
151  (corresponding to 69% of development) for i5L, since i5 duration in 12L:12D is on average one
152  day longer than in 18L:6D (Supplemental Table S1).

153 This setup was used to sample maes for RNA extractions to decrease variation in
154 developmental stage when sampling. For that purpose, we collected eggs from the stock
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155 population and randomly distributed them into two growth rooms with either 12L:12D or
156  18L:6D. Hatched individuals were transferred to a growth box with ad libitum food until they
157 reached i3, a which point they were transferred to another growth box. This box was carefully
158 monitored each day for i4 eclosion events that occurred within a time window of ~8 hours
159 (midday £ 4 hours). Individuals that molted into i4 during this window were isolated and then
160 sampled at the different developmental timepoints of interest (see above). If an i4 eclosion event
161  occurred outside of the sampling window, the individual was kept in the box so that it could be
162 sampled for the i5 timepoints, for which the procedure was repeated. Nymphal density in all
163 stages after the hatching box was aways <30 individuals/box, to ensure optimal growing
164  conditions and to minimize the appearance of macropterous individualsin 18L:6D, which can be
165 induced by high rearing densities (Gudmunds et al., 2022). A subset of individuals was reared
166  until adulthood to score wing morph and verify the expected frequencies. This control confirmed
167  that 121 :12D induces macropterous adults (100%) and that individuals reared in 18L:6D mostly
168 become micropterous (~90 %). The higher proportion of macropterous individuals obtained in
169 18L:6D compared to previous published data (Gudmunds et al., 2022) from the same
170  photoperiod was likely due to a higher than expected effect of density in the growth boxes. To
171  avoid any bias due to the time of the day when sampling, all individuals were sampled at midday
172  in each photoperiod, six and nine hours after light on in 12L:12D and 18L:6D, respectively.
173 Individuas for RNA extraction (males) were picked with ethanol-wiped forceps and
174  immediately transferred into tubes with RNAlater (Invitrogen) and 1% Tween20. The tubes were
175 then stored at 4°C for 2 hours and later at -80°C until further processing.

176

177  Dissection and RNA extraction

178  The tubes with individuals were thawed on ice before dissection in ice-cold PBS with 1% Tween
179  20. With fine forceps, the left and right fore-wing buds were removed and transferred into 20 pl
180  Trizol (Invitrogen). This procedure was repeated until a pool of either five (for i4E and i4L) or
181 three (for i5E and i5L) pairs of wing buds had been collected. The wing buds were then
182  homogenized with the use of a dissection needle, and 480 pl of Trizol was added and the tubes
183  were thoroughly vortexed. The samples were stored at -20°C until further processing, which
184  occurred when all dissectionsfor all timepoints had been completed.
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185 RNA was extracted following the standard Trizol protocol with a few modifications.
186 Firdt, the Trizol tubes were thawed and vortexed, and 100 ul of 24:1 chloroform-isoamyl alcohol
187 was added prior to hand-shaking for 15 seconds and 3-minute incubation on ice. The mixture
188  wasthen centrifuged at 12000g and 4°C for 15 minutes, and the supernatant transferred to a new
189 tube. 250 ul ice-cold isopropanol and 1 pl glycogen (20 mg/ml) were added followed by
190 overnight incubation at -20°C. Precipitated RNA was collected by centrifuging for 30 minutes at
191 12000g at 4°C. After discarding the supernatant, the RNA pellet was washed two times with ice-
192  cold 75% ethanol. After air-drying, 30 ul of water was used to re-suspend the RNA pellet and
193 incubate it at 65°C for 5 minutes, prior to a treatment with DNase | (Thermo Fisher). To remove
194  the DNase and the glycogen in the solution, the samples were purified with GeneJET RNA
195 cleanup and concentration kit (Thermo Fisher) according to the manufacturer's protocol. The
196 final elution of RNA was done with 20 pul of water. Agilent Bioanalyzer (RNA Nano kit) was
197  used to validate the RNA integrity and estimate the concentration.

198

199 RNA sequencing, read processing and mapping

200 Library preparation and next generation segquencing was performed by National Genomics
201 Infrastructure (NGI) in Stockholm. Firstly, 46 libraries (5 — 6 per combination of developmental
202  stage and photoperiod) were prepared using the Illumina TruSeq RNA poly-A selection kit for
203 each individual sample. Following, al pooled libraries were sequenced in a single Illumina
204 NovaSegb6000 A lane with 150 base pair paired end reads. Following demultiplexing,
205 sequencing adapter filtering was done with Cutadapt v2.3, with a minimum overlap length
206  between adapter and read of 8 bp and a minimum read length of 20 bp (Martin, 2011). Trimmed
207  pair-end reads were mapped to the G. buenoi reference genome (see below) with STAR v2.7.9a
208 (Dobin et al., 2013), using the two-pass mode. The number of total mapped reads per library is
209 detailed in Supplemental Table S2.

210

211  Samplefiltering and differential expression analysis

212  After mapping, read-pair raw counting was performed for all annotated genes using the
213  featureCounts function as implemented in subread v2.0.0 (Liao, Smyth and Shi, 2014) with the -
214  p argument. Analysis of the raw counts was performed using R v4.2.1 (R Core Team, 2022)
215 package edgeR v3.38.4 (Robinson, McCarthy and Smyth, 2010). Normalization factors were
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216 calculated for each library using the trimmed mean of M-values (TMM) method, in order to
217 compute the counts per million (CPM) normalized expression for each transcript. Low-
218 expression transcripts (i.e., transcripts with five or less CPM in at least three of the samples)
219  wereremoved from further analysis.

220 Principal Component Analysis (PCA) was performed with the log2-transformed CPM
221  counts to assess the clustering of al libraries within the different treatment groups. Three
222  libraries (i5E_18 3,i5L_18 2 andi5L_18 5) were discarded due to low total number of mapped
223  reads (Supplemental Table S2). Based on the PCAs obtained for all libraries (Figure S1), library
224  i5L_18 1 wasremoved dueto poor clustering. PCAs obtained for stage-specific libraries (Figure
225 S2B, D) supported removal of two more samples from further anaysis (i5L_12 4 and
226 i4L_18 1). Finally, sample i4L_12 3 was discarded based on the PCA plot with the thousand
227 most expressed genes (Figure S3). The remaining 39 libraries (3 — 6 per stage and photoperiod)
228 were used to fit a negative binomial generalized linear model, to test for significant differential
229  expression (DE) within developmental stages across photoperiods with a quasi-likelihood F-test
230 (QLF). The contrasts used were: 12L.:12D i4E vs 18L:6D i4E, 12L:12D i4L vs 18L:6D i4L,
231 12L.:12D i5E vs 18L:6D i5E and 12L:12D i5L vs 18L:6D i5L. P-vaues were adjusted for
232  multiple testing with the false discovery rate (FDR) method, and all genes with FDR < 0.01 and
233  |logFC| > 0 were defined as differentially expressed.

234

235  Gene Ontology Enrichment Analysis

236  Gene ontology (GO) enrichment analysis was performed in R v4.2.1 package topGO v2.48.0
237  (Alexa and Rahnenfuhrer, 2023). The gene universe included all genes found in the reference
238 genome that were functionally annotated with at least one GO term. Our list of genes of interest
239 corresponded to the list of differentially expressed genes between photoperiods for the same
240 developmental stage. GO terms were considered as significantly enriched if they presented a
241  Classic score < 0.05 (i.e. Fisher exact tests for each GO term, comparing the expected number of
242  differentially expressed genes at random with the observed number of significantly DE genes).
243

244 Gene Correlation Network Analysis

245  Signed, weighted gene correlation networks were created with the R v4.2.1 package WGCNA
246  v1.72 (Langfelder and Horvath, 2008). The normalized read counts after low-expression gene
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247  filtering were used as input for the analysis. The networks were built using the
248  blockwiseModules() function using a soft-threshold power of 16. Modules were required to
249  include aminimum of 30 genes, and the resulting modules with a cut height < 0.25 (equivalent to
250 a correlation > 0.75) were merged. The gene clusters identified by WGCNA that showed the
251 highest differences in eigengene correlation between i5L photoperiods (Figure 4A) served as
252  genes of interest in GO enrichment analyses, using the same parameters as before.

253

254  DNA sequencing and genome assembly

255 A maleand avirgin female were collected from descendants of the inbred population established
256 for the first Gerris buenoi genome sequencing (Armisén et al., 2018). They were crossed and
257 both parents and eleven offspring were sent to Dovetail Genomics (CA, USA) for DNA
258 extraction and sequencing with Hi-C/Hi-Rise libraries. Using the published Gerris buenoi
259  genome within the i5k initiative (Poelchau et al., 2015; Armisén et al., 2018) as input assembly,
260 two successive assembly rounds were performed. Following scaffolding, the resulting assembly
261  was polished using five rounds of Pilon v1.24 (Walker et al., 2014). For each round, four sets of
262 lllumina HiSeq 2000/2500 whole-genome DNA-Seq paired-end reads (SRA accessions
263  SRR1197265, SRR1197266, SRR1197267, SRR1197268, providing a total coverage of ~87x)
264  were aligned to the genome sequence using the bwa v0.7.17 mem algorithm (Li, 2013), sorted
265 using SAMtools v1.12 (Danecek et al., 2021), and polished with Pilon v1.24 in diploid mode.
266 Completeness of the final polished assembly was assessed using sets of universal single-copy
267 orthologs for Insecta from OrthoDB v10vl (Kriventseva et al., 2019), as implemented in
268 BUSCOV5.2.2 (Manni et al., 2021).

269

270  Genome annotation

271  The repeat library was developed from the genome using tools within the Dfam Consortium
272 TETools Docker image v1.4 (github.com/Dfam-consortium/TETools). De novo repeats were
273  determined using RepeatModeler v2.0.2 (Flynn et al., 2020) while enabling its LTR discovery
274  pipeline. Discovered repeats were combined with Hemiptera-level repeats available within
275 RepeatMasker v4.1.2-pl (Smit, Hubley and Green, 2013) and then screened to remove sequences
276  that matched repeat-containing proteins from the 16 Hemiptera taxa found within OrthoDB
277 v10vl (Kriventseva et al., 2019) and proteins from the i5k G. buenoi v1.1 genome annotation
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278 using RMblastn v2.11.0+. The polished genome assembly was soft-masked for repeats in the
279  screened library together within low-complexity repeats using RepeatMasker 4.1.2-pl.

280 The soft-masked genome was annotated using the BRAKER pipéine (Stanke et al.,
281  2008; Hoff et al., 2016; Brana et al., 2021), which separately examines RNA-Seq and protein
282  evidence together with de novo gene discovery with GeneMark v4.72 (Brina et al., 2021), and
283  produces a final consensus annotation using TSEBRA v1.0.3 (Gabridl et al., 2021). RNA-Seq
284  evidence was provided by Illumina paired-end and single-end RNA-seq. All RNA-seq reads
285 were aligned to the genome using STAR 2.7.2b (Dobin et al., 2013) and provided as sorted
286 BAMsto BRAKER. The protein evidence included sequences from the 16 Hemiptera taxa found
287  within OrthoDB 10v1 (Kriventseva et al., 2019) together with sequences from the i5k G. buenoi
288 1.1 genome annotation. Functional annotations and GO terms were added to the consensus
289  annotation by comparing predicted proteins to Drosophila melanogaster proteins from genome
290 release 6.45 provided by FlyBase FB2022 02 (Gramates et al., 2022), and attaching information
291  provided by the top hit as determined by blastp v2.12.0+ (Camacho et al., 2009). The annotation
292  was further augmented by direct alignment of 1241 manually curated unique proteins for known
293  genes derived from the i5k G. buenoi v1.1 genome and annotation. These were aligned against
294 the polished genome assembly using Exonerate v2.4.0 (Slater and Birney, 2005) in
295  protein2genome mode with minimum 90% identity. Approximately 89% of curated proteins had
296 asingle hit against the polished genome, and 1.9% found no hit. Of the remaining proteins with
297 multiple hits, the best hit was kept, as well as duplicate hits with >98%. In total, 1214 gene
298 modes were constructed using the manually curated proteins, with functional annotations and
299 GO terms added from FlyBase FB2022 02 (Gramates et al., 2022) as described above. These
300 gene models were integrated into the consensus annotation after removing overlapping
301  consensus gene models.

302

303 RNA interference

304  Preparation of dSRNA was done as described in (Gudmunds et al., 2022). Briefly, the primers
305 used for each gene are listed in Supplemental Table S3. 14 individuals were injected with 0.3-0.4
306 ul and i5 with 0.4-0.6 pl. The concentration of injected dsRNA was 5 ug/ul or higher for all
307  genes except Yki which was injected at 1000 ng/ul to avoid excessive mortality. Both i4 and 15
308 individuals were injected approximately 24 hae into either instar. Individuals used for RNAI
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309 hatched in 12L:12D and were then reared at a moderate density until they were injected in instar
310 four or five. After injection individuals were again reared in either 12L:12D at moderate
311 densities. All individuals used for RNAI were fed with Acheta domestica juveniles five times per
312  week and temperature was kept constantly at 25°C. Wing morphs were scored using previously
313  described criteria (Gudmunds et al., 2022). Individuals showing severe wing shape abnormalities
314  were not included in the scoring, whereas individuals with slight abnormalities like faint wing
315 venation, small differencesin size between the left and right wing, or slightly curved wings were
316 included. The number of individuals surviving to adulthood and used in the wing morph
317  frequency datais shown above each bar for each genein Figure 5B.

318 Knockdown validation of dsRNA treatments producing significant differences in wing
319 morph frequencies was carried out with reverse-transcriptase quantitative PCR (RT-gPCR).
320 Here, total RNA was extracted using Trizol (Qiagen) from i5 males (6-8 biological replicates per
321 treatment) sampled 2 days after dsSRNA injection performed as above. The RNA was treated with
322 DNase | (Thermo Scientific) and then re-purified before RNA integrity control on Agilent
323 Bioanalyzer and cDNA synthesis (RevertAid First Strand cDNA synthesis kit, Thermo
324  Scientific). 3 pg of RNA was used for cDNA synthesisand 1 ul of 1:5 diluted cDNA was used in
325 the RT-gPCR reaction triplicate (Luminaris Color HiGreen qPCR master mix, Thermo
326  Scientific). Efficiencies of primers was calculated from standard curves to ensure similar
327 amplification efficiencies between quantified genes. The ribosomal protein S26 (RPS26) was
328 used as reference gene as it was closest in cycle threshold values and primer efficiencies for
329 experimental genes among in total three tested reference genes. The ddCt method was used to
330 calculate fold differences in gene expression between treatments. Primer sequences are listed in
331  Supplemental Table S3.

332

333 Resaults

334  Photoperiod and wing development in G. buenoi

335 G. buenoi develops through five nymphal instars before molting to an adult with fully patterned
336 wings (Figure 1A). Wing development occurs within wing buds, which appear as
337 morphologically distinct structures in i3 and subsequently undergo incremental changes in shape
338 and size in each successive molt (Figure 1D). However, it is likely that the wing identity of the

339 wing bud progenitor tissue is specified aready during embryogenesis as in other
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340 Hemimetabolous insects (Fernandez-Nicolas et al., 2022; Ohde, Mito and Niimi, 2022). Post-
341 embryonic wing development in water striders is variable, with some species developing
342  digtinctly different wing bud sizes depending on adult wing morph fate. For example, individuals
343  destined to become macropterous can in some species display wing buds which are markedly
344  larger than those destined to grow shorter wings (Andersen, 1982). Such differences are not
345 visualy apparent in G. buenoi, indicating that the growth differentiation generating the
346  aternative wing morphologies occurs during i5. However, using digital methods we found that
347 i5wing buds of individuals reared in 12L.:12D i.e., destined to become macropterous, are slightly
348 longer (means: 12L:12D - 1.056 mm, 18L:6D — 1.014 mm, average difference = 4%, Fi117 =
349 199, P < 0.01) than those of individuas reared in 18L:6D i.e., destined to become
350 predominantly micropterous. The differences in wing bud length are independent from body-size
351 variation (Fp117 = 042, P = 0.52, Figure 1B). These results show that the photoperiod-
352 responsiveness of wing development in G. buenoi startsin i4 at the latest, with the first visible
353 effects on the wing buds appearing as a quantitative difference in i5. It is also apparent that the
354  wing bud growth for both photoperiod regimes scales with body size (18L:6D: R? = 0.19, Fysg =
355 14, P < 0.01, 12L:12D: R? = 0.29, F,5; = 23, P < 0.01), in contrast to the wing morph-specific
356  growth occurring during i5 (Figure 1B).
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357
358  Figure 1. Development of G. buenoi as nymphs and upon reaching adulthood. A) From left to right,

359  macropterous, mesopterous and macropterous male individuals. B) Correlation between i5 wing bud
360 length and tibialength in individuals reared in either 12L:12D and 18L:6D. C) Correlation between adult
361  wing length and body length in individuals reared in either 12L:12D or 18L:6D. D) Left to right, instar
362  three, four and five individual pairs. Within each pair, the left individual was reared in 12L:12D and the
363  rightindividual in 18L:6D. Wing buds are encircled with the red dotted line.

364

365 In adults, the wing size of individuals reared in 12L:12D positively scales with body size (R? =
366 0.61, d.f =1, F=178, P <0.01; Figure 1C), reflecting a necessity to match wing size to overall
367 body size to enable proper flight capability, whereas the wing size of individuals reared in
368 18L:6D is unrelated to body size (R = 0.02, d.f. = 1, F = 1.83, P = 0.17; Figure 1C). Taken
369  together, these results show that the relationship between body and wing tissue growth in
370 18L:6D markedly shifts after the molt to i5, when the mechanism underlying the wing
371  polyphenism decouples the wing tissue from the whole-organism signas responsible for
372  coordinating growth between body parts.

373
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374  Temporal effects of photoperiod on expression dynamicsin wing progenitor tissue

375 To investigate the differences in gene expression underlying the photoperiod-induced wing
376  morph, we extracted and sequenced RNA from wing buds of individuals reared in 12L.:12D and
377 18L:6D at four different timepoints of development, two in i4 and two in i5. After filtering out
378 seven libraries from various treatments (see Methods for details), principal component analysis
379 (PCA) showed evidence of a strong clustering of libraries prepared from tissue from the same
380 developmental timepoint and photoperiod. Thisis a clear indication that the staging effort during
381 sampling was effective (Figure 2A). The obtained clustering patterns are also indicators of
382 dgnificant gene expression dynamics across development. When comparing the same
383 developmental stage between photoperiods, i4E samples formed asingle cluster. Ini4L, a greater
384 transcriptomic divergence was observed, but this was lost again upon molting into i5E, the
385 samples of which clustered very closely with i4E libraries. This pattern suggests that the
386 transcriptional divergence between 12L:12D and 18L:6D individuals at i4L, which presumably
387  generates the differences in size between instar five wing buds (Figure 1D), are effectively reset
388  upon the moult to instar five. Finally, i5L showed a much clearer and more extensive divergence
389  with respect to all previous developmental stages, as well as between photoperiods. This pattern
390 suggests that the regulatory mechanism(s) of wing length determination as a response to day
391 length are activated sometime between i5E and i5L.

392

393 Extensivedifferencesin wing bud gene expression in response to photoperiod

394  Differential expression analysis was consistent with the trends observed in the PCA plots (Figure
395 2B). The low-expression filtering resulted in the exclusion of about two thirds of the total
396 annotated genes (n = 20,431), and 7,361 genes being retained for DE analysis. Ini4E and i5E, no
397 genes were differentially expressed between 12L:12D and 18L:6D (Figure 2B), in agreement
398  with thetight clustering of samples perceived in the PCA (Figure 2A). As opposed to these early
399 stages into nymphal instars, 146 genes were differentially expressed between photoperiods in
400 4L, of which 38 were upregulated in 12L:12D and 108 in 18L:6D (Figure 2B, Supplemental
401 DataFile 1). At i5L, in agreement with the more divergent response to photoperiod at that stage
402 perceived in the PCA (Figure 2A), 2355 genes were differentially expressed; 982 were
403  upregulated in 12L:12D and 1373 in 18L:6D (Figure 2B, Supplemental Data File 2).
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405 Figure 2. Extensive differential expression induced by photoperiod throughout development. A)
406  PCA plot resulting from wing transcriptomic data obtained from four developmental timepoints (i4E, i4L,
407  i5E, i5L) between photoperiods. B) Volcano plots for in between-photoperiod comparisons for, left to
408  right, i4E, i4L, i5E, i5L. Grey dots represent non-differentially expressed genes. Blue dots represent genes
409  with significantly higher expression in 12L:12D. Orange dots represent genes with significantly higher
410 expression in 18L:6D. Horizonta grey lines indicate the threshold p-value equivalent to FDR = 0.01 after
411  correction. C) Most enriched Biological Process (orange) and Molecular Function (blue) GO Terms in
412  i5L based on the differentially expressed genes.

413

414 These differentially expressed genes at both i4L and i5L were used to run GO Term
415  enrichment tests, in order to explore which processes responded differently to the alternative
416 photoperiod treatments, with the ultimate goal of identifying candidate molecular pathways
417  responsible for the regulation of wing formation and development. In i4L, the analysisreveadled a
418  total of 344 significantly enriched biological process (BP) GO Terms, with the 10 most enriched
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419 terms mostly associated with cell cycle regulation, DNA replication and RNA transcription
420  (Figure $4A). Interestingly, no terms associated with specific wing or imaginal disc growth were
421  among them (Supplemental Data File 3), suggesting that the differential expression triggered by
422  photoperiod differences are involved in systemic regulation of cell divison but without
423  trandating into tissue-specific wing development and patterning. Simultaneously, there were 66
424  molecular function (MF) GO Terms which showed a significant enrichment in i4L, mostly
425  associated with helicase activity (Figure $4B). The bigger DE dataset in i5L, on the other hand,
426  generated 729 significantly enriched BP and 156 MF GO Terms. While the 10 most-enriched BP
427 terms were mostly associated with RNA processing and splicing (Figure 2C), the list aso
428  included several terms associated with wing and imaginal disc development (Figure S5A). These
429  results highlight that differential wing growth is at least in part mediated through differential
430 expression of genes known to act in insect wing development. Interestingly, several of the most
431 enriched MF termsin i5L were associated with DNA and RNA binding, in concordance with the
432  BP top-hits and suggestive of differences in the modulation of transcription factors and splicing
433  regulators (Figure 2C).

434 We further explored the significantly enriched ontology to narrow down the list of
435 candidate pathways responsible for the regulation of wing growth in G. buenoi, based on
436  previous findings in other insect species (Gotoh et al., 2015; Hayes et al., 2019; Zhang, Brisson
437  and Xu, 2019; Tripathi and Irvine, 2022). Intriguingly, we found a significant enrichment for
438 genes involved in both ecdysone signaling and the Hippo pathway (Figure S5, Supplemental
439 DataFile 4), as well asinsulin, highlighting its importance in growth regulation despite playing
440 no specific role in wing polyphenism in G. buenoi (Gudmunds et al., 2022). In total, 28 out of
441 105 involved in the Hippo signaling pathway were differentially expressed in i5L. In particular,
442  the genes Fat (Ft; logFC = 0.92, FDR = 5.97e-5) and Dachsous (Ds; logFC = 2.07, FDR = 1.69e-
443 7) i.e., core components of one of the regulatory branches of Hippo signaling (Gridnev and
444  Misra, 2022), as well as the transcriptional co-activator Yorkie (Yki; logFC = 3.26, FDR =
445  1.68e-4), were upregulated in 12L:12D (Figure 3A, Supplemental Data File 2). In 18L:6D,
446  multiple genes were upregulated too, including Dachs (D; logFC = 1.01, FDR = 6.06e-3), which
447  links Fat/Ds activity to the core Hippo kinase cassette (Mao et al., 2006), and 14-3-3 (logFC =
448  1.40, FDR = 1.52e-5), the protein responsible for sequestering phosphorylated Yki in the cytosol
449  (Misraand Irvine, 2018).
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450 To better understand the expression dynamics of Ft, Ds and Yki over the course of wing
451  development, we examined CPM values for all sampled time points in both photoperiods (Figure
452  3A). Ini4L, Yki showed differential expression between photoperiods, with a higher expression
453 in 18L:6D (logFC = 2.40, FDR = 6.50e-3; Figure 3A). Later in i5L, the expression pattern was
454  reversed, with an increase in expression specific to individuals reared in 12L:12D, while
455 remaining unchanged in 18L:6D. This is likely the reflection of a high degree of cell
456  proliferation in 12L:12D, an indispensable requisite for the generation of a macropterous wing.
457 Ft expression was highest in the early stages within each instar. With respect to i5E, the
458 expression levels in i5L decreased in both photoperiods, but the magnitude of decrease was
459  lower in 12L:12D, generating distinct differences in Ft expression at i5L between the two
460 photoperiods (Figure 3A). Finally, Ds levels remained relatively stable in both photoperiods
461  across development until i5L, where the level decreased in 18L:6D but increased in 12L:12D
462  with respect to i5E (Figure 3A). These in-depth exploration of the expression levels of the genes
463  belonging to Fat/Hippo signaling evidences that the core genes of the pathway exhibit dynamic
464  patterns of expression in nascent wings of G. buenoi. However, these expression patterns are
465 gene-specific and variable, even among the genes of the same signaling pathway. In addition to
466  the genes highlighted above, we did not find any of the core Hippo pathway kinases e.g., Hippo,
467  Warts, Salvador or Mats, to be differentially expressed in i5L (Supplemental Data File 2).
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469 Figure 3. Normalized expression dynamics of genes belonging to or modulated by the Hippo
470  signaling pathway (A), involved in wing for mation and development (B), belonging to or modulated
471 by ecdysone signaling (C), and belonging to or modulated by insulin (D). Genes are ordered top to
472  bottom by FDR value in the comparison between photoperiods at i5L. Genes located above the red dotted
473  line present significantly different expression levels. All indicated values are log, of the average CPM for
474  each given treatment.

475

476 Among the differentially expressed genes at i5L, we aso identified three core genes
477  involved in wing size regulation in Drosophila (Figure 3B). In particular, Dumpy (Dpy; logFC =
478 2.04, FDR = 5.07e-6) and Peptidyl-a-hydroxyglycine-a-amidating lyase 1 (Pall; logFC = 1.17,
479 FDR = 6.46e-6) generate smaller or shorter wings when knocked-down with RNAI, whereas
480 Narrow (Nw; logFC = 3.20, FDR = 1.71e-10) RNAI generates a longer narrower wing (Ray et
481 al., 2015). The upregulation of Dpy and Pall in 12L:12D and Nw in 18L:6D suggests that the
482  activity of these genesis shared between G. buenoi and D. melanogaster.

483

484  Gene coexpression network across development between photoperiods

485 The expression dynamics of DE genes involved in the Hippo signaling pathway and wing size
486 regulation was extremely labile i.e., the absolute expression level and in which treatment
487  (developmental stage and photoperiod) this was observed varied substantialy (Figure 3A, B).
488  Additionally, many genes that did not show evidence of DE might still play important roles in
489  wing tissue development through more subtle differences in transcript abundance depending on
490 the environmental conditions. These two factors motivated the necessity of exploring genome-
491  wide patterns of expression using WGCNA. The gene correlation network analysis identified 13
492  co-expression clusters among the 7,361 total genes that were retained after the low-expression
493  filtering step. Out of those, 5,519 genes were included in one of the clusters (Figure 4A, Table
494  S4). We observed, overall, that developmental progression is the main driver of differences in
495 co-expression dynamics i.e, most of the changes in eigenvalue correlation happen as a
496  consequence of differences in developmental time, while relative differences in response to
497  photoperiod are more restricted to specific modules (Figure 4A, S6). In particular, co-expression
498 modules 2 and 5, and to a lesser extent modules 1 and 4, showed considerable differences in
499  eigenvalue correlation between both photoperiodsin iSL (Figure 4A, S6).
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503 Figure 4. WGCNA of all differentially expressed genes across development and between
504  photoperiods. A) Correlation of the eigengene for each cluster with the eight treatments (four
505 developmental stages, 2 photoperiods). Modules are ordered by number of genes they include. The
506 indicated values represent the median across all libraries corresponding to the same developmental stage
507 and photoperiod. B-E) Expression tragjectories of the genes clusters that showed the highest differences
508  between photoperiods in i5, including module 1 (B), 2 (C), 4 (D) and 5 (E). For each gene, the average
509  expression per treatment was calculated, and all expression levels are shown relative to this maximum.
510 Blue columnsindicate the gene expression patterns at 12L.:12D, and orange at 18L:6D.

511

512 All four modules showed radically different gene traectories across devel opment,
513  athough they all shared a general similarity between photoperiod treatments in the earliest three
514 time points (i.e., before reaching i5L). Module 1 was characterized by high relative expression
515 levels in i4E and i5E, with reductions in transcript abundance in i4L and more apparent
516 differences in i5 (Figure 4B). Modules 2 and 5 shared low relative expression levels of their
517 genes until i5L, when genes belonging to module 2 showed a significantly higher expression in
518 12L:12D, while those included in module 5 were more highly expressed in 18L:6D. (Figure 4C,
519 E). On the other end, module 4 did not show drastic differences in transcript abundance except in
520 4L, when 12L:12D had on average higher expression (Figure 4D).

521 We functionally assessed these modules with topGO and found a significant enrichment
522  for genes involved in Hippo signaling (p = 1.9e-3) in module 2 (Supplemental Data File 6),
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523  while module 1 was enriched in genes positively regulating ecdysone signaling processes (p =
524  0.026, Supplemental Data File 5). Regarding the involvement of the different co-expression
525  modules with wing formation, module 2 showed a significant enrichment for genes associated
526  with wing disc morphogenesis (GO:0007472; p = 0.031) and development (GO:003522; p =
527  0.006). Finally, module 1 was heavily enriched in genes associated with mRNA splicing and its
528 regulation (Supplemental Data File 5).

529

530 RNAI on candidate genes for wing length determination

531 From the list of genes that were differentially expressed in i5L (Supplemental Data File 2) we
532 sdlected a subset of candidate genes for functional validation which we based on the observed
533 expression patterns and also earlier annotation pointing to wing development in Drosophila or
534 involvement in hormonal regulation (see Supplemental Table S5 for specific motivations for
535 each gene). In the screen we injected dsRNA during late stages of instar four in order for the
536 RNAI effect to be initiated before or as early as possible during instar five (see methods for
537 further details). None of theinstar four RNAI treatments against the genes listed in Supplemental
538 Table S5 had a clear effect on adult wing morph frequencies (data not shown), suggesting that
539 these genes either have no role in wing morph determination or that the knockdown failed or was
540 not sufficiently strong to provoke a response during adult wing development. Interestingly,
541 individuals treated with Ds or Ft dsSRNA generated two similar but distinct wing bud shape
542  phenotypes after the moult to instar five (Figure 5A). Ft RNAI wing buds had a pointier tip
543  compared to dsGFP individuals, and Ds RNAI generated wing buds with a blunter and shorter
544  appearance than normal wing buds (Figure 5A). Double knockdown of Ft and Ds produced wing
545  buds with an intermediate phenotype, appearing blunter than Ft wing buds but shorter and less
546  wide than Ds wing buds (Figure 5A). These results show that Ft and Ds act to shape the instar
547  five wing bud which forms during the fourth instar. The adult wings of Ft, Ds, or Ft/Ds RNAI
548 individualsinjected in instar four were generally as long as dsGFP wings but were broader.

549

550 Fat/Dachsous/Yki differential expression causeswing length variation in G. buenoi

551  Since the Fat/Hippo pathway seem to control wing size in both Holometabolous (Gridnev and
552  Misra, 2022) and Hemimetabolous (Ohde, Mito and Niimi, 2022) insects and that we found a
553 role of the Fat/Hippo signaling components Ds and Ft in wing bud devel opment as manifested by
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554  the knockdowns initiated in instar four, we decided to explore their roles in G. buenoi wing
555  development further. To do so we injected Ds and Ft early in instar five as opposed to the instar
556  four injections performed in the screen of candidate genes. Here, RNAI againg Ds and Ft
557 resulted in a significantly higher proportion of micropterous and mesopterous individuals
558  compared to the dsGFP control (Ds: y°= 5.0, df. =1, P = 0.02, Ft: ¥*= 5.5, d.f. = 1, P = 0.02,
559  Figure 5B). The same outcome was obtained when simultaneously knocking down Ds and Ft (x°
560 =10.3,d.f. =1, P=0.001). Furthermore, whereas high doses of Yki dsRNA were lethal when
561 injected during instar four, lower doses given to early in ingtar five led to less mortality and thus
562 we were able to score wing morphs in the adults. When injecting individuals in 12L:12D
563  photoperiod we found a significantly lower frequency of long-winged individuals (y*= 7.2, d.f. =
564 1, P =0.007; Figure 5B), in accordance with the central role for Yki in the Fat/Hippo signaling
565 pathway. Yki is a transcriptional co-regulator and thus does not bind to DNA itself, rather it
566 interactswith the transcription factor Scalloped (Sd). We thus investigated the role of Sd in wing
567  morph determination, but RNAI against Sd did not have a statistically significant effect on wing
568  morph frequencies (y* = 0.15, d.f. = 1, P = 0.70; Figure 5B). We also targeted Dachs (D) with
569 RNAI, the role of this protein is to mediate the signaling between Ft/Ds to the core kinase
570 cassette of the Hippo pathway (Mao et al., 2006). Here we knocked down D expression in both
571 18L:6D and 12L:12D, since D was found to be significantly higher expressed in 18L:6D. RNAI
572  against this gene generated an elevated frequency of the mesopterous morph in 12L:12D whereas
573 it had no clear effect in 18L:6D. The wing morph frequencies between dsGFP and dsDachs
574  treated individuals in 12L:12D was near statistical significance (y> = 3.6, d.f. = 1, P = 0.06;
575 Figure 5B). For the genes producing significant changes in wing morph frequencies, we
576 observed significant reduction in MRNA levels after RNAI treatments using RT-qPCR (Figure
577 S7).
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578
579  Figure 5. RNAI against genes in the Fat/Hippo pathway causes wing bud phenotypes and wing

580  morph switches. A) Phenotypes of i5 individuals treated with Ds, Ft or DS/Ft RNAI during i4. B) Adult
581  wing morph frequencies of individuals treated with RNAIi against genes in the Fat/Hippo pathway. C)
582  Adult individuals, either wild type reared in 12L:12D or 18L:6D, or treated with dsYki or dsFt in
583  12L:12D. The displayed dsYki and dsFt RNAi phenotypes are representative of the range of phenotypes
584  observed after RNAI against Yki, Ds, Ft, Sd and D.
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585 The wings of RNAi-affected individuals resembled to a large degree normal
586  micropterous or mesopterous wings (Figure 5C). However, all genes that showed an effect on
587  wing morph frequencies also had an effect on the pronotum, which were short and wrinkled.
588 This phenotype appeared to interfere with proper positioning of the wings along the dorsal
589  abdomen (Figure 5C) but was not present in all individuals that switched wing morphs due to the
500 RNAI treatment.

591

592 Discussion

593  Wing polyphenism in insects has for long been a subject of interest from an evolutionary and
594  ecological perspective (Jarvinen and Vepsdéinen, 1976; Vepsdéinen, 1978; Harrison, 1980;
595  Roff, 1986; Fairbairn, 1988; Spence, 1989; Andersen, 1993; Harada and Numata, 1993; Ahlroth
506 et al., 1999) and this interest has only increased in recent years with the new possibilities that
597 molecular genetics confers (Hayes et al., 2019; Zhang, Brisson and Xu, 2019). Indeed, a few
598 studies have now been able to identify the regulatory network involved in nutritionally-induced
599  wing polyphenism as exemplified by the IIS pathway in some hemipterans (Xu et al., 2015;
600 Fawcett et al., 2018; Smykal et al., 2020). It is clear however that this is not a common route in
601 all hemipterans to the evolution of wing polyphenism (Gudmunds et al., 2022). In the present
602  study we aimed to identify the gene regulatory network which control photoperiod induced wing
603 morph determination in the water strider G. buenoi by examining wing transcriptomic
604 differences underlying development of wing morphs in direct association to their respective
605 inductive environments. Our results demonstrate that the conserved Fat/Hippo pathway controls
606 wing length polyphenism in G. buenoi and provides an important basis for future comparative
607  studiesthat examine how different environmental cues can be sensed and co-opted with different
608 cdlular and neuroendocrine pathways to control environmentally induced phenotypes.

609

610 Transcriptomic approachesto study wing length polyphenism

611 The ability to grow long or short wings in response to environmental cues is a prevalent trait in
612 insects (Roff, 1986; Zera and Denno, 1997; Hayes et al., 2019; Zhang, Brisson and Xu, 2019).
613  Our understanding of the molecular basis of this trait was for decades limited, but has improved
614 in the recent years due to the development of computational approaches such as RNA-seq
615 analysis (Xu and Zhang, 2017; McCulloch et al., 2019) and functional studies using RNAI
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616 (Zhang, Brisson and Xu, 2019). The mgjority of studies that have functionally verified the role of
617  specific genesin wing length determination have selected and tested candidate genes based on a
618 priori functional knowledge from literature on a gene's importance in growth regulation and
619 connection to environmental factors. This approach has proven fruitful as manifested in the
620 proliferation of studies showing that the 11S pathway is regulating wing morph determination in
621 at least three Hemipterans to date (Xu et al., 2015; Fawcett et al., 2018; Smykal et al., 2020).
622  Nonetheless, unbiased approaches to identify candidate genes have been lacking, likely due to a
623 difficulty to predict adult wing morph due to incomplete penetrance of the response to
624  environmental cues.

625 In the brown planthopper, two recent studies using morph-specific RNAseq have
626 nevertheless gained new interesting insights on the genetic mechanism of wing morph induction
627 (Zhang et al., 2021, 2022). For example, the studies revealed that FOXO, being central for wing
628  morph determination, regulates Vg expression by binding to introns within the vg locus and that
629 the Zfhl transcription factor regulates FOXO expression (Zhang et al., 2021, 2022). However,
630 the prediction of wing morph in these studies was achieved by using RNAI, and thus lacks a
631 clear connection to the environmental conditions controlling wing morph determination.
632 Therefore, it becomes difficult to control for artefactual gene expression due to the RNAI
633 treatment as well as to connect the local response in wing tissue to the action of systemic
634 hormone signaling. The robust predictability of G. buenoi wing morph based on photoperiod
635  during nymphal development (Gudmunds et al., 2022) overcomes these hurdles. It allows for the
636 combined use of RNA-seq analysis to explore the effects of the inductive environmental cue at a
637  transcriptome-wide level, and in turn facilitates an unbiased determination of candidate genes for
638 further verification with RNAI. Overall, it opens the door to explore the proximate genetic
639 mechanisms of wing polyphenism without direct manipulation of gene expression, and directly
640  connectsthe findings to the environmental cue.

641 Gene expression divergence driven by photoperiod varies over wing development progression
642  Inthe present study, we observe dynamic gene expression profiles, both throughout devel opment
643  and between photoperiods (Figure 2A, B).

644 Ini4L, 146 genes were differentially expressed, although they do not seem to be directly
645 involved in wing length determination, judging by the lack of ontology enrichment in genes
646  associated with imaginal disc and wing development (Figure $4). These differentially expressed
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647  genes, however, might be relevant for the determination of wing bud size upon moulting to i5. In
648 i5L, the effect of differences in photoperiod becomes more apparent, with ailmost a third of all
649  expressed genes show differential levels of transcript abundance between 12L.:12D and 18L:6D.
650 In contrast, at i4E and i5E we find no differentially expressed genes (Figure 2B). The lack of
651 differentially expressed genes at i5E is particularly interesting given that some transcriptional
652  divergence was detected at i4L. These patterns of gene expression between wing morphs are
653 similar to those found in the brown planthopper (Zhang et al., 2021). In particular, Zhang and
654  colleagues found that only one single gene was differentially expressed between wing morphs at
655 24 hae, corresponding to i5E in our experiment (Zhang et al., 2021). Together, these data suggest
656 that a general pattern of wing polyphenic development in hemipterans is that at the onset of
657 development to the aternative wing morphs there are no detectable traces of the transcriptional
658 cascades leading up to morph differentiation. It is thus likely that the effect of hormonal
659 regulatorsisinitiated after 24 hae and drive wing morph development in arelatively short time-
660  window before moulting to adulthood.

661 The hormonal control of wing morph determination is not yet known in G. buenoi. In the
662  brown planthopper both JH and insulin-like peptides are implicated in wing morph determination
663 (Xu et al.,, 2015; Ye et al., 2019). In G. buenoi, despite the differential expression of multiple
664 insulin-associated genes (Figure 3D), we recently showed that insulin signaling is not involved in
665 the regulation of wing morphology. Here, where photoperiod is the main environmental cue for
666 induction of wing morphs, we find 20E to be a likely candidate endocrine regulator since its
667 release/synthesis can be regulated by photoperiod (Steel and Vafopoulou, 2006) and has been
668 linked to photoperiod-controlled polyphenisms before (Nijhout, 2009). This ideais supported by
669 the differentially expressed genesin i5L, where gene ontology analysis revealed an enrichment
670 for the regulation of ecdysone-receptor mediated signaling (Figure S5). Among the genes
671 causing this enrichment we find E75, E74 and Hr4 (Figure 3C) — all well-known ecdysone-
672  responsive genes that act as transcription factors to mediate the large transcription cascades that
673 areinduced in tissues and cell in the presence of ecdysone (Uyeharaand McKay, 2019; Uyehara,
674  Leatham-Jensen and McKay, 2022).

675 We hypothesize that the differential expression of these genes is a signature of different
676 ecdysone titers in the alternative wing morphs, which in turn are caused by the exposure to the
677 different photoperiods. While this hypothesis needs further exploration, it is likely that variable
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678 ecdysone titers over development are inducing the gene expression programs in the growing
679  wing tissue that lead to development of the two wing morphs, similar to polyphenic mechanisms
680 acting in other insects (Rountree and Nijhout, 1995; Lobbia, Niitsu and Fujiwara, 2003;
681 Bhardwag et al., 2020; van der Burg et al., 2020). Together with the regulation of wing length,
682 the variable ecdysone titers and all the responsive genes are likely responsible for the regulation
683  of many correlated traits (Roff, 1984; Zera, 1984; Kaitala and Huldén, 1990; Crnokrak and Roff,
684  1995; Zera and Larsen, 2001) in other tissues, although we do not capture these associated
685 variationsin our tissue-specific transcriptome approach.

686

687 TheFat/Hippo signaling pathway mediates wing polyphenism G. buenoi

688 The Fat/Hippo signaling pathway plays an important role in growth regulation of Drosophila
689  wings (Irvine and Harvey, 2015; Gou, Lin and Othmer, 2018; Gridnev and Misra, 2022) and
690 RNAI phenotypes of Ft (Hust et al., 2018; Ohde, Mito and Niimi, 2022) or Ds (Gotoh et al.,
691 2015) generates individuals with disproportionally shorter wings in both Hemimetabolous and
692  Holometabolous insects, suggesting a conserved role in regulation of wing size. Furthermore, the
693 Fat/Hippo pathway has been proposed to be a missing link in connecting circulating signals (i.e.
694  hormones) to localized tissue responses (Gotoh et al., 2015). In Drosophila, ecdysone signaling
695 and the Fat/Hippo pathway are functionally connected through the ability of ECR and Yki to
696 interact viathe ECR co-activator Taiman (Zhang et al., 2015). It was therefore intriguing to find
697 multiple members of this pathway to be differentially expressed in nascent wing tissue, with a
698 dignificant enrichment of Hippo signaling and its regulation in the gene ontology analysis
699 (Figure S5). Notably, the core components Ft, Ds and Yki all showed significantly higher
700 expression in 12L:12D than in 18L:6D at the latest i5L timepoint. RNAI against Ft and Ds in
701 ingar four generated individuals with abnormal wing bud phenotypes, showing that Ft and Ds
702  signaling is important during instar four to correctly shape wing progenitor structures (Figure
703 5C). In contrast, RNAIi against Ft, Ds and Yki initiated in instar five generated no distinct
704  abnormalities in adult wing shape, instead, a proportion of affected individuals appeared with
705  short wings, phenocopying the mode of wing development occurring in 18L:6D. The penetrance
706 of this phenotype was only ~15-25% but nonetheless statistically significant for Ft, Ds, the
707  cocktal Ft/Ds and Yki, thus strongly indicating a causative role for Fat/Hippo signaling in G.

708  buenoi wing polyphenism. Although we focused on these three genes to functionally verify their
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709 rolein regulating the polyphenism, it is noteworthy that genes in the Fat/Hippo pathway did not
710 all follow the same expression dynamics across development and as a response to photoperiod.
711 This is evidenced by the results of WGCNA, as four different gene modules showed
712 considerable differences in i5L (Figure 4A). Module 2 was the only one enriched for the
713  Fat/Hippo pathway, and was characterized by low expression levels through development and a
714  sharpincreaseini5L, accentuated in 12L:12D (Figure 4C). This however was not the case for all
715  genes, and some showed opposite trajectories throughout devel opment, including Ft (Figure 4A).
716 The way by which Fat/Hippo signaling regulates development and growth is relatively
717  well-known through research in Drosophila wing discs (see Gridnev and Misra, 2022 for a
718  recent review). Here, Ft is uniformly expressed in the wing disc whereas Ds is expressed in a
719 gradient and the relative steepness of this gradient, together with that of other Fat/Hippo
720 signaling components, is in control of Yki activity and growth (Matakatsu and Blair, 2006;
721  Rogulja, Rauskolb and Irvine, 2008; Willecke et al., 2008). The establishment of the Ds gradient
722 occurs through the influence of Vg (Gridnev and Misra, 2022). It is noteworthy that the core
723  genes regulating wing patterning in Drosophila (Notch, wingless, engrailed, vestigial and cut;
724  Neumann and Cohen, 1996; Tripathi and Irvine, 2022) do not show evidence of DE ini5L in G.
725  buenoi (Figure 4B), but the morphogen decapentaplegic (Dpp), which presents a gradient in
726  abundance that orchestrates wing growth through the Fat/Hippo signaling cascade (Rogulja,
727 Rauskolb and Irvine, 2008; Bosch et al., 2017; Tripathi and Irvine, 2022) together with its
728 regulator hedgehog (hh; Tanimoto et al., 2000) are differentially expressed. These results are in
729 line with the observation that long and short wings are structurally equivalent structures which
730 only vary in absolute size. We hypothesize that the observed differential regulation of Ft and Ds
731  between photoperiods could provide the means to regulate wing size by establishing different
732  gradients of Ft/Ds expression. One that sustains high levels of cell proliferation, aided by a high
733 expression of Yki, forming macropterous wings (12L:12D) and another that restricts
734  proliferation (18L:6D). Additionally, the lower expression and activation of Yki in nascent
735 micropterous wings may result in de-repression of genes involved in programmed cell death
736 (Verghese, Bedi and Kango-Singh, 2012) which could play a role in the formation of a
737  micropterous wing. How regulation of expression levels of Ds, Ft and Yki is achieved and
738  whether gradient expression of Ds occurs in G. buenoi wings is an interesting avenue for further

739 research. Given that the differentially expressed genes in i5L shows an enrichment for genes
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740 involved in ecdysone signaling, it is likely that ecdysone is acting on the wing tissue at this
741 timepoint to program development and growth, and is thus a highly interesting candidate
742  hormone to generate the differential regulation of genesin the Fat/Hippo pathway.

743

744  Conclusons

745 Here we used RNAseq to identify the gene regulatory network involved in the control of wing
746  polyphenism in the water strider G. buenoi. Interestingly, several genes in the conserved
747  Fat/Hippo signaling pathway were differentially expressed, including Ft, Ds and Yki. When
748  these genes were silenced with RNAI in individuals destined to become macropterous, a
749  dignificant proportion of individuals instead appeared with micropterous or mesopterous wings.
750 Therefore, we conclude that the Fat/Hippo pathway is involved in the regulation of wing
751 polyphenism in G. buenoi in response to different photoperiods. Future research will be needed
752  tounderstand how Fat/Hippo signaling is responding to differences in photoperiod in G. buenoi.
753
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