bioRxiv preprint doi: https://doi.org/10.1101/422212; this version posted September 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was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.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

10

11

12

13

14

15

16

17

18

19

20

available under aCC-BY 4.0 International license.

Red and black: A B-carotene-binding protein carrying a red pigment
regulates body-color transition in locusts
Meiling Yang®¥, Yanli Wang?, Qing Liu¥, Zhikang Liu', Feng Jiang?3, Huimin

Wang?3, Xiaojiao Guo?, Jianzhen Zhang?*, Le Kang3*

1State Key Laboratory of Integrated Management of Pest Insects and Rodents,

Institute of Zoology, Chinese Academy of Sciences, Beijing 100101, China
2Institute of Applied Biology, Shanxi University, Taiyuan 030006, Shanxi, China

3Beijing Institutes of Life Science, Chinese Academy of Sciences, Beijing

100101, China

Running head: BCBP regulates the body color change of locusts
t+ These authors contributed equally to this study.

* Corresponding author

Le Kang, Ph.D. and Professor

Institute of Zoology, Chinese Academy of Sciences
Beijing 100101, China

Tel.: 86-10-6480-7219

Fax: 86-10-6480-7099

E-mail: lkang@ioz.ac.ch



https://doi.org/10.1101/422212
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/422212; this version posted September 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was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.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 4.0 International license.

21 Abstract

22 Changes of body color have important effects for animals in adapting to
23 variable environments. The migratory locust exhibits body color polyphenism
24  between solitary and gregarious individuals, with the former displaying a
25 uniform green coloration and the latter having a prominent pattern of black
26 dorsal and brown ventral surface. However, the molecular mechanism
27 underlying the density-dependent body color changes of conspecific locusts
28 remain largely unknown. Here, we found that up regulation of B-carotene-
29  binding protein promotes the accumulation of red pigment, which added to the
30 green color palette present in solitary locusts changes it from green to black,
31 and that down regulation of this protein led to the reverse, changing the color
32 of gregarious locusts from black to green. Our results provide insight that color
33 changes of locusts are dependent on variation in the red B-carotene pigment
34  binding to BCBP. This finding of animal coloration corresponds with trichromatic
35 theory of color vision.

36 Introduction

37 Body color change is a ubiquitous but highly diverse phenomenon of adaptive
38 significance to animals under exposure to ilinesses, environmental changes,
39  predation, and sexual signals (Burmeister et al., 2005; Henderson et al., 2016;
40 Mathger, 2003; Stuart-Fox and Moussalli, 2008; Teyssier et al., 2015).
41 Seasonal switching between color phases in response to extrinsic

42  environmental factors is common in arthropods (Futahashi and Fujiwara, 2008;
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43 Futahashi et al., 2012; Moran and Jarvik, 2010). However, rapid and reversible
44 color change is a rare trait regulated by endogenous and exogenous
45  mechanisms (Cuthill et al., 2017; Hubbard et al., 2010). This type of phenotypic
46  plasticity has not been well investigated.

47 Rapid body color change in arthropods such as aphids, locusts and
48  grasshoppers, lepidopteran caterpillars, and spider mites is influenced by
49  environmental changes, especially by changes in population density (Bryon et
50 al., 2017; Tabadkani et al., 2013; Valverde and Schielzeth, 2015; Wang and
51 Kang, 2014; Xiong et al., 2017). Locust body color changes are of particular
52 interest because conspecific color change coincides with changes in population
53 density as well as behavioral changes; specifically, dramatic individual color
54  change from green to black occurs when locusts form agriculturally destructive
55 swarms (X. Wang et al., 2014; Wang and Kang, 2014; Wu et al., 2012b). Similar
56  to that of other animals (Cuthill et al., 2017; Duarte et al., 2017), the coloration
57 of locusts serves as a dynamic form of population information.

58 Phenotypic plasticity in the migratory locust Locusta migratoria underlies
59 the transition between the gregarious and solitary phases, which are dependent
60 on population density changes (Guo et al., 2011; Kang et al., 2004; Ma et al.,
61 2011; Wu etal., 2012a; Yang et al., 2014). In addition to behavioral differences
62 between the two phases of locusts (Kang et al., 2004; Ma et al., 2011; Yang et
63 al., 2014), remarkable body color changes between gregarious and solitary

64 locusts occur. Solitary locusts found at low population densities have a uniform
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65 green coloration, whereas gregarious locusts develop a striking color pattern of
66  a black back with a contrasting brown ventral color (Pener, 1991; Wang and
67 Kang, 2014).

68 The black-brown pattern of gregarious locusts is recognized as mainly
69 being induced under high-density crowding conditions (Pener, 1991).
70  Regarding the regulatory mechanism, juvenile hormones reportedly induce
71 solitary green cuticular coloration in locusts (Applebaum et al., 1997; Tanaka,
72 1993). However, the regulatory function of these hormones during phase
73 change remains controversial (Wang and Kang, 2014). The neuropeptide
74  [His7]-corazonin induces a dark coloration of the whole body in locusts but does
75  not regulate the phase-related black—brown color pattern in gregarious locusts
76  (Tanaka, 2000; Wang and Kang, 2014). Silencing the ebony and pale genes in
77 the dopamine pathway that leads to the synthesis of dopamine melanin can
78 result in partial fading of the black color in gregarious locusts, but the
79  exogenous injection of dopamine does not completely lead to the black pattern
80 (Ma et al., 2011). Thus, the body color pattern of gregarious locusts is not the
81  result of pure melanization.

82 The green color of solitary locusts is likely due to the presence of a
83 combination of yellow and blue pigments (Pener and Simpson, 2009) that
84 facilitate the camouflage of low-density locusts in the background of plants. In
85 the present study, we investigated whether the black coloration of gregarious

86 locusts results from the addition of pigments to the solitary green background.
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87 We used strand-specific high-throughput RNA sequencing to monitor
88 genome-wide transcriptional expression profiles and detect differentially
89 expressed genes (DEGSs) correlated with color polymorphism. We found a key
90 DEG that encodes [B-carotene-binding protein (BCBP), which promotes body
91  color change associated with phase-related coloration. The manipulation of the
92  gene expression by RNAI and feeding of B-carotene led to the reverse of body
93 color of the locusts. The results of our study reveal that the black—brown
94  coloration pattern in gregarious locusts is formed by the presence of the red
95 color B-carotene pigment—BCBP protein complex in the green-colored
96 background of solitary locusts. This work provides novel insights into the
97  molecular mechanisms of body color changes in response to population density
98 changes in accordance with the corresponding environmental changes.

99 Results

100 Gregarious and solitary locusts have different expression levels of BCBP
101  Gregarious and solitary locusts were reared either in crowded conditions or in
102  solitude as previously described (Ma et al.,, 2011). These locusts displayed
103  phase-specific phenotypes of body coloration. The gregarious locusts exhibited
104 intense black patterns with a ventral brown color, and the solitary locusts
105  showed the expected uniform green coloration (Figure 1A).

106 The body coloration of gregarious locusts is characterized as a black
107  tergum of the thorax and abdomen, in particular, a very black pronotum. To

108 delineate gene activity changes potentially associated with the regulation of
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109  phase-dependent body color traits, we performed transcriptome sequencing on
110  pronotum integuments of gregarious and solitary locusts. We identified a total
111  of 1653 DEGs between the gregarious and solitary locusts (Figure 1—figure
112 supplementary 1A), and 26% (430) of these DEGs were protein-coding genes
113 (Figure 1 —figure supplementary 1B). Gene ontology analysis of these 430
114  protein-coding DEGs indicated that many of them encode cuticle metabolism-
115 related proteins involved in chitin metabolic, melatonin metabolic, transport,
116  and catecholamine catabolic activities (Figure 1 —figure supplementary 1C).
117 Sixty-eight of the 430 protein-coding DEGs are involved in pathways
118  associated with animal coloration (Figure 1B). The top 17 DEGs (Log FC > 2.8,
119 FDR < le-5) of these 68 genes were used to validate the differential expression
120 patterns between the gregarious and solitary locusts via gPCR (Figure 1C).
121 Nine of the 17 genes showed higher transcriptional levels in the pronotum
122 integuments of the gregarious locusts than in those of the solitary locusts, and
123 the transcriptional levels of 6 of the 17 genes were significantly lower in the
124  gregarious locusts than in the solitary locusts (Figure 1C). These results are
125  consistent with the transcriptome data. Among the 17 genes, we investigated
126  the top 8 DEGs, among which 6 had higher expression in the gregarious locusts
127  and 2 had higher expression in the solitary locusts, to screen the key candidate
128  genes involved in the color change.

129 To explore whether these 8 genes regulate body color plasticity during

130 locust phase transition, we carried out transcript knockdown analyses of these
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131  genes in the gregarious and solitary locusts. Out of the 8 genes, only SCBP
132 showed a significant effect on the regulation of body color transition when it was
133 silenced. After molting, the dark pattern in the pronotum decreased markedly in
134 60% of the gregarious locusts after BCBP knockdown (Figure 1 —figure
135  supplementary 2). These data imply that CBP serves as a key gene involved in
136  body color change.

137  Phase-related characteristics of the BCBP gene in integument

138  To investigate the correlation of BCBP expression level with the degree of black
139  body coloration of the locust integument, we performed quantitative reverse
140 transcriptase—polymerase chain reaction (QRT—PCR) and found that BCBP was
141 predominantly expressed in the locust integument tissue (Figure 2 —figure
142 supplementary 1). Furthermore, consistent with the deeper black color of the
143 pronotum than of the tergum of the thorax and abdomen in gregarious locusts,
144  we found that BCBP expression was significantly higher in the pronotum than
145 in the tergum integuments of the thorax and abdomen in gregarious locusts,
146  whereas little BCBP expression was observed in the terga of solitary locusts,
147  with no variability among the tergum segments (Figure 2A). Because the black
148  coloration of gregarious locusts gradually increases with nymph developmental
149  stage, we also quantified the BCBP transcript levels in the pronotum of different
150 developmental stages of the gregarious locusts. The BCBP transcript level
151  increased with developmental stage, with the expression levels of 4™ instar

152 gregarious locusts being approximately 200 times those of the 2" and 3" instar
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153  gregarious locusts. By contrast, BCBP expression was invariable across the
154  developmental stages in solitary locusts (Figure 2B). Therefore, the extent of
155  black body coloration in locusts is positively correlated with BCBP expression
156  level.

157 To explore whether BCBP is especially expressed in the black tergum
158  integuments of gregarious locusts, we performed a comparative analysis via
159 gRT-PCR to quantify the BCBP transcript levels in the tergum integuments of
160  solitary and gregarious locusts. The transcript level of BCBP was significantly
161  higher in the pronotum and tergum integuments of the thorax and abdomen of
162  gregarious individuals than the pronotum and tergum integuments of solitary
163  individuals (Figure 2C and Figure 2 —figure supplementary 3). Moreover,
164  isolating the gregarious locusts (IG) significantly decreased the transcript level
165 of BCBP (Figure 2C and Figure 2—figure supplementary 2, 3). By contrast,
166  crowding the solitary locusts (CS) significantly increased the transcript level of
167  BCBP (Figure 2C and Figure 2—figure supplementary 3).

168 Because the expression pattern of BCBP in the pronotum was consistent
169  with that in the tergum of the thorax and abdomen, the pronota were considered
170  representative of all terga of locusts in the following analyses. We also found
171 that the level of CBP protein in the locust pronotum integuments was
172 significantly higher in the gregarious locusts than in the solitary locusts
173 (Figure 2D). Moreover, the protein levels of BCBP declined when the locusts

174  were isolated and increased under the crowding conditions (Figure 2D). This
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175  expression pattern suggests a potential role of BCBP in regulating the body
176  color characteristics of the pronotum and tergum integuments of the thorax and
177  abdomen.

178 To determine whether BCBP is differentially localized in the locust
179  pronotum integuments of gregarious and solitary locusts, we performed
180 immunohistochemistry of BCBP. We found that large amounts of BCBP were
181  widely detected in the intercellular space of the pronotum of gregarious locusts,
182 whereas PCBP was distributed very sporadically in the solitary locusts
183  (Figure 2E). The amount of BCBP protein in the pronotum of gregarious locusts
184  was 39.5-fold higher than the corresponding amount in solitary locusts (Figure
185  2G). Furthermore, the amount of BCBP protein in the locust pronotum was
186  decreased by isolation and increased by crowding (Figure 2F and G).

187 Considering that BCBP can bind and accumulate B-carotenes in tissues
188  (Bhosale and Bernstein, 2007), we assessed the amount of $-carotene binding
189 by BCBP in the pronotum integuments of gregarious and solitary locusts in vivo.
190 The B-carotene content in the gregarious locusts was 2.8-fold higher than that
191 in the solitary locusts (Figure 2H). These results suggest that BCBP protein
192  level and the associated -carotene content are directly correlated with the
193  degree of black coloration of the locust pronotum.

194 BCBP mediates body color changes associated with population density
195 Based on the high level of BCBP available to bind with B-carotenes in

196  gregarious locusts or crowded solitary locusts, we hypothesized that the black
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197  gregarious locusts could be induced towards green body color by blocking
198 BCBP synthesis to interfere with B-carotene deposition. To confirm the
199 involvement of BCBP in pigmentation during the phase transition, we injected
200 double-stranded RNAs (dsRNAs) against the BCBP gene into the abdominal
201 hemocoel of gregarious nymphs at the second stadium, isolated the injected
202 locusts, and assessed their body color pattern.

203 After injection of dsBCBP—-RNA and isolation treatment, the mRNA and
204  protein levels of BCBP in the pronotum integument decreased by 99% and 85%,
205  respectively, relative to the levels in dsGFP—RNA-injected and isolated controls
206 (Figure 3A and C). In addition, the mRNA levels of BCBP in the tergum of the
207 thorax and abdomen decreased by 98% relative to the levels in dsGFP—RNA-
208 injected and isolated controls (Figure 3—figure supplement 1). The silencing
209 effect of dsBCBP—-RNA resulted in an 80% decrease in the signal intensity of
210 BCBP in the pronotum integuments of gregarious locusts relative to the
211 corresponding intensity in the dsGFP—RNA injected controls (Figure 3E and F).
212 We then determined the effects of BCBP silencing on the [B-carotene
213 content in the pronotum integuments of locusts. Because there are many free
214  [B-carotenes in locusts and B-carotene only binds with the BCBP protein to
215  participate in the formation of body color, we measured the amount of B-
216  carotene binding to BCBP. The administration of dsBCBP significantly reduced
217  the B-carotene content in the pronotum integuments from 104.8 ug/g to 74.3
218 ug/g (Figure 3H).

10


https://doi.org/10.1101/422212
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/422212; this version posted September 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 4.0 International license.

219 A body coloration assay revealed that after molting of 29 locusts, 48% of
220 the nymphs injected with dspCBP—RNA and then isolated showed substantial
221 lightening of the black pronotum. Moreover, 41% of the gregarious nymphs
222  shifted to a complete green-colored body. By contrast, 73% of the dsGFP—
223 RNA-injected gregarious nymphs treated with isolation retained an intense
224  black body pattern. Only 27% of the dsGFP-injected and isolated control locusts
225 showed body color lightening (Figure 4A). These results support the view that
226 BCBP regulates the body color changes of gregarious and solitary locusts
227  between black and green coloration.

228 To further confirm the direct involvement of BCBP in mediating body color
229 changes, we assessed the effect of increasing the pigment bound with BCBP
230 on the body color change of locusts from solitary to gregarious phase. In this
231  experiment, solitary locusts were fed a diet containing B-carotene and treated
232 with crowding. The mRNA and protein levels of BCBP significantly increased
233 by 11.2- and 2.5-fold in the pronotum, respectively, and increased by 2.3- and
234  2.1-fold in the tergum of the thorax and abdomen, respectively, relative to the
235  corresponding levels in the regular diet-fed and crowded controls (Figure 3B, D
236 and Figure 3—figure supplement 2). Moreover, the signal intensity of BCBP
237 increased by 22.7-fold in the pronotum integument cells of the solitary locusts
238  after B-carotene feeding and crowding relative to the intensity in the regular
239 diet-fed and crowded controls (Figure 3E and G). In addition, HPLC analysis
240 revealed that the amount of BCBP-@-carotene complex in the solitary

11
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241 integuments increased by 3.4-fold after p-carotene feeding and crowding
242  (Figure 3H). A total of 47% of the solitary locusts completely shifted to the
243  typical gregarious body color, and the pronota of 33% of the feeding locusts
244  developed extensive black areas similar to the gregarious body color after
245 feeding with B-carotene and crowding. However, 87% of the locusts retained
246  their green color in the regular diet and crowding treatment (control group)
247  (Figure 4B). Thus, BCBP and B-carotene can jointly induce body color changes
248  from green to black associated with phase transition in locusts.

249 To further determine whether the BCBP upregulation induced by [-
250 carotene is responsible for the body color change of locusts from green to black,
251 we conducted a rescue experiment by injecting dsBCBP-RNA into solitary
252 locusts pre-fed with B-carotene. After molting, 35.5% of the dsBCBP-injected
253  nymphs pre-fed with 3-carotene showed green body color, whereas 15.6% of
254  the green individuals in the dsGFP-injected group pre-fed with B-carotene did
255  so0. Correspondingly, the phenotype of black tergum individuals induced by B-
256 carotene was rescued only by injection with dsBCBP-RNA (Figure 4C).
257  Therefore, BCBP acts with B-carotene to regulate the black body color of
258  gregarious locusts.

259 Body color change from green to black is mediated by the red pigment
260 complex

261 To confirm the role of the BCBP—pigment complex in black color pigmentation,
262  we performed a pigment immunoprecipitation assay using an antibody against

12
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263 the BCBP protein in vitro and in vivo to examine the binding capacity and
264  complex coloration of BCBP with B-carotene (Figure 5A and B). We incubated
265 recombinant BCBP (rBCBP) with B-carotene under immunoprecipitation by
266 using BCBP antibody conjugated with protein A-Sepharose (Figure 5A).
267  Immunoprecipitation of B-carotene-rBCBP formed a red complex, whereas no
268  red precipitate formed when B-carotene was added to bovine serum albumin
269 (BSA) or when B-carotene in the absence of rBCBP was incubated in the
270  binding buffer followed by immunoprecipitation (Figure 5A). It could be inferred
271  thatthe red precipitate was specific to the rBCBP—[p-carotene complex because
272 this complex failed to form in the presence of BSA and B-carotene or in the
273  absence of rBCBP (Figure 5A). The pigment immunoprecipitation assay in vivo
274  also showed an accumulation of red pigment in the precipitate of the integument
275 when treated with anti-BCBP-immunoprecipitation compared with IgG-
276  immunoprecipitation (Figure 5B). Furthermore, we confirmed that the red
277  pigment in the BCBP precipitant result from B-carotene by HPLC analysis
278  (Figure 5—Figure supplement 1). These results provide strong evidence that
279  BCBP directly binds with B-carotene in the pronotum integument to form the red
280 complex, which directly contributes to the black pattern of the pronotum in
281  gregarious locusts.

282 BCBP is localized to the pigment granules of the pronotum integument
283  To verify the co-location of BCBP and the pigment granules, we investigated
284  the subcellular distribution of BCBP using immunoelectron microscopy. The

13
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285  pronotum integuments were fixed and embedded for thin sections. The sections
286  were analyzed for BCBP localization by using an anti-BCBP antibody followed
287 by a gold-conjugated antibody against rabbit IgG. The gold particles were
288  present mainly in the pigment granules of the pronotum integuments. In addition,
289  the average number of gold particles in the pigment granules from the pronotum
290 integuments was 15.5-fold higher in the gregarious locusts than in the solitary
291  locusts (Figure 5C and F). Furthermore, BCBP silencing coupled with isolation
292 caused a severe deficiency of gold particles in the pigment granules of the
293  gregarious locusts, indicating a substantial reduction in the BCBP protein—
294  pigment complex relative to the level in the dsGFP-injected and isolated
295 controls (Figure 5D and G). By contrast, B-carotene intake coupled with
296 crowding evidently increased the gold particles responsible for the BCBP
297  production in the pigment granules of pronotum in the solitary locusts,
298 demonstrating a significant promotion of BCBP protein—pigment complex
299  accumulation compared with accumulation in the regular diet-fed and crowded
300 controls (Figure 5E and H). Thus, the BCBP—pigment complex is a key mediator
301  of black formation in the pronotum integuments of gregarious locusts.

302 Discussion

303 Our study revealed an undescribed mechanism of body color regulation in
304 which changes in the BCBP—f-carotene complex-mediated red color balance
305 produce a shift between black and green body color in locusts. The change of
306 body color occurs as an adaptive response to population density change. The

14
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307 black—brown pattern in the gregarious locusts resulted from the superposition
308 or balancing effect of a red pigment on the green background of solitary locusts
309 rather than complete melanogenesis. Crowding treatment increased the BCBP
310 levels in the integuments and caused body color change in the solitary locusts
311 by the binding of BCBP with B-carotenes (Figure 6). This finding of animal
312 coloration corresponds precisely with the physically trichromatic rule.

313 We demonstrated that BCBP expression is not only positively correlated
314  with the black color of the pronotum in gregarious locusts but also phase-related
315 in response to population density changes. The BCBP expression in solitary
316  locusts was not induced by merely feeding with B-carotene without crowding
317 treatment (Figure 3—figure supplement 3). Thus, the body color changes of
318  solitary locusts that were induced to form gregarious-like body coloration must
319  rely on crowding treatment and feeding the B-carotene, because only crowding
320 treatment can promote the BCBP expression for BCBP—f3-carotene complex
321 production. Thus, population density of locusts acts as necessary and sufficient
322 condition to drive the changes of body coloration. Generally, body color
323 changes are driven by gene changes to adapt with a broad range of
324 environments. For instance, the melanocortin-1 receptor gene regulates
325 melanin production associated with black hair and skin in human and mouse
326 pigmentation responsed to ultraviolet-light (D'Orazio et al.,, 2006). The
327 cytochrome P450 gene may encode ketolases that generate red carotenes, as
328 a honest signaling, to control the bright-red coloration of retinal oil droplets in

15
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329 the zebrafinch (Mundy et al., 2016). Although several studies have investigated
330 the role of gene-environment in animal coloration, convergent phenotypes
331 commonly arise from a single pigment-mediated independent change. Our
332 study reveals a different mechanism in which BCBP, as a red signaling, has an
333 integrative and palette effect on black and green body color change depending
334  on the population density in locusts .

335 In our study, single BCBP or [-carotene cannot produce pigment
336 deposition in the black tergum integuments of locusts. BCBP only combine B-
337 carotene to form red pigment complex for producing the black pattern of
338 gregarious locusts. Previous studies in other species have similarly reported
339 that pigment-binding protein can uptake and bind pigment to affect coloration
340 (Sakudoh et al., 2011; Sakudoh et al., 2007; W. Wang et al., 2014). In the
341  silkworm Bombyx mori, the yellow cocoon color is determined by the
342  carotenoid-binding protein gene, which controls the uptake of carotenoids in the
343  silk gland (Sakudoh et al., 2007). Carotenoid-binding protein mutation produces
344  colorless hemolymph and white cocoons, indicating that carotenoid-binding
345  protein plays a central role in cocoon color pigmentation (Sakudoh et al., 2007;
346 W. Wang et al.,, 2014). Mammals often obtain carotenoids by eating plants
347 (Avalos and Limon, 2015; Bryon et al., 2017; Toews et al., 2017). Once
348  absorbed, carotenoids are transported by lipoproteins, which are homologs of
349  CBP in insects, through the bloodstream to the target tissues. In this process,
350 the abundance and nature of lipoproteins limit the capacity to obtain

16


https://doi.org/10.1101/422212
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/422212; this version posted September 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 4.0 International license.

351  carotenoids (McGraw, 2006). As the same, B-carotene-binding protein, as a key
352  mediator of body color production, controls 3-carotene content and absorption
353 to produce red color, which is superposed on the background color of
354 gregarious locus to yield the black pattern.

355 Our results show that the black pattern of gregarious locusts is not caused
356 by an increase in melanin but is caused by the interaction of different pigments.
357  This pigment interaction has a colored palette effect that results in black
358 coloration due to the accumulation of red color B-carotene pigments in the
359 presence of blue and yellow pigments. The disappearance of the red pigment
360 in the gregarious locusts led to the emergence of green color, which is the
361 typical body color of solitary locusts. By elucidating the mechanism by which
362 different types of pigments interact to create transitions among color
363  polymorphisms, this study provides new information that could be useful for
364 analyzing color transitions in other organisms. In Heliconius erato and Agraulis
365 vanillae, optix is required for the red color pattern and coordinates between the
366 ommochrome (orange and red) and melanin (black and gray) pigment types
367 (Zhang et al., 2017). Parrots acquire their colors through regulatory changes
368 that drive the high expression of MuPKS in feather epithelia, which appear
369 green when the blue and yellow pigments are present (Cooke et al., 2017). The
370  green color of the integument of solitary locusts is obtained from a mixture of
371 blue biliverdin pigment and yellow carotenoids (Goodwin, 1952; Goodwin and
372 Srisukh, 1951). As expected, the expression levels of biliverdin-binding protein
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373 and carotenoid-binding protein in the pronotum integument were not
374  significantly different between the gregarious and solitary locusts (Figure 6 —
375 figure supplement 1), suggesting that the contents of blue biliverdin and yellow
376  carotenoid are the same in gregarious and solitary locusts. Thus, our results
377 suggest a colored palette mechanism of body color change, with the change
378  from typical gregarious-phased coloration (black) to solitary-phased coloration
379  (green) is dependent on the extent of red B-carotene bound to BCBP.

380 The color polymorphism of gregarious and solitary locusts reflects an
381 adaptive strategy to respond to changes in population density and the natural
382  environment (Simoes et al., 2016), which is consistent with the strategies of
383  other animals when encountering different selection pressures (Cuthill et al.,
384  2017). The contrasting body coloration of gregarious locusts may allow mutual
385 recognition and warning against predators in swarms. In addition, crowding
386  stimuli, including the stress of a high population density and emission of an
387 aggregative pheromone, may induce group migration (Caro, 2009; Sword,
388 2002). By contrast, the uniform cryptic color of solitary locusts may reduce the
389 likelihood of detection and risk of predation, similar to the role of crypsis in other
390 organisms (Caro, 2009; Hemmi et al., 2006). Animal coloration is a prominent
391  phenotypical feature that serves multiple important functions, including social
392 signaling, antipredator defense, parasitic exploitation, thermoregulation, and
393  protection from ultraviolet light, microbes, and abrasion (Bell et al., 2017; Caro
394 et al.,, 2016; Cuthill et al., 2017; Duarte et al., 2017; Duarte et al., 2016).

18


https://doi.org/10.1101/422212
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/422212; this version posted September 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 4.0 International license.

395  Therefore, the mechanisms of color variation are highly conserved and can
396  offer insights into the adaptive evolution of gene regulation. Our study shows a
397 new "palette effect” mechanism by which the red BCBP—3-carotene pigment
398 complex can act as a switch to coordinate between black and green coloration.
399  This mechanism of color pattern change may be evolutionarily conserved
400 among multiple species, although additional functional work is needed to
401  assess this hypothesis.

402  Materials and Methods

403 Insects

404  All insects used in the experiments were reared in the same locust colonies at
405 the Institute of Zoology, Chinese Academy of Sciences, Beijing, China.
406  Gregarious nymphs were reared in large, well-ventilated cages (400 insects per
407  case). Solitary nymphs were cultured alone in white metal boxes supplied with
408 charcoal-filtered compressed air. Both colonies were reared under a 14:10 light:
409 dark photo regime at 30 + 2 °C (Kang et al., 2004).

410 Strand-specific RNA sequencing of the integument

411  The pronotum integument was dissected from gregarious or solitary fourth-
412  instar nymphs. Total RNA of the pronotum samples was extracted using TRIzol
413 (Invitrogen) and treated with DNase | following the manufacturer’s instructions.
414  RNA guality was assessed using an Agilent 2100 Bioanalyzer (Agilent) to verify
415  RNA integrity. cDNA libraries were prepared according to lllumina’s protocols.
416 The adaptor sequences in the raw sequencing data were filtered using
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417  Trimmomatic-0.30 (Bolger et al.,, 2014). We performed the de novo
418  transcriptome assembly by using Trinity software (trinityrnaseq r20140717).
419 Clean reads were mapped to the de novo transcriptome assembly in the
420 accompanying script in Trinity software. The number of total reads was
421 normalized using fragments per kilobase of transcripts per million reads
422  mapped. The significance of differences between the test and control groups
423 was based on p values with false discovery rate correction. DEGs with
424  significance at corrected p < 0.05 in each comparison were determined using
425 the run_DE_analysis in the R environment. The RNA-seq data were deposited
426 in the Sequence Read Archive Database of NCBI (accession no.
427 PRJINA399053).

428 Assays of quantitative PCR for genes

429  Total RNA was isolated from the integument by using TRIzol (Invitrogen). The
430 Moloney murine leukemia virus reverse transcriptase (Promega, USA) was
431  used to prepare the oligo (dT)-primed cDNA. mRNAs were subjected to gPCR
432 by using SYBR Green gene expression assays in accordance with the
433 manufacturer’s instructions (Tiangen). qPCR was performed on a LightCycler®
434 480 instrument (Roche). B-actin was used as the internal control. Dissociation
435  curves were determined for each mRNA to confirm unique amplification. The
436 gPCR primers used are listed in Supplementary files 1. All of the gRT-PCR
437  reactions were performed in six biological replicates. Four integument samples
438  were used in each biological replicate.
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439 BCBP immunohistochemical assay

440 BCBP was detected in the integument via immunohistochemistry. The
441  integument was fixed in 4% paraformaldehyde overnight. Paraffin-embedded
442  integument tissue slides (5 um thick) were deparaffinized in xylene and
443  rehydrated with an ethanol gradient. The samples were blocked with 5% BSA
444  for 30 min and then incubated with an anti-BCBP antiserum (1 : 200) for 2 h.
445  The slides were washed and incubated for 1 h with Alexa Fluor-488 goat anti-
446  rabbit secondary antibody (Life Technologies). Hoechst (1 : 500) was used for
447  nuclei staining. The BCBP signals were detected using an LSM 710 confocal
448  fluorescence microscope (Zeiss).

449  Transcript knockdown via RNAI

450 To knockdown the transcript of BCBP, dsRNA was synthesized using the T7
451 RiIboMAXTM Express RNAi System (Promega, USA) following the
452  manufacturer’s instructions. Each insect was injected with 3 ug of dsRNA three
453  times at day 3 for the second-instar nymphs and at days 1 and 5 for the third-
454  instar nymphs. Control nymphs were injected with an equivalent amount of
455  dsGFP-RNA. Nymphs that showed body color changes were used for the
456  extraction. Six abnormal nymphs and six control nymphs were used for CBP
457  immunohistochemistry.

458 Feeding B-carotene assay

459  Solitary nymphs of 3-day-old second instars were fed with a synthetic diet
460  containing B-carotene and subjected to crowding for two stadiums before
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461  calculating the body color phenotype statistics. The composition of the basic
462  synthetic diet used in the experiment is shown in Supplementary files 2. Control
463  insects were fed a synthetic diet without 3-carotene and exposed to crowding.
464  Rearing jars were cleaned and fresh diets were provided every day. A total of
465 29 nymphs were fed a synthetic diet in each of the treatment and control groups.
466 Body color rescue experiment in vivo

467 A rescue experiment was performed with solitary locusts. Approximately 30
468  second-instar nymphs were fed a synthetic diet containing B-carotene and then
469  subjected to crowding. One stadium later, these nymphs were injected with 3
470  Jug dsBCBP or dsGFP control and then isolated. One stadium after the dsRNA
471 injection, the nymphs were subjected to body color analysis.

472  Immunoelectron microscopy

473 For BCBP immunolabeling, integuments were fixed with 2.5% glutaraldehyde
474 in 0.1 M phosphate buffer. After dehydration in a graded alcohol series,
475  specimens were embedded in LR White resin and polymerized at 60 °C.
476  Ultrathin sections were blocked with phosphate-buffered saline (PBS)
477  containing 1% BSA, 0.2% Tween-20, and 0.2% gelatin before labeling with the
478  CBP polyclonal antibody (1 : 1000). A gold-conjugated (10 nm) secondary
479  rabbit antibody was used to visualize the binding sites through TEM (Ruli H-
480 750, Japan).

481  B-carotene binding assay in vitro and in vivo

482 A B-carotene-binding experiment in vitro was conducted as previously
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483  described (Tabunoki et al., 2002). Purified rBCBP was resuspended in PBS
484  binding buffer containing 1 mg/mL BSA. Samples containing 50 M rCBP and
485 100 M B-carotene were incubated in 1 mL of binding buffer for 3 h at 25 °C. The
486  control experiments were performed using the same procedure without the use
487  of purified rBCBP or BSA. Anti-CBP rabbit IgG—protein A-Sepharose was added
488  to the reaction mixture and incubated for 4 h at 4 °C. The protein A-Sepharose—
489  rBCBP-B-carotene complex was collected by centrifugation at 13, 000 g for 10
490 s. Toremove the unbound 3-carotene, the pellets were washed 5 times with 20
491  mM Tris-HCI (pH 7.6) containing 150 mM NaCl, 1% Nonidet P-40, protease
492  inhibitor mixture, and 1 mg/mL BSA. Binding of B-carotene to rBCBP was
493  confirmed by the presence of red-colored precipitate.

494 For the B-carotene binding experiment in vivo, approximately 200 pronotum
495 integuments from gregarious individuals were collected and homogenized in
496 ice-cold PBS buffer containing protease inhibitor. BCBP antibody or rabbit IgG,
497  which was used as a negative control, and protein A-Sepharose was added to
498 the homogenate and incubated at 4 °C overnight. The protein A-Sepharose-
499 BCBP—B-carotene complex was collected by centrifugation at 13, 000 g for 30
500 s. The pellets were washed five times to remove the unbound B-carotene.

501 B-carotene quantification of the pronotum tissue extracts

502 The B-carotene content of locust pronotum integument was quantified using
503 reverse-phase HPLC and DAD. Pronotum tissues of locust nymphs were
504 rapidly dissected and stored in liquid nitrogen. Thirty pronotums were
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505 homogenized and lysed in lysate buffer. After incubation with BCBP antibody—
506 protein A-sepharose at 4 °C overnight, the specimens were placed in a 50 mL
507 centrifuge tube containing a mixture of n-hexane, ethanol, and acetone (2 : 1 :
508 1, Vv:Vv:vV). The tissue samples were sonicated at 5-10 °C for 15 min and then
509 centrifuged at 6, 800 g for 10 min. The upper layer extract and the ether extract
510 of the lower layer residual solution were collected in another centrifuge tube.
511 The same sample was re-extracted twice according to the same protocol as
512  described above. Then, 2 mL of ether and 2 mL of distilled water were added
513 to the lower layer collection tube and sonicated at 4 °C for 5 min. Following, the
514  upper phase was collected. All of the extracts were combined and dried using
515 a lyophilizer. The dried residue was dissolved in 2 mL of methyl tertbutyl ether
516 (MTBE) and 2 mL of a KOH: methanol mixture (1 : 9, w : v). After over 10 h in
517 darkness, 2 mL of MTBE and 2 mL of distilled water were added to the mixture.
518  Then, the upper extract was collected and dried. This dried residue was
519  dissolved in 200 pyL of MTBE containing 0.1% BHT and filtered through 0.22
520 um filters. The filtered samples were automatically loaded into the reverse
521 phase HPLC system, which contained a carotene C30 column (250 mm x 4.6
522 mm, 5um, YMC, Japan), at a flow rate of 1 mL/min. The gradient elution
523 method consisted of an initial 10 min of 71.2% acetonitrile, 23.8% methanol,
524 and 5.0% H2O0, followed by a linear gradient of 19.5% acetonitrile, 6.5%
525 methanol, and 74.0% MTBE for 31 min. Data analysis was conducted with
526 Agilent ChemStation software. B-carotene was quantified using an external
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527  standard.

528  Statistical analysis

529 SPSS 17.0 software (SPSS, Inc.) was used for statistical analysis. Differences
530 between treatments were evaluated using either Student’s t-test or one-way
531  ANOVA followed by Tukey’s test for multiple comparisons. A p value of < 0.05
532  was considered statistically significant. All of the results are expressed as the
533 means + SEM.
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767
768  Figure 1. Identification of B-carotene-binding protein (BCBP) as a target
769  associated with body color changes between gregarious and solitary locusts.
770  (A) Body colors of typical gregarious and solitary nymphs. The tergums include
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771 pronotum, thorax tergum and abdomen tergum. (B) Logarithmic fold alterations
772 of 68 differentially expressed genes (DEGSs) associated with animal coloration
773  between gregarious and solitary locusts are shown in the volcano plot diagram
774  generated from genome-wide RNA-Seq. Red and blue dots indicate up- and
775  down regulated genes, respectively, in the gregarious locusts (n = 3 samples,
776 10 integuments/sample). (C) The top 17 DEGs (Log FC > 2.8, FDR < 1e-5)
777 among the 68 genes from the volcano plot diagram were confirmed in the
778 gregarious and solitary integuments via gPCR (n = 6 samples; 8
779 integuments/sample; Student’s t-test; red boxes indicate significantly up
780 regulated genes (SUG) in gregarious/solitary locusts and no significant
781  difference between gregarious and solitary locusts; *p < 0.05; **p <0.01;
782 ***p < 0.001). Brown shades denote the eight genes used for transcript
783  knockdown analysis. The red star in the histogram indicate the identified target
784  gene that correlates with body color change in the phase transition of locusts.
785  The following figure supplement is available for figure 1:

786  Source data 1. Numerical data that are represented as graphs in Figure 1C.
787 Figure supplement 1. Transcriptomic profiles of locust pronotum
788 integuments revealed by strand-specific RNA-seq.

789  Figure supplement 2. BCBP fosters the body color change from the
790 gregarious pattern to the solitary pattern.

791

792
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793

794

795 Figure 2. Expression or distribution of BCBP and its binding B-carotene
796 shows phase-specific patterns. (A) BCBP expression in the tergums of
797  different body segments of locusts in the gregarious (G) and solitary (S) phases.
798  Pro: Pronotum; Tho: Thorax; Abd: Abdomen. (B) BCBP expression in the
799  pronotums of different instars of gregarious (G) and solitary (S) nymphs. Body
800  color phenotypes of typical gregarious and solitary nymphs in the second (2%,
801 third (3"9), and fourth (4™) instar are shown. The scale is 2 mm for each nymph.
802 mMRNA expression of BCBP was quantified by using qRT-PCR. gPCR data are

803 shown as the means + SEM (n = 6). *p < 0.05; **p < 0.01; **p < 0.001. (C, D)
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804 mRNA (C) and protein (D) expression levels of BCBP were determined in the
805 integuments of fourth-instar gregarious (G) nymphs, solitary (S) nymphs,
806  gregarious nymphs after isolation (IG), and solitary nymphs after crowding (CS)
807 using gPCR and Western blot analyses. (E) Distribution analysis of CBP was
808  conducted to determine the localization and differences in abundance of CBP
809 in the integuments between the gregarious (G) and solitary (S) locusts via
810 immunohistochemistry. The red arrows indicate the areas where BCBP was
811 localized in the locust integuments. NC, negative control. Images were
812  visualized using an LSM 710 confocal fluorescence microscope (Zeiss) at a
813  magnification of 40x. (F) Expression signals for BCBP were analyzed in the
814  integuments of gregarious nymphs after isolation (IG) and solitary nymphs after
815 crowding (CS). (G) Fluorescence intensity was quantified using ZEN 2.1
816  software and expressed as the means + SEM (n = 3). (H) B-carotene content
817 in the gregarious and solitary locust integuments was evaluated using HPLC.
818 (gPCR and HPLC data are shown as the mean + SEM (n = 6). Western blot
819  bands were quantified using densitometry, and the values are expressed as the
820 mean £ SEM (n = 3); the same letter indicates that the data are not significantly
821  different.

822  The following figure supplement is available for figure 2:

823  Source data 1. Numerical data that are represented as graphs in Figure 2A,
824 B,C,D,G,H.

825 Figure supplement 1. BCBP expression in the different tissues of
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gregarious locusts as determined by qRT-PCR.

Figure supplement 2. BCBP expression in the time course of gregarious
locusts.

Figure supplement 3. BCBP expression in the tergum of the thorax and

abdomen of locusts.
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848

849  Figure 3. BCBP accumulates B-carotene pigment to affect pigmentation in
850 the phase transition of locusts. (A, C) mRNA and protein expression of BCBP
851 in the pronotum integument was quantified using qRT-PCR (A) and Western
852  blot analyses (C) two stadiums after BCBP silencing and isolating in gregarious
853 locusts. (B, D) mRNA and protein expression levels of BCBP in the pronotum
854  integument were determined two stadiums after feeding with 3-carotene and
855  crowding in solitary locusts using qPCR (B) and Western blot analyses (D). (E)

856  Fluorescence signals of BCBP were determined in gregarious (G) locusts after
36
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BCBP silencing coupled with isolation and in solitary (S) locusts after feeding
with B-carotene diet coupled with crowding. (F, G) Fluorescence signal intensity
of BCBP was quantified using ZEN 2.1 software and expressed as the means
+ SEM (n = 3). (H) B-carotene content was evaluated in gregarious locusts after
BCBP silencing coupled with isolation and in solitary locusts after feeding with
B-carotene diet coupled with crowding by using HPLC. gPCR and HPLC data
are shown as the means + SEM (n = 6). Western blot bands were quantified
using densitometry, and the values are expressed as the means + SEM (n = 3);
*p < 0.05; **p < 0.01; **p < 0.001.

The following figure supplement is available for figure 3:

Source data 1. Numerical data that are represented as graphs in Figure 3A,
B,C,D,F, G, H.

Figure supplement 1. BCBP expression in the tergum of the thorax and
abdomen of locusts after RNAi BCBP.

Figure supplement 2. BCBP expression in the tergum of the thorax and
abdomen of solitary locusts.

Figure supplement 3. BCBP expression in the pronotum of solitary

locusts only pre-fed with B-carotene but no crowding by gRT-PCR.
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879

880

881 Figure 4. BCBP and its binding of B-carotene fosters the body color phase
882 transition of the locust. (A) Effects of BCBP dsRNA treatment on the body
883  color of gregarious locusts. Each second-instar nymph was injected with 3 ug
884  of dsRNA thrice and exposed to isolation. Control nymphs were injected with
885 equivalent volumes of dsGFP and then isolated. (B) Effects of -carotene
886 feeding on the body color of solitary locusts. Solitary nymphs were fed a
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887  synthetic diet containing B-carotene and were then subjected to crowding.
888  Control insects were fed a regular diet without B-carotene and were then
889  subjected to crowding. (C) A body color rescue experiment in solitary locusts
890 was performed by injecting dsRNA against BCBP at day 3 in third-instar nymphs
891 (N3D3) that had been pretreated with B-carotene feeding at day 1 as second-
892 instar nymphs (N2D1). The control group was injected with dsGFP as third-
893 instar nymphs that had been pretreated with B-carotene feeding as second-
894  instar nymphs.
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908

909 Figure 5. The red complex of BCBP located in the pigment granules of
910 integument and BCBP binding of B-carotene directly contributes to the
911  black back pattern of gregarious locusts. (A) Red BCBP—pigment complex
912  was confirmed by recombinant BCBP (rBCBP) incubation with 3-carotene under
913  immunoprecipitation using BCBP antibody conjugated to protein A-Sepharose.
914 NC1, containing B-carotene without rBCBP; NC2, containing BSA and j-
915 carotene; IP, containing B-carotene and rBCBP. (B) Red pigment accumulates
916 in the precipitate of the locust pronotum when treated with anti-BCBP-
917 immunoprecipitation compared with IgG-immunoprecipitation. NC, containing
918 pronotums and IgG; IP, containing pronotums and BCBP antibody. (C) The
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919  subcellular distribution of BCBP was investigated in the integuments of
920 gregarious and solitary locusts by immunoelectron microscopy. (D, E)
921 Immunogold labeling signals of BCBP were comparatively analyzed in the
922 integuments of gregarious locusts after injection with BCBP dsRNAs and
923  subsequent isolation and (D) in the integuments of solitary integuments after
924 feeding with B-carotene diet followed by crowding (E). (F, G, H) Average
925 number of gold particles in three randomly selected pigment granules in
926 sections from various treatments. Variation is calculated based on three
927  biological replicates (n = 3, **p < 0.01). All sections were probed with anti-BCBP,
928 followed by protein A-gold conjugate. Images outlined with red squares are
929 magnified at 30,000 x using the Ruli H-750 TEM (Japan). The red arrow
930 indicates the gold particles of BCBP located in the pigment granules.

931  The following figure supplement is available for figure 5:

932  Source data 1. Numerical data that are represented as graphs in Figure 5F,
933 G, H.

934  Figure supplement 1. Confirmation of BCBP binding to B-carotene via
935 HPLC.
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941

942 Figure 6. Model of a new mechanism in accordance with the physically
943  trichromatic rule. Body color change is mediated by the red BCBP—[3-carotene
944  complex, which has a superposition effect on the solitary green background and
945 produces the black back pattern of gregarious locusts. Silencing BCBP in
946  gregarious locusts reduced the red color pigment -carotene complex, thereby
947 leading to the green pattern (instead of black). By contrast, feeding the solitary
948 locusts B-carotene induced BCBP expression and caused gregarious-like body
949  coloration.

950 The following figure supplement is available for figure 6:

951  Figure supplement 1. Biliverdin-binding protein and carotene-binding
952  protein expression in the pronotum of gregarious and solitary locusts by

953 QqRT—PCR.
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Additional files

Supplementary files

Supplementary files 1. Primers used in the qPCR analysis of BCBP, and
actin and GFP used for RNA interference

Supplementary files 2. Composition of the basic synthetic diet
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