. HOKKAIDO UNIVERSITY

Analysis of gene network for color pattern formation and the mechanism of the prepattern

Title determination in Drosophila guttifera [an abstract of entire text]

Author (s) mE, H—

COEEIRXEXDEEAREICDOVWTIE. UTOHY S h&TSREIV,

Description https://www. Lib. hokudai.ac. jp/dissertations/copy-guides/

Degree Grantor LB R
Degree Name Bt (®RERE)

Dissertation Number 5143345

Issue Date 2021-03-25
Doc URL https://hdl. handle.net/2115/81878
Type doctoral thesis
File Information Yuichi Fukutomi summary. pdf

kaid,
P U"/Le

Hokkaido University Collection of Scholarly and Academic Papers : HUSCAP




Analysis of gene network for color pattern formation and the
mechanism of the prepattern determination in Drosophila guttifera
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Introduction

Various color patterns have evolved in a large number of animal taxa. Some
of those play roles in mimicry and aposematism, and others have a physiological function
such as thermoregulation (Cott 1940; Ruxton et al. 2004). What kind of developmental
mechanisms underlie the generation of various color patterns? Construction of
mathematical models and transplantation of tissues led to the presumption that, in the
case of color patterns on mammal furs and butterfly wings, the patterns were determined
by diffusion of intercellular signal transduction molecules such as morphogens
(molecules which determines the pattern of animal body plans by diffusion in ontogeny;
Wolpert 1969) (Turing 1952; Murray 1981; Nijhout 1980; Kondo and Shirota 2009).
Thereafter, gene overexpression and knock-out experiments on fruit flies and
lepidopterans showed that diffusible intercellular signal transduction molecules have
function in color pattern formation (Werner et al. 2010; Yamaguchi et al. 2013; Mazo-
Vargas et al. 2017). However, it is unclear whether diffusion is essential to determine the
patterns in such organisms. In color pattern formation, not only intercellular signal
transduction molecules but products of pigmentation genes are involved (Arnoult et al.
2013; Zhang et al. 2017). Understanding of developmental mechanisms of color pattern
formation requires revealing pattern determination and regulatory relationships among
genes involved in the formation.

Drosophila guttifera (Insecta, Diptera) has a polka-dotted pattern of melanin
pigmentation on wings (Fig. 1). wingless gene (a gene coding one of morphogens, a
homologue of vertebrate Wnt-1) is known to control formation of the pigmentation pattern.
D. guttifera can be a model organism for studying how morphogen controls color pattern
formation (Martin and Courtier-Orgogozo 2017), but knowledge about the developmental

mechanism is limited. Diffusion of Wingless protein from its source was assumed to



determine the prepattern (the area where pigmentation pattern forms in future) in the
pupal period. Ectopic expression of wingless on wings induced ectopic pigmentation,
accompanied by upregulating the expression of yellow, which is necessary for melanin

synthesis (Gompel et al. 2005; Werner et al. 2010).

Chapter 1

When I started the research, there was a lack of fundamental information about
the process of pigmentation pattern formation in D. guttifera. It was unclear when the
expression of yellow starts, and when wing pigmentation starts and ends. Therefore, |
analyzed the process of formation of wing pigmentation. In this study, I defined the pupal
stages of D. guttifera and measured the pigment content of wing spots from the pupal
period to the period after eclosion. Using a transgenic line which carries eGFP connected
with an enhancer of yellow, a gene necessary for melanin synthesis, I analyzed the timing
at which the yellow enhancer starts to drive eGFP. I also analyzed the distribution of
Yellow-producing cells, as indicated by the expression of eGFP during pupal and young
adult periods. The results suggested that Yellow-producing cells were removed from
wings within 3 h after eclosion, and wing pigmentation continued without epithelial cells
(Fig. 2). Furthermore, the results of vein cutting experiments showed that the transport of
melanin precursors through veins was necessary for wing pigmentation. These results
showed the importance of melanin precursors transported through veins and of
extracellular factors which were secreted from epithelial cells and left in the cuticle.

The content of this chapter was published in Fukutomi et al. 2017 Dev Genes
Evol. The experimental methods mentioned in this chapter was published in Fukutomi et
al. 2018 J Vis Exp.

Chapter 2

To understand the mechanism of formation of the wing pigmentation pattern, it
is necessary to know which genes are regulated downstream of wingless. In D. guttifera
and Drosophila melanogaster (common fruit fly), wingless is expressed on wings.
However, there is no wing pigmentation pattern in D. melanogaster. Genes regulated
downstream of wingless in D. guttifera were assumed to be responsible for formation of
wing pigmentation (Werner et al. 2010). Therefore, I comprehensively detected genes

differentially expressed in pigmentation areas on wings by transcriptome analysis. For



those genes, I also tested whether their expression was regulated by wingless. As a result,
151 of genes expressed in pigmentation areas were positively or negatively regulated by
wingless. Genes for neural development, Wnt signaling, Dpp signaling, and effectors
(such as enzymes) for melanin pigmentation were included among these 151 genes (Fig.
3). None of the known regulatory genes that regulate pigmentation pattern formation in
other fruit fly species were included. My results suggest that the novel pigmentation
pattern of D. guttifera might have emerged through multi-step co-options of multiple gene
regulatory networks, signaling pathways, and effector genes, rather than recruitment of
one large gene circuit.

The content of this chapter was published in Fukutomi et al. 2020 FEBS J.

Chapter 3

Furthermore, we have to reconsider how Wingless protein determines the
prepattern in D. guttifera. In D. melanogaster, when Wingless protein was artificially
tethered to the cell membrane, the body plan was normal (Alexandre et al. 2014).
Therefore, some researchers argued that diffusion of Wingless protein might be
unnecessary for determining the pattern of body plans. I estimated the necessity of
Wingless diffusion for determining the prepattern of wing pigmentation of D. guttifera,
from an experiment on D. melanogaster. When eGFP gene connected with a yellow
enhancer of D. guttifera is introduced to D. melanogaster, a part of the wing pigmentation
pattern of D. guttifera is reconstructed as the expression of EGFP on wings of D.
melanogaster (Werner et al. 2010). I made individuals of D. melanogaster whose
Wingless was artificially tethered to the cell membrane and which had eGFP gene
connected with a yellow enhancer of D. guttifera.

Based on the above, in the section of General Discussion, I will discuss how
my study of the wing pigmentation pattern of D. guttifera contributes to understanding

developmental mechanisms underlying evolution of color patterns.

Discussion

In this research, I revealed the process of formation of wing pigmentation in D.
guttifera (Chapter 1) and comprehensively analyzed genes regulated downstream of
wingless (Chapter 2). I tested the necessity of Wingless diffusion for the prepattern
formation in wing pigmentation of D. guttifera (Chapter 3). In Chapter 1, it was suggested



that Yellow protein and other extracellular factors contributes to continuing formation of
wing pigmentation after Yellow producing cells disappeared. This is consistent with a
result mentioned in Chapter 2. Enrichment analysis for GO terms of genes differentially
expressed in pigmentation areas downstream of wingless showed that GO terms such as
“Topological domain: Extracellular” and “Extracellular matrix™ were enriched (Table 2-
5). The result of enrichment analysis also suggested that extracellular factors contributes
to formation of wing pigmentation. Based on the results in Chapter 1 to 3, the mechanism
of wing pigmentation pattern formation in D. guttifera is estimated as follows: First,
expression of wingless gene determines the prepattern. Second, the expression of genes
for neural development, genes involved in Wnt and Dpp signaling, and genes for melanin
synthesis are regulated by wingless and wing pigmentation starts in the later pupal stage
(P12 (i)). Third, after eclosion, epithelial cells in pigmentation areas is retrieved from
wings and wing pigmentation completes with Yellow protein, other extracellular factors,
and substances transported through wing veins.

Then, how does the study of wing pigmentation pattern of D. guttifera
contribute to understanding developmental mechanisms underlying evolution of color
patterns? As mentioned in Chapter 2, wingless gene is expressed at crossveins on wings
of D. guttifera (with wing pigmentation) and D. melanogaster (without wing
pigmentation). For emergence of wing pigmentation, it might be necessary that genes for
neural development, genes involved in Wnt and Dpp signaling, and genes for melanin
synthesis become downstream of wingless (Chapter 2) (Fukutomi et al. 2020). Another
Drosophila species, Drosophila deflecta, also has wing pigmentation around crossveins
and the expression of wingless was also observed at crossveins of the species (Werner et
al. 2010). In D. deflecta, same genes as the case of D. guttifera might be regulated
downstream of wingless in pigmentation areas. Furthermore, the shape of pigmentation
areas around a posterior crossvein are different between D. guttifera and D. deflecta. This
difference might be able to be explained by the differences in distribution of Wingless
protein, but whether wingless controls formation of wing pigmentation in D. deflecta has
to be tested at first. Other factors might be responsible for the difference of wing
pigmentation patterns. As it was suggested that transportation of substances through wing
veins could affect intensity and area of pigmentation (Chapter 1) (True et al. 1999;
Fukutomi et al. 2017), the difference of wing pigmentation patterns might be explained

by this factor. Not only in Drosophila species, studying wing pigmentation pattern of D.



guttifera might contribute to understanding mechanisms of color pattern formation in
other insects. Wingless diffusion was assumed to determine the prepattern of twin spots
on the dorsum of a silkworm (Bombyx mori) and eyespots on wings of a butterfly
(Bicyclus anynana), but the necessity of Wingless diffusion in prepattern determination
has not been tested (Yamaguchi et al. 2013; Ozsu et al. 2017).

As a future perspective, to elucidate how morphogen is transported and what
concentration of morphogen is necessary to induce expression of downstream genes will
be the key point to reveal developmental mechanisms of color pattern formation. As the
necessity of Wingless diffusion and the downstream genes of wingless was analyzed in
the wing pigmentation pattern of D. guttifera, it can be an appropriate model to solve
these questions. If these two questions are studied in color patterns of many species of

insects, that will provide novel insights into the understanding of color pattern evolution.



References

Alexandre C, Baena-Lopez A, Vincent JP. 2014 Patterning and growth control by
membrane-tethered Wingless. Nature. 505, 180-185. (doi: 10.1038/nature12879)

Arnoult L, Su KF, Manoel D, Minervino C, Magrifia J, Gompel N, Prud'homme B. 2013
Emergence and diversification of fly pigmentation through evolution of a gene
regulatory module. Science. 339, 1423-1426. (doi: 10.1126/science.1233749)

Cott HB. 1940 Adaptive coloration in animals. Methuen, London

Fukutomi Y, Kondo S, Toyoda A, Shigenobu S, Koshikawa S. 2020 Transcriptome
analysis reveals wingless regulates neural development and signaling genes in the
region of wing pigmentation of a polka-dotted fruit fly. FEBS J. (doi:
10.1111/febs.15338)

Fukutomi Y, Matsumoto K, Agata K, Funayama N, Koshikawa S. 2017 Pupal
development and pigmentation process of a polka-dotted fruit fly, Drosophila
guttifera (Insecta, Diptera). Dev Genes Evol. 227, 171-180. (doi: 10.1007/s00427-
017-0578-3)

Fukutomi Y, Matsumoto K, Funayama N, Koshikawa S. 2018 Methods for staging pupal
periods and measurement of wing pigmentation of Drosophila guttifera. J Vis Exp.
131, €56935. (doi: 10.3791/56935)

Gompel N, Prud'homme B, Wittkopp PJ, Kassner VA, Carroll SB. 2005 Chance caught
on the wing: cis-regulatory evolution and the origin of pigment patterns in
Drosophila. Nature. 433, 481-487. (doi: 10.1038/nature03235)

Kondo S, Shirota H. 2009 Theoretical analysis of mechanisms that generate the
pigmentation pattern of animals. Semin Cell Dev Biol. 20, 82-89. (doi:
10.1016/j.semcdb.2008.10.008)

Martin A, Courtier-Orgogozo V. 2017 Morphological evolution repeatedly caused by
mutations in signaling ligand genes. In: Sekimura T, Nijhout HF (eds) Diversity and
evolution of butterfly wing patterns: an integrative approach. 59-87. Springer, New
York. (doi: 10.1007/978-981-10-4956-9 4)

Mazo-Vargas A, Concha C, Livraghi L, Massardo D, Wallbank RWR, Zhang L, Papador
JD, Martinez-Najera D, Jiggins CD, Kronforst MR, Breuker CJ, Reed RD, Patel NH,
McMillan WO, Martin A. 2017 Macroevolutionary shifts of WntA function
potentiate butterfly wing-pattern diversity. Proc Natl Acad Sci U S A. 114, 10701-
10706. (doi: 10.1073/pnas.1708149114)



Murray JD. 1981 On pattern formation mechanism for lepidopteran wing patterns and
mammalian coat markings. Plilos Trans R Soc Lond B Biol Sci. 295: 473-496

Nijhout HF. 1980 Pattern formation on lepidopteran wings: determination of an eyespot.
Dev Biol. 80, 267-274. (doi: 10.1016/0012-1606(80)90403-0)

Ozsu N, Chan QY, Chen B, Gupta MD, Monteiro A. 2017 Wingless is a positive regulator
of eyespot color patterns in Bicyclus anynana butterflies. Dev Biol. 429, 177-185.
(doi: 10.1016/j.ydbi0.2017.06.030)

Ruxton GD, Sherratt, TN, Speed MP. 2004 Avoiding attack: the evolutionary ecology of
crypsis, warning signals and mimicry. Oxford University Press, Oxford.

True JR, Edwards KA, Yamamoto D, Carroll SB. 1999 Drosophila wing melanin patterns
form by vein-dependent elaboration of enzymatic prepatterns. Curr Biol. 9, 1382-
1391. (doi:10.1016/S0960-9822(00) 80083-4)

Turing AM. 1952 The chemical basis of morphogenesis. Plilos Trans R Soc Lond B Biol
Sci. 237, 37-72

Werner T, Koshikawa S, Williams TM, Carroll SB. 2010 Generation of a novel wing
colour pattern by the Wingless morphogen. Nature. 464, 1143-1148. (doi:
10.1038/nature08896)

Wolpert L. 1969 Positional information and the spatial pattern of cellular differentiation.
J Theor Biol. 25, 1-47.

Yamaguchi J, Banno Y, Mita K, Yamamoto K, Ando T, Fujiwara H. 2013 Periodic Wntl
expression in response to ecdysteroid generates twin-spot markings on caterpillars.
Nat Commun. 4, 1857. (doi: 10.1038/ncomms2778)

Zhang L, Martin A, Perry MW, van der Burg KR, Matsuoka Y, Monteiro A, Reed RD.
2017 Genetic basis of melanin pigmentation in butterfly wings. Genetics. 205, 1537-
1550. (doi: 10.1534/genetics.116.196451)



Fig. 1

Wings of Drosophila guttifera and Drosophila melanogaster. a A wing of

D. guttifera. This species has a polka-dotted pigmentation pattern on its wings.
b A wing of D. melanogaster. This species does not have a pigmentation
pattern on its wings. Scale bars indicate 250 pm.



Fig. 2

Yellow-producing cells were detached from the original positions and migrated towards the
thorax. Flies in a, b, ¢, and e carry nuclear eGFP connected with the yellow enhancer (vein spot
CRE). a Distribution of EGFP in the wing of an adult fly just after expansion of the wings
(green channel). In this stage, the cells with EGFP expression were strictly located in the
positions of future spots. b A wing of an adult fly 1.5 h after eclosion (green channel).
Epithelial cells started to migrate in this stage. ¢ A wing of an adult fly 3 h after eclosion (green
channel). Almost all the EGFP-labeled cells are retrieved. d A wing of an adult fly just after
expansion of the wings (bright field). e A magnified view of b. 1.5 h after eclosion (green
channel). f A wing of an adult fly 3 h after eclosion (bright field). g A wing of an adult fly 1 day
after eclosion (bright field). Spots are darker than those at 3 h after eclosion. Scale bars indicate
250 pm.
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The putative gene regulatory network for formation of the novel wing pigmentation
pattern. Green box: Notch signaling gene, grey boxes: melanin synthesis genes,
yellow boxes: Wnt signaling genes, and blue boxes: Dpp signaling genes.



