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COMMENTARY

Hidden in plain sight: (Re)definition of a key lepidopteran 
color patterning gene
Nicholas W. VanKurena,1  and Marcus R. Kronforsta,1

 Although the goal of scientific research may be to uncover 
ultimate truths, the routes to those truths are often circui-
tous, spiraling forward and occasionally backward as accu-
mulating theory and experiment guide us to consistent 
answers. Some steps (both forward and backward) are driven 
by advances in technology or the availability of a new study 
system or a new theory. Other steps may be caused by a 
single serendipitous discovery that compels us to reevaluate 
established theories and previous experiments. But together, 
these cycles of self-evaluation conspire to propel science 
closer and closer to those ultimate truths. At each step, 
checks and balances between these different aspects of sci-
entific discovery act to reinforce and, importantly, correct the 
interpretations and theories that came before ( 1 ). This iter-
ative process, and therefore scientific progress itself, requires 
robust, reproducible results, and perhaps some serendipity. 
Two recent papers in PNAS, one by Livraghi et al. ( 2 ) and one 
by Fandino et al. ( 3 ), wonderfully highlight the mechanics and 
success of this self-correcting nature of science.  

 Together, these two studies convincingly show that melanic 
pattern variation in Lepidoptera is controlled by a novel, long 
noncoding RNA (lncRNA), ivory . These results are, frankly, 
shocking. The last two decades of evolutionary development 
research on butterfly and moth wing color patterns have 
shown that a surprisingly large portion of lepidopteran wing 
color pattern variation is controlled by just a small handful of 
critical transcription factors, signaling ligands, and receptors. 
In the hyper-diverse Heliconius  butterflies, for example, yellow 
and white patterns are controlled by the transcription factor 
﻿aristaless-1  ( 4 ), red patterns are controlled by Optix  ( 5 ), the 
boundaries of certain melanic patterns are controlled by WntA  
( 6 ), and other melanic patterns were repeatedly associated 
with the protein-coding gene cortex .

 In fact, over a dozen studies have implicated the cortex  locus 
in the control of melanic patterns across Lepidoptera ( Fig. 1 ). 
This locus controls the switch between mimetic color patterns 
in swallowtail butterflies ( 7 ), sex-limited polymorphism in 
﻿Hypolimnas misippus  ( 8 ), Müllerian mimicry in Heliconius  ( 9 , 
 10 ), leaf-mimicking camouflage in oakleaf butterflies ( 11 ), and 
melanic silkworm mutants, among others. Perhaps most 
famously, cortex  has been thought to control melanic poly-
morphism in the peppered moth Biston betularia , which 
evolved in parallel with the industrial revolution and is a text-
book example of evolution by natural selection ( 9 ,  12 ). Thus, 
we, as a community of lepidopteran color pattern researchers, 
have believed that melanic variation was controlled by cortex  
itself for nearly a decade. In fact, around 2020, our lab would 
joke that “of course it’s cortex ” because so many recent studies 
had implicated that gene in color pattern development.        

 Yet numerous, albeit small, gaps or inconsistencies plagued 
each of these studies. For one thing, each of these studies 
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Fig. 1.   Melanic variation associated with the cortex locus. (A) The newly discovered 
lncRNA ivory overlaps with the protein-coding gene cortex. (B–F) Key examples of 
melanic variation across Lepidoptera associated with genetic variation in the cortex 
locus. (B) The peppered moth provides a classic example of adaptation by natural 
selection. A transposable element in the cortex locus is associated with the evolution 
of a melanic morph (Bottom). (C) Sexual dimorphism, including black forewing spots 
in Pieris species such as Pieris napi, has been associated with variation in the cortex 
locus. (D) Seasonal polyphenism in the common buckeye (covered in detail in ref. 3). 
(E) Many mimetic color patterns in Heliconius butterflies are mapped to the cortex 
locus, including introgressed cortex alleles in Heliconius hermathena; band versus 
stripe patterns; and complex polymorphism in Heliconius numata. (F) Mimicry 
polymorphism in some Papilio swallowtails such as Papilio clytia is associated with 
a putative inversion allele in the cortex locus. Image credits: (B) iNaturalist/Matthew 
Wilkinson. (C, Top) iNaturalist/abumadsen. (C, Bottom) iNaturalist/José Antonio León 
Mangado. (D) Wikipedia/Megan McCarty. (E, Top) Darli Massardo (University of 
Chicago, Chicago, IL). (E, Bottom) Modified from ref. 13, which is licensed under CC 
BY 4.0. (F) Darli Massardo (University of Chicago, Chicago, IL).
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simply found statistical associations between the cortex  locus 
and the melanic pattern of interest. Second, many color pat-
terning genes are expressed in larval or pupal development in 
wing regions that prefigure the adult color patterns. Although 
several studies found that cortex  was differentially expressed 
as expected, cortex  expression poorly prefigured adult color 
patterns ( 11 ,  12 ). Most importantly, recent attempts by Livraghi 
et al. to disrupt cortex  function using CRISPR/Cas9 largely failed 
to produce consistent phenotypes ( 14 ). Experiments aimed at 
disrupting the cortex  coding sequence or deleting putative cor-
tex cis- regulatory elements (CREs) both yielded very rare color 
pattern phenotypes, with only ~2% efficiency. The most effi-
cient knockouts were recovered from CRISPR/Cas9 experiments 
targeting the extreme 3′ end of the cortex  coding sequence ( 11 , 
 14 ,  15 ). This is in stark contrast to knockout experiments for 
almost every other color patterning gene, where efficiencies 
are typically 30 to 60%. Surprisingly, the true push to resolve 
these discrepancies came from a serendipitous mutation in a 
breeder’s population of Heliconius melpomene  ( 15 ). Individual 
butterflies hetero- or homozygous for the so-called ivory  dele-
tion were mostly or completely devoid of melanic scales, 
respectively. Yet this deletion removed a region 50 kb upstream 
of the cortex  coding sequence, encompassing a potential alter-
native cortex  transcription start site and two microRNAs (miR-
193  and miR-2788 ). 

 This luck, combined with persistence and rigorous exper-
iments by Livraghi et al. ( 2 ) and Fandino et al. ( 3 ) has now 
largely resolved each of these issues. These two studies pro-
vide a comprehensive picture of how a previously undetected 
gene, the lncRNA ivory , not cortex , is the lepidopteran mela-
nism gene. These groups performed exceptional CRISPR/
Cas9 experiments and established homozygous mutant lines 
for both ivory  and cortex , firmly establishing ivory  as the mel-
anism gene and ruling out cortex ’s role in wing pattern devel-
opment. Both groups show that ivory  expression perfectly 
prefigures adult melanic patterns, while Fandino et al. per-
formed additional experiments testing the function of con-
served CREs that control ivory  expression and its function in 
color pattern development. In addition to the points above, 
these authors go the extra step of identifying genes that reg-
ulate and are regulated by this novel lncRNA, really getting 
at the gene regulatory networks underlying these adaptive 
phenotypes rather than just identifying a causal gene.

 Identifying a major color patterning gene is an exciting 
and impressive achievement on its own. However, the 
additional fact that ivory  is a noncoding RNA (ncRNA)—the 
first ncRNA known to be involved in lepidopteran color 
patterning—has widespread implications for a variety of 
questions in evolutionary developmental biology. lncRNAs 
are known to perform many important roles in animals 
and plants, some famous examples being the Xist  RNA 
essential for mammalian dosage compensation and 
﻿COOLAIR  in the regulation of flowering time in Arabidopsis  

( 16 ,  17 ). There is growing recognition that ncRNAs play 
important roles in critical developmental processes—evi-
denced by the most recent Nobel Prize in Medicine or 
Physiology to V. Ambros and G. Ruvkun. Yet the fact that 
most ncRNAs are not poly-adenylated means that they 
are not detected using traditional RNA-sequencing 
approaches, and this is the main reason that they are 
frequently missed or ignored in gene annotation sets and 
downstream exploration. Few lepidopteran genomes 
have been comprehensively annotated for ncRNAs, with 
silkworm being a notable exception. Fandino et al. ( 3 ) and 
Livraghi et al. ( 2 ) make it clear that it is worth investing 
the time and effort to ensure that the full complement of 
functional genes is annotated.

 Finally, ncRNAs function in a variety of ways to regulate 
gene expression, from regulating local chromatin environ-
ments to directly binding messenger RNAs and blocking their 
translation ( 18 ). How does ivory  function in the developing 
wing to control melanic pattern formation? Fandino et al. ( 3 ) 
provide a detailed first pass on answering this question, iden-
tifying potential direct targets of ivory  and genes that function 
downstream, and it will be an important next step to test 
these interactions. It is also important to note that a preprint 
by Tian et al. provides strong evidence that a miRNA, miR-193 , 
at the 3′ end of ivory , may be the functional element in this 

noncoding region ( 19 ). It is possible that the ivory  
lncRNA could simply serve as a scaffold (i.e., a 
primary miRNA) for the expression and process-
ing of miR-193 . Butterfly wing color patterns 
depend on tight coordination of temporal and 

spatial gene expression patterns throughout larval and pupal 
development. This additional layer of regulation from ncR-
NAs like ivory  could provide even more avenues to fine-tune 
when and where target genes function, and it will be exciting 
to see how these different types of transcripts comprise the 
complex developmental gene networks controlling color pat-
tern development.

 Thus, even as Fandino et al. ( 3 ) and Livraghi et al. ( 2 ) solve 
many mysteries surrounding the control of melanic patterns 
in Lepidoptera, some important questions remain. But this 
is the hallmark of good science. Studies such as these rein-
force the argument that reproducibility, consistency, and 
skepticism are all required for a healthy cycle of scientific 
inquiry. Reassuringly, these two papers highlight the self-
correcting nature of scientific research. Inconsistent results 
cause an itch that must be scratched until it is relieved—when 
we get as close to ultimate truth as current systems and 
technologies allow. As is obvious with the cortex  story, it can 
often take years of orthogonal experiments to finally home 
in on the causative variants underlying even the most 
extreme phenotypes. “Being wrong” has never been a bad 
thing in science because good scientists cannot let go of 
those little things that just do not line up. When science is 
really working, our mistakes serve as jumping-off points for 
more research that ultimately corrects the record and sets 
us on a straighter path to the ultimate truth. These two 
papers show just how robust the self-correcting nature of 
science remains.   

 Together, these two studies convincingly show 
that melanic pattern variation in Lepidoptera is 
controlled by a novel, long non-coding RNA, ivory.
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