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Abstract

The Cascading Effects of Novelty: How adaptation to a novel niche affects behavior,
morphology, and genomics

by
Michelle E. St. John
Doctor of Philosophy in Integrative Biology
University of California, Berkeley
Professor Christopher H. Martin, Chair

Evolutionary novelty may be an important driver of diversification, yet theory does not
agree on the circumstances or processes that may lead to novelty in the first place.
Current theory may be insufficient for explaining observed natural patterns because it
does not consider the multivariate nature of novelty and instead makes predictions
assuming that evolution occurs along a single axis. Furthermore, it is challenging to
measure variation across many biological levels in a single focal organism, and there is
consequently a lack of empirical data to inform new hypotheses. Here, | investigate
evolutionary novelty within an adaptive radiation of Cyprinodon pupfish endemic to San
Salvador Island, Bahamas. This radiation contains two fantastic examples of novelty in
in the snail-eating (C. brontotheroides) and scale-eating pupfish (C. desquamator), and
contains a third generalist pupfish (C. variegatus) similar to outgroup populations.

In chapter one | investigate if shifts in behavior are associated with novelty in pupfish. |
specifically test the aggression hypothesis, which suggests that scale-eating arose due
to the incidental ingestion of scales during aggressive interactions and predicts that
scale-eating pupfish should have the highest levels of aggression compared to all other
species. | empirically tested this prediction and found that both scale- and snail-eating
pupfish are more behaviorally aggressive than algae-eating or outgroup species and
show differential expression in the same aggression related pathways compared to the
generalist pupfish species. These results suggest that behavioral shifts are indeed
associated with the evolution of novelty and may be adaptive for dietary specialization.

In chapters two and three | investigate the contributions of morphological and behavioral
adaptations to scale- and snail-feeding performance. | developed a new method for
measuring bite size (a proxy for scale-feeding performance) across pupfish species and
found that scale-eating pupfish have a unique, behaviorally mediated, kinematic profile
adaptive for taking large bites. The kinematic profiles of F1 scale-eating hybrids from
this study were dissimilar to those of purebred scale-eaters—even for traits that are
behaviorally mediated—suggesting that shifts in morphology and behavior are likely
necessary for high performance in this niche. | also measured snail-eating performance
between pupfish species, to determine if the novel nasal protrusion (morphology) of the
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snail-eating pupfish is adaptive for snail consumption. | found that snail-eaters, snail-
eating hybrids, and generalist pupfish all exhibit similar levels of performance and
observed no relationship between nasal protrusion size and performance. These
chapters suggest that shifts along a single axis (e.g., behavior) may be sufficient to
produce some instances of novelty, but that others may require shifts along several
axes in order to be successful.

In chapter four | investigated the genetic underpinnings of adaptive behavioral and
morphological traits for both snail- and scale-feeding, with the goal of identifying if
unique genomic regions, alleles, or SNPs were associated with each instance of
novelty. | investigated the genetic basis of 31 adaptive traits for scale- and snail-feeding
using a QTL mapping approach in two pupfish populations. | found that the similar
genomic regions were associated with craniofacial traits, but that many of these shared
regions affected different, but highly correlated traits. | also found evidence of increased
levels of adaptive introgression within shared QTL regions, suggesting that: 1) there is a
surprising amount of genetic flexibility when adapting to a novel niche, and 2)
introgression may be important for this transition.

Ultimately, this dissertation research provides a new framework for studying the
multivariate nature of novelty. By quantifying variation across behavioral, morphological,
and genomic axes | documented that scale-feeding may require shifts along multiple
axes while snail-feeding may only require behavioral shifts. This is one of the first
studies to empirically document variation across multiple biological levels in the context
of novelty and the patterns described above further emphasizes that hypotheses
considering shifts along only a single axis are not sufficient for fully understanding
evolutionary novelty.



Table of Contents

[0 Lo [ ol 11 [ iv
ACKNOWIEAGEMENLS .....cccuuuueiiriiiernniiiiiiiinriniiiniiissnniiisssssssssisssssssssmsssssssmssssssssssssssssssssssssssnsnnes v
DiSSEIrtatioN INTrOAUCLION c...eueeeeeeeeeeeeeeeeeeeeeeeeeresseesnessessessssssssssssssssssssssssssssssssssssssssssssssssnssnses viii

Chapter 1: The behavioral origins of novelty: did increased aggression lead to scale-eating in

PUPFISRES? o...covvvvveeriiiiriiiriniiiiininisniiiiisisiissisisissssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssnssnes 1
N 1 T 1
Y o Yo 11T 4 o o TN 1
1Y =1 d 3o To £ PN 4

= Ta0] o] o= S PPPR 4

2T AV o T | I 1T 1YL OO PRSRN 4

1Y LT o] =TT |V T OO PPTP PRI 4
PaIr@d QgEIrESSION @SSAY vieveeiiviieiiiieiieesteesiteesiteeesttesteeesteeeabeeessaeessteessseesaseeasseesasaeesseessaeesasessseensseesnseesnseesnseenns 5
BOIaNESS @SSAY .rveeieuiiieieiiiee ettt e ettt e ettt e e ettt e e e et tbe e e eetaeeeeetbeeaeabaeeeaaabaaaeabataeaabaeaeaaaaaaeeaabaeeeaastaeeearaeaeeatreeaaannes 6
STALISTICAl ANAIYSES 1eetieeiie ettt et e e e st e e st b e e st e e st e e e bee s be e e beeeabteeeaae e s beeebee s beeebeeenraeereas 6
RESUILS ...ciiiiiuniiiiiiiiiitiiiiieenirrrriaasssee et treesssssssseestaeesssssssssssssneesssssssssssssseessssssssssssssssessasssssssssssssnnnn 9
2T AV o T | I T 1YL OSSPSR 9
[CT=T (=l =) (o] {1 (o] o IO PP PSP PPPPPPPTTRORPRE 10
DS CUSSTION  ceuuueiieeiiiiiernnseiiieettirrrsssssssssestteeesssssssssssssteesssssssssssssseesssssssssssssssessssssssssssssssessanssssssssssnens 10
New hypotheses for varying levels of aggression within a sympatric radiation of pupfishes ........c.ccccceveenueenn. 12
Multimodal SigNAls FOr ABEIrESSION ....eiiiiiiieiciee ettt e e st e e s rbe e e be e e sbee e baeensaeesseeasaseess 14
(00 0 1] [T o o 14
ACKNOWIEAZEMENLS ....cciiiiiiiiiniiiiiiiiiiieniiiiiiiniiiieessaessieintiitesssssssssssstiisesssssssssssssssssssssssssssssssssnssnnes 15
D 1 Yol of LT 1] < 11 1 3TN 15
AUthOr CoNtribULIONS ....ciiiiiiiiiiiiiiiiiiirieee s sssssssssssssssssssssssssssssssssssssnnes 15
LI 1 =3P 16
FIBUIES coiiiiieeuneiiieiiiiiinnnniiieetiiieesssssssseeettreesssssssssessseeesssssssssssssseesssssssssssssssessssssssssssssssessanssssssssssnens 19
INter-CRAPLEr TraANSItiON.......cuueeeieriveeeeniiiiiiiiriiiiiiiiiniisiiiisisssssssiisssssessmssssssssssssssssssssssssssssssnns 23

Chapter 2: Rapid adaptive evolution of scale-eating kinematics to a novel ecological niche.. 24

N 1 Yo T 24
Y o Yo 11T 4 o TN 24
1Y =1 d 3 Vo T £ N 27
(0fe] | F=Tot T Yo I TaTo l a1 o [ o VARSI 27
[T [T = q 0 1=T 0 - L ok 27
KINEMATIC @NAIYSES....eiiiieie ettt e ettt e e ettt e e e e bt e e e eeatbeeeebaeeaeastbeeeeassaeaestseeaeassaeesanssseseansanaans 28
Y T g TaT=d o T I 2T SN 29
STALISTICAl ANAIYSES 1eevitieiiie ittt e et e st e e bt e e s bt e e s aae e sa b e e s atee s bee e beeebaeebeeeaaee e beeenaeesateeareeanre 29



32T ]
Scale-eaters exhibited divergent feeding kinematics compared to other pupfishes

Variation in strike kinematics affected bite size performance ......ccccovveecei e
F1 hybrid kinematics are not strictly additive and more closely resemble generalist kinematics.................... 32
DS CUSSION  ceuuuueiieeriiiieennseisieetiirersssssssssesttreessssssssssssteeesssssssssssssseesssssssssssssssessssssssssssssssessanssssssssssnens 32
Scale-eating pupfish have divergent feeding KINEMatiCs.......ccceiuiiriiiiiiieiie e 32
Is jaw morphology solely responsible for kinematic variation? .........ccccovueeriieiiiieciin e 33
Scale-eating Performance OPLIMUM c....iiiiiiiiee ettt e te e st e e s teeebe e ssbaeebeeessseesseeessseessseesseesnne 34
Non-additive F1 hybrid feeding kinematics may contribute to reproductive isolation of scale-eaters............ 34
(00 0 1] [T o o 35
D 1 Yol of LT 1] < 11 1 3TN 35
ACKNOWIEAZEMENLS ....cciiiiiiiiiniiiiiiiiiiiieiiiiiiiniiiieessaeiiintiieessssssssssssiiisssssssssssssssssssssssssssssssssssnsssnss 36
LI 1 =3P 37
FIBUIES ciiiiiieuuneiiiieiiiiieinnniiieetiiieessssssseesttreesssssssssessseeesssssssssssssseesssssssssssssseessssssssssssssssesssnssssssssssnens 41
Supplemental Material ........ccceiiiiiiiiiiinniiiiiniiiieiniieesseiisniirsessssiisssittssssssssssssssssssssssnes 45
SUPPIEMENTAL TADIES ..ottt e et e e sta e e s e e s abee s beeeabeesbaeebeeessbeeseeessbeesnteeareennte 45
SUPPIEMENTAL FIGUIES .ottt et e et e et e e s ae e e sa b e e s abeesabeessbeesbaeenbeeessseeseeessseessseesnseennne 47
INter-CRAPLEr TrANSItiON.......cuueeeivriveeeeiiiiiiiiiriiiiiiiiiirnisiiiisnsssssssisissssessmssssssssssssssssssssssssssssssnns 48
Chapter 3: Oral shelling within an adaptive radiation of pupfishes: testing the adaptive
function of novel nasal protrusion and behavioral preference..................ceuueueereeenerreeneernncn.. 49
Significance STatement ......ccuuiiiiiiiiiiiii s s s s s s s s s s s s s s ananees 49
N 1 Yo 49
Yo Yo 11T 4 o TN 50
1Y =1 d 3 o Yo £ TN 52
(0fe] | F=Totd o T o J=Ta Lo X of- | £ ISP 52
MOrPhOlOGICaAl MEASUIEMENTS .. .viiiiiieeciiecieecee ettt et e et e e st e e steesate e sbeesabeesbeesabeeesseeesaeenseeesssaassseess 52
=TT [ Y= 1Y 1V OSSN 52
D 1=l o] FoTol =1 [ o T= ST PP UPPPTOPRRPPPP 53
STATISTICAl @NAIYSIS wveiurieiiieitie ettt e et e et e e bt e e sbe e e s aaeesateaeabeesateeesbeeebaeebeeeasbeebeeesnaeenareeeraeante 53
[ g1 o | I =1 T2 0 T=T o | TS TSN 54
RESUILS ...cciiiiiiiiiiiiiiiiiiiiiiiieeiiirrissassseeettreessssssssesstteesassssssssessseesssssssssssssseeesssssssssssssssessanssssssssssnens 54
Nasal protrusion size does not vary between purebred durophages and hybrids .........ccccoevveiviienciiniennnenn. 54
Purebred durophages and their hybrids consume the Mmost SNAIlS .........ceevviiiiieniin e 54
Consumed snails were larger than unconsuMEd SNAIIS .........eeviiiiiieiiii e 54
Nasal protrusion size did not significantly increase the maximum snail size consumed..........cccceevvvevveennnenn. 55
DiSCUSSION  ceuuuueiieiiiiieennsessieetiirersssssssssestteeessssssssssssseeesssssssssssssseesssssssssssssseessssssssssssssssessanssssssssssnens 55
Durophages have a stronger behavioral preference for snails compared to other species........ccccecveevveennnenn. 55
Alternative functions of the NoOVel NAsal ProtruSION ........ccvieciiiiiiiiie e s e e 56
The novel nasal protrusion may be a sexually selected trait........cccevveiiiieiiiiiiieccee e 57
(00 0 1] [T o o T 57
FIBUIES ciiiieieuuniiiiieiiiiiinnuniiieetiiieessssssseesttrtessssssssssssteeesssssssssssssseessssssssssssssseesssssssssssssssesssnssssssssssnens 58



Supplemental Material ...t rrreeeesenaeeesenassessenasssseennssssaennssssaennsaesannns 61

SUPPIEMENTAL FIGUIES ..ottt et e et e e s aa e e sa b e e s atee s beessbeeebeeeabeeesseeenseeessseessseesseesnne 61
INter-chApPter TraANSILION.............ccevvivirieririiiiieiiiiiiiiiiiirssssssssssssssssssssesssssssssssssssssssssssssssssssas 63
Chapter 4: Parallel genetic changes underlie integrated craniofacial traits in an adaptive
radiation of trophic specialist PUPSISNES..............cevrvveeneiiiiiiiiensiisiinirneicsssiiissnsssssssisssssssssnnns 64

N 1 Yo T 64
3o Yo 11T 4 o TN 64
1Y =1 3T T £ TN 67

[CT=T o= A (ol of ¢ 11 J PP PP UOPPUPPPTRUPRE 67

[ 01T g Vo) Y7 1o = USSR 67

[CT=T o o]1Y/ o1 o= Z0UU PP U U PP UPPPTORPRE 68

(07 1 1TaY =AY T =T o PP 69

(BT To{cl s g b= o el o Iy (W ot o T H SR 70

(O T T 1Y SR PPR 70

Identifying adaptive alleles Within QTL FEIONS .....ccccuiiiiuieiiiiieiie ettt st ste e s rreeebe e e saeeesbaeesaeeessseesaeeess 71

RESUILS ...ciiiiiiiiiiiiiiiiiiiiiiiiieeiiirrrsasssee e ttr e e ssssssssee sttt e sassssssssessseesssssssssssssseeesssssssssssssssessansssssssnssnees 72

(BT & (=l g b= o el o 1y (W ot o T H SO SN 72

(O Yo ] - Lol F= 1 I O 1 1 TSP 72

Candidate genes and adaptive alleles Within QTL r€ZIONS.......ccceiiiieiiiiiiie et 72

Origins Of AdAPTIVE QIIEIES ....cc.eveeeieeeee et e et te e s ae e s be e s beesbaeebeeebaeeaeas 74

DS CUSSION . ceuuueeiieeiiiiteennsesiseetittersssssssssesttreesssssssssssstteesssssssssssssseesssssssssssssssessssssssssssssssessanssssssssssnens 74

Parallel genetic changes underlie 5 out of 6 of craniofacial QTL.......ccccovvuiiriiiiiieriie e 74

High level of QTL reUSE aCrOSS PONAS ....uieiveiriieeiiieeeiieeiteesitteesteeesteeessaeesteesaseesbeessseessseesssesesseesnsasenseeesssensssnens 75

Few QTL may affect many highly integrated craniofacial traitS.......ccccceevvieeriiiiiierie e 76

QTL are associated with different craniofacial traits across different lakes ........ccccccvevveiiciincei e, 77

Identifying causative regions Within QT L ........cccevieiiiriiie ettt st e sre e s sree s be s esbeeesbaeessaeesseaasaeeess 77

Increased use of introgressed adaptive variants in QTL r€IONS.......cccuveiieeriieeiiieeriiee e eree e eseeeseeeeseeesaeeas 78

(00 0 1] [T o o 79
ACKNOWIEAZEMENLS ....cciiiiiiiiiniiiiiiiiiiiinitiiiiiniiiieessaesiintiitesssssssssssstitsesssssssssssssssssssssssssssssssssnssnnes 79
AUthOr CoNtribULIONS ....ciiiiiiiiiiiiiiiiiiirieee s sssssssssssssssssssssssssssssssssssssnnes 79
LI 1 =3P 80
FIBUIES coiiiiieeuneiiieiiiiiinnnniiieetiiieesssssssseeettreesssssssssessseeesssssssssssssseesssssssssssssssessssssssssssssssessanssssssssssnens 86
Supplemental Materials.......ccccciiiiiiiiiiiniiiiiiiiiiiiieiiniieessiriiieessssiissiiissssssssssssssssssssssss 92

SUPPIEMENTAL TADIES ..ottt e et e e s e e s e e s atee s beesabeeebaeenbeeesseeesaeessbeesnteesseennte 92

N7 T o1 LT a =T o = | I T ={ U TP ROPSI 136
DisSertation CONCIUSION ............eeeeveveeeenciiniieneeniiiiiiinnsnsisississssssssssssssssmsssssssssssssssssssssssssssssns 138
203 (=1 (=1 Lo = 140



Dedication

| did it for the devilment.



Acknowledgements

The first person | would like to acknowledge is myself. | start with this because | don't
think we give ourselves enough credit for the hard work we do when pursuing research
and graduate school. To that end, this is my public declaration that | am

very proud of my research and accomplishments, and | am also proud of everyone
pursuing their own endeavors.

Next, I'd like to acknowledge the support, care, and love that | have received

from my family, leading up to and during the process of getting a Ph.D. Each

of my family members including my grandparents, parents, brother and

in-laws have provided me with emotional support during this process. Having a family
that you know you can fall back on made this process significantly less scary. | must
also offer a specific thank you to my family for letting me talk about fish for so many
years — | don’t anticipate a slowdown on that topic in the near future, but | appreciate it
nonetheless.

I'd like to acknowledge all my furry family members including Tulip, Alfalfa, Tomatillo
and Mamie. | know you will never read this, but many biologists get their first experience
with appreciating animals from their family pets, and | am no exception to that. Thank
you for being a continued source of joy and love in my life.

Thank you to my husband Matthew Kmet. Thank you for moving not just once for my
Ph.D. but twice! Thank you for helping me with fish care, field work, and proofreading.
Thank you for listening to my many practices talks and presentations over the years and
thank you for all the other tangible forms of support you've provided. While | am
eternally grateful for all these helpful acts, the thing | am most thankful for is that | never
felt that | was doing this Ph.D. alone. This process was quite scary for me but knowing
that you would always be with me made me feel like | could handle it. Thank you for
making me a braver and stronger person, and | can’t wait for us to continue this journey
together.

I'd like to express my gratitude for the research experiences | had before pursuing my
Ph.D. Specifically, I'd like to thank everyone who was present and supportive during my
master’s degree:

To my master’s advisor, Becky Fuller—Thank you for teaching me about fish, to code in
R, and most importantly thank you for making me feel like | could be a successful
scientist. | don't think I'd be pursuing academia and research as a career if it were not
for you.

To Liza Mitchem and Rachel Moran— Thank you both for being exceptional labmates
and friends. You showed me how collaborative and supportive the scientific community
can be, and | am a better scientist having developed alongside each of you.



Finally, to the UIUC IB community including Sam Primer, Laura Stein, Erin Welsh, Erin
Allman-Updyke Sara Johnson, Miles Bensky, and Rhiannon Peery—The community
that you all provided sincerely shaped who | am as a person and scientist, and |
appreciate your continued support.

When | started my Ph.D., the lab was located at the University of North Carolina-Chapel
Hill, and I'd like to acknowledge the support and acceptance that the UNC community
afforded me at the beginning of my career. I'd like to thank my friends and members of
my cohort including Kate Gould, Kemal Ozalp, Meggan Alston, Catherine Chen, Kayla
Goforth, and Aimee Deconinck. You are all amazing scientists and friends, and | am
thankful that I got to start my Ph.D. journey with you.

Thank you to the Integrative Biology and the Museum of Vertebrate Zoology
communities at the University of California—Berkeley for showing warmth and welcome
when | showed up halfway through my Ph.D. Starting over in a new research
community was daunting, and the inclusion and acceptance over the past several years
has been integral to my success as a scientist and as a person. In particular, I'd like to
thank Sylvia Durkin, Jackie Galvez, and Daisy Horr. Thank you for including me in the
new graduate student community when | first arrived and for your continued support and
friendship. Thank you to Mallory Ballinger and Molly Womack for including me in the
established graduate student community and for providing me with a new space to
develop scientifically and personally. | am so grateful that the life twist of moving mid-
Ph.D. resulted in lifelong friends.

I'd like to extend my gratitude and thanks to the past and present members of the
Animal Behavior Group at UCB. This has been my favorite working group and class that
I've participated in here at Berkeley. Your feedback has made my science better, and
your kindness and humanity has made me a better person.

Thank you to Eileen Lacey and Damian Elias who are not only members of my
committee but are also the faculty leaders of Animal Behavior Group. | attribute the
community’s supportive, kind, and insightful nature to your outstanding leadership and
example. You have not only fostered a great community but have also both provided me
with valuable feedback and recommendations regarding my academic work and
progress and | am extremely thankful to have had you on my committee.

To my current and past labmates including Joe McGirr, Joe Heras, Austin Patton, Feha
Palominos and David Tian. Thank you for being there with me. Having caring,
knowledgeable, and fun labmates has made this experience infinitely better. | have
learned so much from each of you and am excited work with you all in the future.

I'd specifically like to acknowledge all the undergraduate researchers that | have

worked with over the years. Especially Kristi Dixon Yow and Julia Dunker. | am truly a
better scientist and mentor having worked with you.

Vi



I'd like to acknowledge and thank my advisor, Chris Martin. Thank you for deciding to do
research on the pupfish— | really enjoy this system and am grateful to have had the
opportunity to work with them. Thank you for accepting me into your lab. I'm not sure if
you saw it as a risky move but having someone give you the opportunity to pursue
research is a big deal—thank you for giving me a shot. Thank you for taking me with to
Berkeley and for financially supporting me. Lastly, thank you for helping me become an
independent, inventive scientist and an overall expansive thinker. The lab environment
that you've created is truly integrative, and | appreciate how much knowledge I've
gained by simply being a member. | look forward to working with you in the future and
am excited to see what new things we learn about pupfishes!

Finally, I'd like to acknowledge my best friend and lab mate—Emilie Richards.

It is extremely difficult to express how large of an impact you have made on

me as a scientist and as a friend. One of the primary reasons | decided to join this lab
was because you hosted me during interview weekend. You were (and still are) such a
kind, funny, and personable human that it gave me confidence in the fact that | would
have a least one friend when | started graduate school. Your presence in my life
throughout graduate school has enriched my growth as a scientist in more ways than |
can describe here.

For anyone reading through this dissertation in its entirety, you can trace how
Emilie’s enthusiasm for genomics and variation has seeped into my own research
questions and helped me form many lines of inquiry that | am excited about to this day.
Having a friend who is equally as excited and inquisitive about the same research topics
as yourself is truly transformative as you're forming research ideas and carrying out
experiments.

Brainstorming sessions, discussions, and research with you is one of the largest
and most important influences I've had during this Ph.D. You are one of the kindest,
most empathetic, and understanding people that | have ever known and having you
alongside me during this whole process was frankly probably one of the only reasons |
made it through.

Thank you for being a great scientist and greater friend.

Vii



Dissertation Introduction

Novel traits and innovations are thought to be drivers of diversification; however, we
lack a clear understanding of the processes that lead to the ecological and evolutionary
success and persistence of these traits. One idea is that ecological opportunity plays a
significant role in determining the success of novelty—suggesting that available niche
space may be a primary constraint (Simpson 1953; Mayr 1960). This connection
between resource use, diversification, and novelty is supported by the many examples
of adaptive radiations including the Galapagos finches, Caribbean Anolis, and the East
African Cichlids (Grant and Grant 2002; Seehausen 2006; Harmon et al. 2010). Yet
the appearance of novel traits in the fossil record often precede new ecological
opportunities highlighting that evolutionary novelty can persist without a specific
ecological niche (Stromberg 2005; Labandeira 2007; Erwin et al. 2011).

Other frameworks suggest that novelty and innovation are limited by genetic or
developmental processes (Erwin 2015, 2019, 2021), especially if changes across
multiple genes or developmental pathways are necessary to produce a novel
phenotype. This build-up of genetic or developmental changes leading up to novelty, is
often referred to as the process of potentiation. Currently, our ability to detect
potentiation is greatly limited by 1) our ability to detect accumulating variation and 2) to
functionally connect each variant to the novel phenotype of interest. This limitation
means that we have mostly observed potentiation in simple model organisms, subjected
to the uniform environment of the laboratory (Lenski and Travisano 1994; Stern 2011;
Sebé-Pedros et al. 2018), and we still lack critical information about how populations
accumulate the necessary variation (i.e., do changes accumulate primarily via mutation,
or can gene flow or gene transfer introduce this variation?) or a full understanding of the
fitness effects of intermediate types as the necessary variation accumulates.

Still others argue that novelty is defined by transitions to new adaptive peaks on the
fitness landscape using variation that is not present in the ancestral group
(Hallgrimsson et al. 2012). This framework argues that novelty is primarily constrained
by the formation of new peaks on the landscape that specifically allow selection to move
phenotypic means “uphill” (Arnold 1983, 2003). This thought process assumes that for
novel phenotypes to evolve several steps must occur: First, it assumes that a new peak
must appear on the fitness peak indicating a change in environment. Second, the new
fitness peak must be so close to the ancestral peak that there is no valley between the
two. This proximity is often referred to as a ridge and implies that the new peak is of the
same or greater height as the ancestral peak allowing groups to move between the two
without incurring a fitness cost. Finally, this explanation often suggests that the
environmental context changes again to increase the distance between the new and
ancestral peak, providing an explanation for any observed fitness valleys. Recent
empirical studies, however, suggest that there are many additional mechanisms that
allow organisms to move between fithess peaks that do not necessitate the elimination
of fitness valleys or reduced fitness of the ancestral type (Schluter and Grant 1984;
Benkman 2003; Martin and Wainwright 2013b; Patton et al. 2022).
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While each of the above hypotheses adds valuable insight to our understanding of
novelty, none provide a sufficient explanation for what we observe in nature. One
potential reason for this knowledge gap, is that many examples of novelty involve
changes across many biological levels. For example, novelties that allow organisms to
occupy new ecological niches may involve harmonious changes in behaviors (Bowman
and Billeb 1965; Tebbich et al. 2010; Curry and Anderson 2012), morphologies (Ferry-
Graham et al. 2001; Ferry-Graham 2002; Hata et al. 2011; Davis et al. 2018), and
feeding kinematics (Janovetz 2005a; Patek et al. 2006; Cullen et al. 2013; McGee et al.
2013). Yet, few studies investigate shifts across multiple biological levels in the same
species, thus limiting the amount of empirical data available to critically assess current
theory on the origins of novelty. In this dissertation, | aim to address this gap by
examining novelty across the biological levels of behavior, morphology, and genomics
using the San Salvador Island pupfish radiation (Cyprinodon).

The pupfish radiation on San Salvador Island is a powerful system for exploring the
many biological levels involved in evolutionary novelty. The radiation contains a
generalist pupfish species (C. variegatus), and two specialist species— the snail-eating
pupfish (C. brontotheroides) and the scale-eating pupfish (C. desquamator; Martin and
Wainwright 2013a). The generalist pupfish species is fairly widespread, and populations
can be found across the Atlantic coast of North America, throughout the Caribbean, and
in areas of Venezuela (TURNER et al. 2008). The specialist species, however, are
endemic to the hypersaline lakes of San Salvador Island, Bahamas, where they can be
found in sympatry with the generalist pupfish species. Phylogenetic evidence supports
that the ancestor of the radiation most likely occupied an ecological niche similar to the
generalist pupfish (Martin and Wainwright 2011; Martin and Feinstein 2014; Martin
2016), indicating that both specialists in this radiation have adapted to novel ecological
niches. Geological evidence further suggests that the hypersaline lakes on San
Salvador Island were dry during the last glacial maximum indicating that this unique
radiation is no more than 6-20K years old (Hagey and Mylroie 1995; TURNER et al.
2008; Clark et al. 2009). The abundance of generalist populations available for
comparison, the young age of the radiation, and the occupation of novel ecological
niches all make the San Salvador Island pupfish radiation, and specifically the snail-
eating and scale-eating pupfish species, outstanding focal groups to explore the
multivariate nature of novelty and to test the predictions of current hypotheses regarding
the origins of novelty.

In chapter one | explicitly investigate the role of behavior for dietary specialization in the
pupfish system and connect potentially adaptive behavioral shifts to differences in gene
expression. In chapters two and three, | investigate how shifts in behavior interact with
variation in morphological traits to produce adaptive phenotypes for snail- and scale-
feeding. Finally, in chapter four | investigate the genetic basis of morphological and
behavioral variation between snail- and scale-eating pupfish. Together, these chapters
represent empirical tests of several current hypotheses on the origins of novelty and are
some of the first studies to investigate how shifts in behavior, morphology, and
genomics interact to form adaptive phenotypes when organisms adapt to new
ecological niches.
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Chapter 1: The behavioral origins of novelty: did increased
aggression lead to scale-eating in pupfishes?

This chapter has been previously published and is reproduced here in accordance with
the journal’s article sharing policy:

St. John, M. E., McGirr, J. A., & Martin, C. H. (2019). The behavioral origins of novelty:
did increased aggression lead to scale-eating in pupfishes? Behavioral Ecology, 30(2),
557-569. doi: 10.1093/beheco/ary196

Abstract

Behavioral changes in a new environment are often assumed to precede the origins of
evolutionary novelties. Here, we examined whether an increase in aggression is
associated with a novel scale-eating trophic niche within a recent radiation of
Cyprinodon pupfishes endemic to San Salvador Island, Bahamas. We measured
aggression using multiple behavioral assays and used transcriptomic analyses to
identify differentially expressed genes in aggression and other behavioral pathways
across three sympatric species in the San Salvador radiation (generalist, snail-eating
specialist, and scale-eating specialist) and two generalist outgroups. Surprisingly, we
found increased behavioral aggression and differential expression of aggression-related
pathways in both the scale-eating and snail-eating specialists, despite their independent
evolutionary origins. Increased behavioral aggression varied across both sex and
stimulus context in both species. Our results indicate that aggression is not unique to
scale-eating specialists. Instead, selection may increase aggression in other contexts
such as niche specialization in general or mate competition. Alternatively, increased
aggression may result from indirect selection on craniofacial traits, pigmentation, or
metabolism—all traits which are highly divergent, exhibit signs of selective sweeps, and
are affected by aggression-related genetic pathways which are differentially expressed
in this system. In conclusion, the evolution of a novel predatory trophic niche within a
recent adaptive radiation does not have clear-cut behavioral origins as previously
assumed, highlighting the multivariate nature of adaptation and the complex integration
of behavior with other phenotypic traits.

Introduction

Evolutionary novelties, such as novel morphological traits or behaviors, allow organisms
to perform new functions within new ecological niches, however, their origins are still
poorly understood (Pigliucci 2008). For example, in the case of novel resource use, both
new behaviors and morphologies are often necessary for organisms to perform new
functions. However, the relative importance of behavior and morphology to this new
function, and the order in which they evolve is still unknown. Changes in behavior may
precede the evolution of novel morphologies, as they can expose organisms to novel
environments and selective pressures (Huey et al. 2003; Losos 2010). Investigations of
novelty, however, overwhelmingly ignore this possibility (although see: Huey et al. 2003;
Losos et al. 2004; Duckworth 2006). Instead, previous studies have focused on novel
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adaptive morphologies or on how environmental changes expose organisms to new
selective pressures (Liem 1973; Barton and Partridge 2000; Janovetz 2005b; Hulsey et
al. 2008). Changes in behavior may be a plausible origin for novel phenotypes, but to
document this we must first understand its variation within and among taxa.

One outstanding example of novelty is lepidophagy (scale-eating) in fishes.
Scale-eating has been documented in at least 10 freshwater and seven saltwater
families of fishes and has independently evolved at least 19 times (Sazima 1983;
Janovetz 2005b; Martin and Feinstein 2014; Nelson et al. 2016; Kolmann et al. 2018).
Scale-eating includes both novel morphologies and behaviors. For example, some
scale-eaters have premaxillary external teeth for scraping scales (Novakowski et al.
2004), some use aggressive mimicry to secure their prey (Boileau et al. 2015), others
sneak scales from fish that they are cleaning (Losey 1979), and still others use ambush
tactics to obtain scales (Nshombo et al. 1985). Even though scale-eating is an
outstanding example of the convergent evolution of novel trophic ecology across
disparate environments and taxa and scale-eaters display a wide variety of
morphologies and behaviors, the evolutionary origins of lepidophagy are still largely
unknown.

There are currently three hypothesized behavioral origins for scale-eating. First,
the algae-grazer hypothesis predicts that scale-eating arises from the incidental
ingestion of scales during algae scraping (Fryer et al. 1955; Greenwood 1965; Sazima
1983). Indeed, many scale-eaters are closely related to algae-grazers. For example,
many Malawi cichlids are algae-scrapers (Greenwood 1965; Fryer and lles 1972;
Ribbink et al. 1983); however, the radiation also includes two sister species of scale-
eaters (Corematodus shiranus and Corematodus taeniatus) and a second independent
origin of scale-eating in Genyochromis mento (Trewavas 1947; Greenwood 1965) within
the predominantly rock-dwelling and algae-scraping mbuna cichlids (Fryer and lles
1972). Similarly, the extinct Lake Victorian scale-eater Haplochromis welcommei was
nested within rock-dwelling algae scrapers (Greenwood 1965). This hypothesis,
however, does not address why algae-grazing fish would seek food on the surface of
other fish (Greenwood 1965). The second hypothesis, termed the cleaner hypothesis,
tries to address this gap by arguing that scale-eating arose from the incidental ingestion
of scales during the consumption of ectoparasites from the surface of other fishes
(Greenwood 1965; Sazima 1983). One line of evidence supporting this hypothesis is
that cleaner fish, who primarily consume ectoparasites, sometimes eat scales. For
example, the Hawaiian cleaner wrasse (Labroides phthirophagus) and two species of
juvenile sea chub (Hermosilla azurea and Girella nigricans) consume both ectoparasites
and scales (Demartini and Coyer 1981; Sazima 1983; Losey 1972). The reverse
scenario—primarily scale-eating fish who also consume ectoparasites—is less
common. In fact, few scale-eating fishes are even closely related to cleaner fish. One of
the only examples of this is the spotted piranha (Sarrasalmus marginatus), which was
observed cleaning fish-lice from larger species of piranha. Even this example, however,
is based only on the observations of two individuals (Sazima and Machado 1990).
Finally, the aggression hypothesis predicts that scale-eating evolved due to the
incidental ingestion of scales during inter- or intra-species aggression (Sazima 1983).
This hypothesis is supported by the fact that two characid species of scale-eaters
(Probolodus heterostomus and Exodon paradoxus) are closely related to the aggressive
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Astyanax tetras (Sazima 1983; Kolmann et al. 2018),; a similar argument can be made
for the scale-eating piranha (Catoprion mento) (Janovetz 2005). Furthermore,
Roeboides species facultatively ingest scales in low-water seasons when competition
for insects is high (Peterson and Winemiller 1997; Peterson and Mcintyre 1998). It is
thus also possible that increased competition for food resources led to increased
aggression and lepidophagy.

The scale-eating pupfish, Cyprinodon desquamator, is an excellent species for
investigating the origins of scale-eating because it is, by far, the youngest scale-eating
specialist known. The species is nested within a sympatric adaptive radiation of
pupfishes endemic to the hypersaline lakes of San Salvador island, Bahamas (Martin
and Wainwright 2011; Martin and Wainwright 2013a). Geological evidence suggests
that these hypersaline lakes — and thus the radiation containing the scale-eater — are
less than 10 thousand years old (Hagey and Mylroie 1995; Martin and Wainwright
2013a; Martin and Wainwright 2013b). In addition to the scale-eating pupfish, the
radiation also includes a widespread generalist (C. variegatus) and an endemic snail-
eating specialist (C. brontotheroides). Other generalist pupfish lineages (C. variegatus)
are also distributed across the Caribbean and western Atlantic Ocean. Despite their
shared taxonomy with the San Salvador generalist species, phylogenetic evidence
suggests that these generalist populations are outgroups to the San Salvador clade
(Martin and Feinstein 2014; Martin 2016; Richards and Martin 2017). Phylogenies
based on RADseq data also indicate that scale-eaters form a monophyletic group
among lake populations on San Salvador (Figure. 1), indicating that the scale-eaters’
most recent common ancestor was most likely an algae-eater (Martin and Feinstein
2014; Lencer et al. 2017). In contrast, snail-eaters clustered with generalists within the
same lake, consistent with multiple origins of the snail-eating specialist or extensive
introgression with generalists (Martin and Feinstein 2014; Martin 2016). Further
evidence of introgression of adaptive alleles fixed in the snail-eating specialist across
lakes is consistent with the latter scenario: generalists and snail-eaters are most closely
related to each other genome-wide whereas a small number of alleles underlying the
snail-eater phenotype have spread among lakes (Figure 1; Richards and Martin 2017;
McGirr and Martin 2017). Phylogenies based on RADseq loci and whole-genome data
also support a sister relationship between San Salvador generalist populations and
snail-eaters across most of the genome. These species are in turn sister to scale-eaters
and the San Salvador radiation forms a clade relative to outgroup generalist populations
on neighboring islands (Richards and Martin 2017).

Here, we investigated the behavioral origins of novelty by examining whether an
increase in aggression is associated with the evolution of the scale-eating pupfish. We
compared measures of aggression using both behavioral and gene expression data
among all three sympatric species within the San Salvador clade plus behavioral data
for two additional generalist outgroups. If the aggression hypothesis is true, we
expected to find increased levels of aggressive behavior in scale-eating pupfish, and
lower levels of aggressive behavior in snail-eaters, generalists, and outgroups.
Similarly, we expected to find differential gene expression in aggression-related
pathways between scale-eaters vs generalists, but not between snail-eaters vs
generalists. Surprisingly, we found that scale-eaters and snail-eaters both displayed
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high levels of aggression and exhibited differential expression in several aggression-
related pathways during early development.

Methods
Sampling

Generalist, snail-eating, and scale-eating pupfish were collected by seine from Crescent
Pond, Great Lake, Little Lake, Osprey Lake, and Oyster Pond on San Salvador Island,
Bahamas in July, 2016 and April, 2018. Generalist outgroups were also collected from
Lake Cunningham, New Providence Island (Nassau), Bahamas (hereafter referred to as
NAS) and from the coast of North Carolina (Fort Fisher, Cape Fear river drainage;
hereafter referred to as NC) in April 2018 and June 2017, respectively. Fishes were
housed in 40 — 80 liter tanks in mixed-sex groups at 5-10 ppt salinity in temperatures
ranging from 23°C- 30°C. Fish were fed a diet of frozen blood worms, frozen mysis
shrimp, or commercial pellet food daily. Wild-caught fish used for assays were held in
the laboratory for at least two weeks before use in behavioral trials. We only used
sexually mature adult fish for behavioral assays as pupfish can be visually sexed at this
stage. Furthermore, all fish were in reproductive condition; pupfish mate and lay eggs
daily and continually throughout the year after they mature.

Behavioral assays

We used three types of behavioral assays to quantify levels of aggression: A mirror
assay, a paired aggression assay, and a boldness assay. While mirror assays
measured a fish’s level of aggression towards its mirror image, paired aggression
assays measured levels of aggression toward another fish. Many species of fish use
size as a proxy for aggression, and the mirror assay helps control for this, as the
stimulus is the exact same size as the focal individual (Rowland 1989; Buston and Cant
2006). Mirror assays, however, may not accurately detect aggression in some cases
(Balzarini et al. 2014). For example, some species use lateral displays of aggression
which primarily occur head to tail—a maneuver that is impossible with a mirror image.
Additional studies also indicate that mirror tests may not accurately predict aggressive
display frequency, duration, or orientation (Elwood et al. 2014; Arnott et al. 2016). We
therefore also measured aggression using paired aggression assays which allowed
focal fish to display aggression in a more natural fashion. Boldness assays, on the other
hand, measured a fish’s willingness to explore a new environment. While this was not a
direct measure of aggression per se, many studies have documented a correlation
between aggression and boldness so we chose to include this measure in our study
(Fraser et al. 2001; Rehage and Sih 2004; Sih et al. 2004; Gruber et al. 2017). All
available adult wild-caught fish were sampled for the mirror assay (n = 198), but only a
subset were randomly sampled for the paired aggression assay (n = 40) and the
boldness assay (n = 51).

Mirror assay



We quantified levels of aggression for each pupfish species and sex using mirror tests
(Vegllestad and Quinn 2003; Francis 2010). To control for individual size and motivation,
we incited aggression using a compact mirror (10 cm X 14 cm) placed in a 2-liter trial
tank (25 cm X 16 cm X 17 cm). We randomly chose adult fish and isolated each one in
2-liter tanks that contained a single bottom synthetic yarn mop for cover and opaque
barriers between adjacent tanks. We gave fish at least 12 hours to acclimate to their
new environment before performing an assay.

During a 5-minute focal observation period, we measured three metrics as a proxy for
aggression: latency to approach mirror image, latency to attack mirror image, and total
number of attacks toward the mirror image. A trial began as soon as the mirror was
securely lowered into the tank. We measured latency to approach as the time elapsed
before an individual approached the mirror to within one-body length. Similarly, we
measured latency to attack as the time elapsed before an individual attacked their
mirror image for the first time. Finally, we counted the total number of attacks an
individual performed during the entirety of the trial. We also measured the standard
length of each fish after the trial. To determine the repeatability of this assay, we
measured aggression two separate times in a subset of our fishes (n = 21). We found
significant repeatability for latency to attack and total number of attacks (latency to
approach, r’= 0.02, P= 0.50; latency to attack, r’= 0.18, P=0.045; total number of
attacks, r’= 0.36, P=0.0026). As a control, we also measured latency to approach,
latency to attack, and the total number of attacks performed towards the non-reflective
side of the mirror (n = 51). We used the same methods as above, but inserted the mirror
so that its reverse, non-reflective side faced the fish.

Paired aggression assay

We used a paired aggression assay as a second measurement of aggression for a
subset of San Salvador generalists, snail-eaters, and scale-eaters (n = 40; Katzir 1981;
Pauers et al. 2008). Paired aggression assays quantified levels of aggression for each
species and sex using a conspecific of the same sex, conspecific of the opposite sex,
and a heterospecific of the same sex as a stimulus fish. We randomly chose and
isolated fish in the same manner as the mirror assay. Fish were again given at least 12
hours to acclimate to their new environment before performing an assay. Before an
assay, a plastic mesh box (10 cm X 10 cm X 10 cm) with mesh size of 0.5 cm was
lowered into the tank, and a stimulus fish was placed inside the box, after which the
assay began. During the 5-minute focal observation period we measured the focal fish’'s
latency to approach the stimulus fish (within one-body length), their latency to attack the
stimulus fish, and the total number of attacks performed toward the stimulus fish. Each
focal fish was given four paired aggression assays: 1) stimulus fish was a conspecific of
the same sex, 2) stimulus fish was a conspecific of the opposite sex, 3) stimulus fish
was a heterospecific of the same sex, and 4) a control with an empty box. Specialists
were always given a generalist as the heterospecific stimuli, but generalists were
randomly assigned either a snail-eater or a scale-eater. All fish were tested in the same
order and were given at least 12 hours of rest between assays. We also measured the
standard length of each stimulus and focal fish.
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Boldness assay

Finally, we conducted a boldness assay to determine the relationship between boldness
and aggression in pupfishes (Budaev 1997; Brown et al. 2005; Wilson and Godin 2009).
We used a random subset of individuals from the mirror assay for this test (n = 51).
Before a trial, a PVC cylinder start box was placed into a 2-liter trial tank (25 cm X 16
cm X 17 cm). The start box was 12 cm in diameter with a removable screw top and
contained a single drilled 3 cm hole for the fish to emerge from (which was blocked with
a cork at the start of the trial). At the start of the trial the top of the start box was
removed, and a focal fish was gently placed inside. The top was then secured on the
box, and the fish was given one minute to acclimate. After the acclimation time, the 3
cm hole was unplugged (allowing the fish to emerge from the start box) and the 5-
minute assay began. We measured the latency of the fish’s head to emerge from the
hole, a preliminary behavioral inspection of the outside environment, and the latency of
the fish’s tail (i.e. the entire fish) to emerge from the hole as proxies for boldness.

Statistical analyses

We used time-to-event analyses to determine if species and sex were associated with
1) latency to approach mirror image, 2) latency to attack mirror image, and 3) latency to
emerge from the start box. We used time-to-event models for time metrics since it
allows for right censored data i.e. individuals who did not approach, attack, or emerge
within the 5-minute time window are not excluded from the dataset and contributed to
Kaplan-Meier estimates (Rich et al. 2010). We used Cox proportional hazards models to
analyze time metrics for the boldness assay, paired aggression assays, and the mirror
control assay (Survival Package; Therneau 2015). We used a mixed-effects Cox
proportional hazards model (coxme package; Therneau 2016) for the mirror assay as
the individuals from this assay originated from multiple populations. For each of the
above models we included species and sex as fixed effects and lake population as a
random effect for the mirror assay models. Using AICc (Burnham and Anderson 2002;
stats package), we compared models to equivalent models that also included the
interaction between species and sex as a fixed effect, the size of the focal individual
(log-transformed) as a covariate, and—where applicable—the size of the stimulus
individual (log-transformed) as a covariate. The interaction between species and sex
was significant for: 1) the latency to emerge (head) in the boldness assay, 2) the latency
to approach in the mirror assay, 3) the latency to approach in the heterospecific assay,
and 4) the latency to attack in the same sex conspecific assay and was therefore
retained in those final models. Additionally, the focal fish’s size was a significant
covariate for the latency to approach model for the heterospecific assay and the latency
to attack model for the mirror assay and was also retained in those models. We used
Wald and likelihood ratio tests to determine if species, sex, or their interaction were
associated with fishes’ latency to approach, attack, or emerge depending on the assay
(Table 1).

We used generalized linear models (GLM) or generalized linear mixed models
(GLMM) to analyze the total number of attacks performed for each assay. For the 1)
same sex conspecific assay, 2) opposite sex conspecific assay, and 3) heterospecific
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assay, we used GLMs with a negative binomial distribution to analyze the total number
of attacks. We modeled species and sex as fixed effects for these models. For the
mirror assay, however, we used a GLMM with a negative binomial distribution. Here, we
modeled species and sex as fixed effects and population as a random effect. We
modeled the total number of attacks during controls for 1) the mirror assays and 2) the
paired aggression assay, using GLMs with a Poisson distribution, and included species
and sex as fixed effects. Using AlCc, we compared each of these models to equivalent
models which also included the interaction between species and sex as a fixed effect,
the size of the focal individual (log scale) as a covariate, and—for paired aggression
assays—the size of the stimulus individual (log scale) as a covariate. We found models
including the interaction between species and sex best explained the data for the: 1)
control for the paired aggression assay model, 2) the conspecific of the same sex assay
model, and 3) the mirror assay model, and were thus retained in the final models.
Additionally, models including size of the focal individual significantly improved the fit of
the paired aggression assay model and the mirror assay model and were thus retained
in the final models. We used Wald and likelihood ratio tests to determine if species, sex,
or their interaction significantly affected the total number of attacks performed during
assays (Table 1).

One caveat is that we did not correct for phylogeny in any of these models. While
correcting for phylogeny is important when hierarchical species relationships exist
(Felsenstein 1985), this is not the case for the recently diverged San Salvador clade
which is best explained by a network of interconnected populations with extensive gene
flow. Indeed, numerous admixture events in addition to the maximum likelihood
phylogeny were supported by Treemix (Pickrell and Pritchard 2012) population
admixture graphs (Martin 2016); similarly, only 82% of the genome supported a
monophyletic relationship for San Salvador species (Richards and Martin 2017).
Importantly, populations of the scale-eating and snail-eating specialists were never most
closely related to each other. When so few regions of the genome underlie phenotypic
differences, these species can be viewed as a set of populations with substantial
evidence for gene flow.

Finally, we made direct comparisons between groups for all time and count
metrics using bootstrap resampling methods with replacement (10,000 replicates; boot
package; Canty and Ripley 2017) . For right censored time metrics we calculated the
median survival time for each group of interest (Bewick et al. 2004). Median survival
times represent the timepoint at which 50% of the group experienced an event (i.e.
approached, attacked or emerged). Lower medians indicate that the event occurred
quickly while a median of > 300 indicates that 50% of the group never experienced the
event (and is therefore right censored). For count data (i.e. attacks), we simply
calculated the mean for each group. Finally, we calculated the bias-corrected and
accelerated bootstrap 95% confidence intervals for each mean and median (Haukoos
and Lewis 2005). All analyses were performed in R (R Core Team 2018).

Early developmental genes affecting differences in aggression between species

We searched a previously published dataset of 15 San Salvador pupfish transcriptomes
to identify differentially expressed genes between each generalist and specialist pair
annotated for behavioral effects (which had not previously been examined (McGirr and
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Martin 2018)). Purebred F1 and F2 offspring from the three-species found on San
Salvador island were raised in a common garden laboratory environment. Larvae were
euthanized in an overdose of MS-222 at 8-10 days post fertilization (dpf), immediately
preserved in RNAlater (Ambion, Inc.), and stored at -20 C after 24 hours at 4 C. Total
mMRNA was extracted from whole larvae for: 6 generalists, 6 snail-eaters, and 3 scale-
eaters (RNeasy kits, Qiagen). The KAPA stranded mRNA-seq kit (KAPA Biosystems
2016) was used to prepare libraries at the High Throughput Genomic Sequencing
Facility at UNC Chapel Hill. Stranded sequencing on an lllumina HiSeq 4000 resulted in
363 million raw reads that were aligned to the Cyprinodon variegatus reference genome
(NCBI, C. variegatus Annotation Release 100, total sequence length =1,035,184,475;
number of scaffold=9,259, scaffold N50, =835,301; contig N50=20,803; Lencer et al.
2017). We removed adaptors and low-quality reads (Phred score <20) using Trim
Galore (v. 4.4, Babraham Bioinformatics).

Aligned reads were mapped to annotated features using STAR (v. 2.5(33)), with
an average read depth of 309x per individual and read counts were generated across
annotated features using the featureCounts function from the Rsubread package (Liao
et al. 2013). We then used MultiQC to assess mapping and count quality (Ewels et al.
2016). DEseq2 (Love et al. 2014, v. 3.5) was used to normalize counts and to complete
pairwise comparisons between snail-eaters vs generalists and between scale-eaters vs
generalists. Genes with fewer than two read counts or low normalized counts
(determined by DESeq2) were discarded (Love et al. 2014). Finally, we compared
normalized posterior log fold change estimates between groups using a Wald test
(Benjamini-Hochberg correction), and found: 1) 1,014 differentially expressed genes
between snail-eaters vs generalists and 2) 5,982 differentially expressed genes
between scale-eaters vs generalists (McGirr and Martin 2018).

We performed gene ontology (GO) enrichment analyses for differentially
expressed genes using resources from the GO Consortium (geneontology.org;
Ashburner et al. 2000; The Gene Ontology Consortium 2017). We identified one-way
and reciprocal best hit zebrafish orthologs for genes differentially expressed between 1)
snail-eaters vs generalists (n = 722) and 2) scale-eaters vs generalists (n = 3,966) using
BlastP (Shah et al. 2019). While a reciprocal best hit method is more powerful for
identifying true orthologs, it often misses orthologs in lineages which have experienced
genome duplication events, such as teleost fishes (Dalquen and Dessimoz 2013).
Hence, we used both approaches to identify possible orthologs.

Animal aggression has previously been categorized, and includes inter-male
aggression, maternal aggression, sex-related aggression, and territorial aggression
(Moyer 1971; Nelson and Chiavegatto 2001). Furthermore, previous studies have found
differential gene expression in the context of inter-male aggression, female-female
aggression, and maternal aggression, (Nelson and Trainor 2007). We then compared
the reciprocal best hit and one-way best hit zebrafish orthologs to gene ontologies in the
similar categories of: aggressive behavior (GO: 0002118), inter-male aggressive
behavior (GO: 0002121), maternal aggressive behavior (GO:0002125), maternal care
behavior (GO: 0042711), and territorial aggressive behavior (GO: 0002124; AmiGo;
Carbon et al. 2009; Ashburner et al. 2000; The Gene Ontology Consortium 2017).
Steroid hormones, like vasopressin, androgens, and estradiol, have also been linked to
changes in aggression (Nelson and Chiavegatto 2001; Nelson and Trainor 2007), so we
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also searched gene ontologies for those three hormone pathways. Thus, we performed
an exhaustive and unbiased search of all aggression and parental-care related genes
differentially expressed relative to the generalist in any tissue during the early
development of each specialist species.

Results
Behavioral assays
Scale-eaters and snail-eaters are more aggressive than generalists

Both scale-eaters and snail-eaters exhibited increased aggression compared to their
generalist counterparts. Male scale- and snail-eaters approached their mirror image
significantly quicker than NC and San Salvador generalists (Table 1a, Figure 2a), and
attacked their mirror image significantly more than NAS generalists (Table 1c, Figure
4a). Female snail-eaters also attacked their mirror image significantly more than
generalists from NC and San Salvador (Table 1c, Figure 4a). We saw a similar pattern
when fish were presented with conspecific or heterospecific live fish stimuli. Male scale-
and snail-eaters approached heterospecific fish significantly more quickly than San
Salvador generalists (Table 1a, Figure 2c), and attacked male conspecifics significantly
more quickly than did generalists (Table 1b, Figure 3b). Scale- and snail-eaters also
attacked heterospecific fish significantly more quickly and performed more total attacks
towards heterospecific fish than did generalists (Table 1a & 1c., Figures 2c & 3c).

Aggression is sex dependent, but not consistent across species

We also found that levels of aggression varied across sexes, but that the pattern was
not consistent across species. While male scale- and snail-eaters were consistently
more aggressive than their female counterparts, female generalists were more
aggressive than males. Both male scale- and snail-eaters showed increased aggression
during assays in which they faced stimuli similar to themselves (i.e. mirror assays and
same sex conspecific assays). Scale-eater males approached their mirror image more
quickly and performed more total attacks toward their mirror image than female scale-
eaters (Table 1a & 1c, Figures 1a, & 3a). Similarly, male snail-eaters attacked male
conspecifics more quickly and performed more total attacks toward male conspecifics
than females did toward female conspecifics (Tables 1b & 1c, Figures 2b, & 3b).
Generalist females, however, approached their mirror image more quickly than
generalist males (Table 1a, Figure 2a), and attacked female conspecifics quicker than
males attacked male conspecifics (Table 1b, Figure 3b).

Aggression varies across different behavioral assays

Not only did aggression vary between species and sex, but it also varied across
behavioral assays. While female generalists and scale-eaters attacked female
conspecifics quicker than snail-eaters (Table 1b, Figure 3b), female snail-eaters
performed more total attacks toward their mirror image than either of these groups
(Table 1c, Figure 4a). Similarly, male scale-eaters only exhibited increased aggression
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compared to snail-eater males when approaching their mirror image or a heterospecific
stimulus fish (Table 1a, Figure 2a &1c).

Boldness did not vary across species

Unlike aggression, boldness did not vary across species. Latency for their head to
emerge from the start box did not vary by sex, species, nor their interaction (Table 1d).
Further, the latency for the tail to emerge also did not vary by species (Table 1e). It did,
however, significantly vary by sex (Table 1e), with male fish fully emerging from the start
box about six times quicker than female fish (median male time: 42.23 (17.33,131.67);
median female time: 253.05 (112.06, 288.28)). Propensity to approach or attack novel
objects also did not vary by species, sex, or their interaction in both our control mirror
and control paired aggression assays (Table 1a,1b, &1c).

Gene expression

3,966 genes were differentially expressed between scale-eaters vs generalists and 722
genes were differentially expressed between snail-eaters vs generalists. We found
differentially expressed genes within ontologies for maternal care behavior, the estradiol
hormone pathway, and the androgen hormone pathway (Table 2). None of these
ontologies were significantly over-represented in either species comparison, which were
instead enriched for cranial skeleton, metabolism, and pigmentation genes (McGirr and
Martin 2018).

Despite over one thousand differentially expressed genes from whole larvae at
this developmental stage, only two genes were associated with aggression-related
ontologies in the snail-eater vs generalist comparison (Table 2a) and only 7 genes were
associated with aggression-related ontologies in the scale-eater vs generalist
comparison (Table 2b) using one-way best hits. Furthermore, these comparisons
shared two genes in common: a transcriptional co-activator which interacts with
androgen receptors (rnf14) and a DNA binding transcription factor involved in
glucocorticoid receptor regulation (crebrf) (Kang et al. 1999; Martyn et al. 2012). While
both specialists showed differential expression in androgen and maternal care-related
pathways when compared to the generalist, scale-eaters additionally showed differential
expression in the estradiol hormone pathway. When using a reciprocal best hits
approach, only a single gene, hdac6, was associated with aggression-related ontologies
in the scale-eater vs generalist comparison. However, the primary function of this gene
is histone deacetylation, and it is conserved across flies and mammals, which could
explain why it was the sole result of the conservative reciprocal best hits approach
(Perry et al. 2017).

Discussion

The origins of novelty have overwhelmingly been examined from a morphological
perspective, often ignoring behavior’s potential role (but see: Sol and Lefebvre 2000;
Duckworth 2006; Zuk et al. 2006). Here, we used both behavioral and gene expression
data to investigate whether increased aggression contributed to the origin of scale-
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eating in Caribbean pupfishes. We expected to find increased levels of aggression in
scale-eaters compared to generalist and snail-eating pupfish species. Contrary to these
predictions, however, both snail-eaters and scale-eaters showed increased levels of
aggression compared to generalist species. Our gene expression data supported these
findings; both scale-eaters and snail-eaters showed differential expression of genes
involved in several aggression-related pathways during larval development. We also
found that aggression varied between and within sexes and contexts. Our data
therefore does not support the aggression hypothesis as the sole origin of scale-eating
in pupfish. Instead, selection may have favored increased levels of aggression in other
contexts, such as mate competition or trophic specialization in general. Increased levels
of aggression could have also arisen indirectly due to selection for other behaviors or
traits, including several differentially expressed genes involved in both aggression and
craniofacial morphology (e.g. med12).

Only a few previous studies have directly investigated the behavioral origins of
novelty. The Pacific field cricket (Teleogryllus oceanicus)—which exhibits a novel silent
morph—is one of the few examples of evolutionary novelty with a behavioral origin (Zuk
et al. 2006; Tinghitella and Zuk 2009; Bailey et al. 2010). Increased brain size in birds
has also been linked to behavioral shifts and novelty. Birds that display innovative
feeding behaviors have larger brains and are more successful at invading novel
environments (Nicolakakis and Lefebvre 2000; Sol and Lefebvre 2000; Overington et al.
2009). Likewise, the role of behavior in evolutionary novelty has also been explored in
western bluebirds (Sialia mexicana; Duckworth 2006) and Anolis lizards (Losos et al.
2004, 2006). Despite the growing empirical evidence of behavior’s role in evolutionary
innovation, a consensus has not yet been reached on whether behavior ultimately
drives or inhibits novelty. Furthermore, studies that investigate behavioral origins of
novelty rarely do so using both behavioral and genetic approaches. In this study,
however, we were able to leverage our gene expression data to gain some mechanistic
insight into the divergent origins of increased behavioral aggression in each specialist
species.

While both our behavioral and transcriptomic analyses provided evidence of
increased aggression in both trophic specialist species, contrary to our expectations,
there are a few caveats. First, aggression and aggression-related pathways were not
enriched terms in our GO analysis. Instead, we found enrichment for cranial skeleton,
metabolism, and pigmentation terms (McGirr and Martin 2018). However, gene
expression differences are biologically relevant even if they are not enriched among all
processes. Here, we used whole-larval tissue at a timepoint of 8-10dpf to detect several
genes and pathways that were differentially expressed between pupfish species within
the San Salvador radiation. This sampling timepoint provides valuable insight which
other methods may not afford. For example, gene expression differences (especially in
behavioral pathways) are often transient in adults and can be attributed to factors such
as diet, sex, dominance status reproductive state, or mood (McGraw et al. 2003; Aubin-
Horth et al. 2007; Rosvall 2013). Instead, by examining early larval stages our gene
expression analyses provide insight into species-specific differences in aggression-
related genetic pathways established during an early developmental timepoint. Second,
while we used one-way and reciprocal best hits to determine potential orthology between
pupfish and zebrafish many studies have found neofunctionalization of paralogs—
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meaning that functions may not always be retained (Braasch et al. 2006; Douard et al.
2008; Cortesi et al. 2015). Nonetheless, we found surprising congruence between our
behavioral and transcriptomic data supporting the conclusions of increased aggression in
both San Salvador specialists due to different aggression-related genetic pathways.

New hypotheses for varying levels of aggression within a sympatric radiation of
pupfishes

1. Increased aggression due to specialization

If increased levels of aggression are not associated with scale-eating, then what
explains this variation between species? One possibility is that selection may have
directly favored increased aggression in the context of dietary specialization.
Aggression may be positively correlated with traits associated with specialization
(Genner et al. 1999; Peiman and Robinson 2010; Blowes et al. 2013), suggesting that
specialists should show increased levels of aggression compared to generalists.
Increased levels of aggression have been documented in specialist butterflyfishes
(chaetodontids; Blowes et al. 2013), a specialist surfperch (Embiotoca lateralis;
Holbrook and Schmitt 1992), and even observed in game-theoretic simulation models
(Chubaty et al. 2014).

Alternatively, aggression may be increased in specialists due to competition for
food. For example, species of Roeboides turn to scale-eating during low-water seasons
when competition for insects rises (Peterson and Winemiller 1997; Peterson and
Mclintyre 1998). However, pupfish inhabit hypersaline lakes connected to the ocean
which do not experience seasonal fluctuations in water levels (Hagey and Mylroie
1995). Instead, variation in abundance of pupfish over the year could lead to increased
competition for food (Martin and Wainwright 2013a; Martin and Wainwright 2013Db,
Martin and Wainwright 2013c). Competition for food may also explain increased
aggression in snail-eaters. Although snail-eating pupfish consume the largest
proportion of snails in their diet (22-30%; Martin and Wainwright 2013a), generalist
pupfish also consume snails in low quantities (.03-4%; Martin and Wainwright 2013c).
Furthermore, generalists comprise 92-94% of the pupfish population (Martin and
Wainwright 2013c), indicating that snail-eaters may compete with generalists for food
items regularly. It is possible that snail-eaters developed increased aggression to
protect their food source from generalists.

Another possibility is that increased aggression may be associated with
colonizing a novel niche. Aggression is often tightly correlated with boldness in a
phenomenon termed the aggressiveness-boldness syndrome (Sih et al. 2004). Many
studies have shown that increased boldness in species such as cane toads,
mosquitofish, and Trinidadian killifish leads to increased dispersal into novel habitats or
niches (Fraser et al. 2001; Rehage and Sih 2004; Gruber et al. 2017). This relationship
indicates that increased aggression may be an incidental effect of selection for
increased boldness and occupation of a novel niche. However, our measures of
boldness did not show any variation across species, and instead indicated that males
were bolder than females.

This relationship between aggression and specialization is also supported by our
transcriptomic data. First, both genes differentially expressed in our snail-eater vs
generalist analysis were also differentially expressed in our scale-eater vs generalist
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analysis (rnf14 and crebrf). Second, rnf14, a co-activator of androgen receptors, is also
associated with metabolism suggesting that it may be the specialized diets of snail- and
scale-eaters which led to their increased aggression (Michael et al. 2011). This is
consistent with the significant amount of parallel expression in both specialists in
genetic pathways associated with metabolism and the increased nitrogen consumption
and enrichment in both specialists (McGirr and Martin 2017). While increased
aggression may be important for a specialized diet or occupying a novel niche neither of
these hypotheses explain the variation in aggression between sexes.

2. Increased aggression due to mating system

Increased aggression may be favored in the context of courtship or mate competition. It
is well documented across multiple taxa that the sex with the higher potential
reproductive rate should have increased levels of aggression as they must compete
more heavily for access to mates (Clutton-Brock and Parker 1992; Andersson 1994;
Jennions and Petrie 2007). Normally, males have higher potential reproductive rates
since mating is energetically cheap for them (Trivers 1972). Cyprinodon pupfishes
follow this pattern since they mate in a lekking system and do not provide parental care
(Gumm 2012). Our behavioral measures of aggression support this; both male scale-
and snail-eaters showed increased levels of aggression compared to their female
counterparts.

We also found some support for this in our gene expression data. In our scale-
eater vs generalist comparison, we found differential gene expression of the esrf1 gene
which encodes an estrogen receptor. Differential expression of this gene has been
linked to aggression, territoriality, mate-seeking behavior, and even parental care (Tuttle
2003; Horton et al. 2013, 2014; Hashikawa et al. 2016). However, differential
expression of esr1 was only observed in the scale-eater vs generalist comparison and
not between snail-eaters vs generalists. Crebrf, a regulatory factor which is differentially
expressed in both scale- and snail-eaters vs generalists, has also been associated with
lack of maternal care in mice (Martyn et al. 2012). Although all three species exhibit a
lekking mating system, there may be quantitative differences in male competition and
degree of lekking among species and lake populations (CHM pers. obs.).

3. Increased aggression due to indirect selection

Alternatively, aggression may have increased via selection on other traits. For example,
melanin production and aggression are physiologically linked via the melanocortin
system (Cone 2005; Price et al. 2008). This association has been documented across a
wide array of vertebrates and suggests that selection for increased melanin
pigmentation in other contexts (e.g. mate choice or camouflage) may incidentally
increase aggression (McGraw et al. 2003; Ducrest et al. 2008; Price et al. 2008).
Indeed, territorial male scale-eating pupfish exhibit jet black breeding coloration, unique
among Cyprinodon, and snail-eating pupfish exhibit the lightest male breeding
coloration of any Cyprinodon species (Martin and Wainwright 2013a). Similarly,
selection for morphological traits may also indirectly increase aggression. We found
differential gene expression between scale-eater vs generalist pupfish in the med12
gene, which is annotated for the androgen pathway (Table 2B). Med12 is a mediator
complex subunit which codes for a thyroid hormone receptor associated protein.
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Mutations in this gene have not only been linked to craniofacial defects, but also to a
slender body shape (Philibert and Madan 2007; Risheg et al. 2007; Ding et al. 2008;
Vulto-Van Silthout et al. 2013). C. desquamator show extreme craniofacial features,
including enlarged oral jaws and a fusiform body that may be beneficial for scale-eating
with an estimated four moderate-effect quantitative trait loci all increasing oral jaw size,
consistent with directional selection on this trait (Martin et al. 2017). Thus, it is intriguing
that selection for increased jaw size or body elongation may have indirectly selected for
increased aggression in this species. Given the enlarged oral jaws of most scale-eating
species, this may be a general mechanism indirectly contributing to increased
aggression in scale-eaters depending on how frequently this genetic pathway is
modified.

Multimodal signals for aggression

An additional finding of this study is that pupfish aggression varies not only across
species and sex, but also across context. This was especially surprising when
comparing the results of our mirror assay to the results of the conspecifics of the same
sex assays. These assays are arguably the most similar (i.e. stimuli are conspecifics of
the same sex), and we expected that the results should also be similar. However, this
was not true for female snail- or scale-eaters. Female snail-eaters had very low rates of
approaching and attacking female conspecifics (Figures 1b, 2b, & 3b), but they readily
approached and attacked their mirror image (Figures 1a, 2a, &3a). This could suggest
that snail-eaters need more than visual cues to identify conspecifics. Female snail-
eaters also approached and attacked their mirror image at the same rates as
heterospecific stimulus fish (Figures 1c, 2c, & 3c), suggesting that they misidentified
their mirror image as a heterospecific fish. Female scale-eaters, on the other hand,
attacked conspecific stimuli significantly quicker and more often than their mirror image
(Figures 2a, b; & 3a, b), and they approached and attacked heterospecifics at the same
rate and frequency as conspecifics. This could suggest that, like snail-eaters, female
scale-eaters also need multiple signals to determine potential competition or prey.
Multiple studies have documented that the use of multiple cues leads to greater
accuracy in con- and heterospecific identification (Rand and Williams 1970; Hankison
and Morris 2003; Ward and Mehner 2010). Hojesjo et al. (2015) also found that the use
of multiple cues was additive for females, but not for males. However, many of these
studies focus on identification in the context of mating—not in the context of aggression.

Conclusion

Our study surprisingly suggests that the aggression hypothesis is not a sufficient
explanation for the origins of an exceptional trophic innovation, scale-eating in pupfish.
Instead, increased aggression in both specialists indicates that aggression may perform
a more general function in dietary specialization or occupation of a novel niche.
Alternatively, increased aggression may be an indirect effect of selection on other
ecological or sexual traits. Specifically, the aggression-boldness syndrome, the
melanocortin system, increased protein metabolism, or selection for oral jaw size could
all have indirectly increased aggression. Future studies should investigate whether
aggression is adaptive for scale- and snail-eating in pupfishes.
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Tables

Table 1. Results of 1) mixed-effect Cox proportional hazards models 2) Cox
proportional hazards models 3) GLMMs, and 4) GLMs describing aggression related
behaviors. Significant predictors are indicated in bold.

metric assay predictor df X2 p
a) latency to approach mirror species 4 6.02 0.2
sex 1 0.01 0.91
species:sex 4 9.67 0.046
conspecific species 2 1.87 0.39
same sex sex 1 1.83 0.18
conspecific species 2 0.55 0.76
opposite sex  sex 1 0.14  0.71
heterospecific species 2 0.05 0.98
sex 1 1.3 0.25
size 1 5.02 0.025
species:sex 2 8.26 0.016
mirror control species 4 2.67 0.61
sex 1 3.33 0.07
paired aggression species 2 1.58 0.45
control
sex 1 0.37 0.55
b) latency to attack mirror species 4 5.18 0.27
sex 1 3.37 0.07
size 1 6.22 0.01
conspecific species 2 3.49 0.18
same sex sex 1 1.77 0.18
species:sex 2 7.37 0.025
conspecific species 2 2.45 0.29
opposite sex  sex 1 0.13  0.72
heterospecific species 2 7.34 0.026
sex 1 6.86 0.009
mirror control species 4 3.89 042
sex 1 0.81 0.37
paired aggression species 2 2.6 0.27
control sex 1 0.02 0.9
¢) total number of attacks mirror species 4 12.96 0.01
sex 1 7.73 0.005
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size 1 3.8 0.051

species:sex 4 14.37 0.006

conspecific species 2 6.6 0.037

same sex sex 1 453 0.033

species:sex 2 6.19 0.045

conspecific species 2 3.52 0.17

opposite sex sex 1 0.08 0.78

heterospecific species 2 13.46 0.001

sex 1 0.68 0.41

mirror control species 4 7.78 0.1

sex 1 1.62 0.2

paired aggression species 2 0 1

control sex 1 0 1

size 1 0.23 0.64

species:sex 2 0 1

d) latency to emerge boldness species 4 0.48 0.98
(head)

sex 1 0.28 0.6

species:sex 4 7.02 0.14

e) latency to emerge (tail) boldness species 4 5.1 0.28

sex 1 6.33 0.01
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Table 2. List of all differentially expressed genes in aggression and parental-care
pathways at 8-10 dpf between: a) snail-eaters vs generalists and b) scale-eaters vs
generalists. The two genes differentially expressed in both specialists compared to
generalists are highlighted in bold. Asterisks indicate genes which were differentially
expressed using both one-way and reciprocal best hits approaches. All remaining genes
were identified using one-way best hits.

log2 fold
species comparison gene change GO pathway
a) snail-eater vs generalist
rnf14 -0.53 androgen
crebrf -0.7 maternal care
b) scale-eater vs generalist
hdac6* -0.84 androgen
med12 -0.98 androgen
med16 1.24 androgen
ncoat 1.27 androgen
rnf14 -1.07 androgen
crebrf -1.41 maternal care
esr1 -0.95 estradiol
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Figures

Figure 1.
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Figure 1. Neighbor joining tree illustrating the relationships between San Salvador
Island species and a Caribbean Island outgroup. Predominant topology from a Saguaro
analysis (Zamani et al. 2013) which represents 64% of the genome of generalists
(green), snail-eaters (blue), scale-eaters (red), and the Lake Cunningham generalist
outgroup (black). Branch lengths represent average number of substitutions per base
pair. Figure modified from Richards and Martin 2017.
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Figure 2.
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Figure 2. Median and 95% CI’s (BCa) for latency to approach: A) mirror image, B)
same-sex conspecific, C) heterospecifics, or D) opposite sex conspecific.
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Figure 3.
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Figure 3. Median survival times and 95% CI’'s (BCa) for latency to attack: A) mirror
image, B) same-sex conspecific, C) heterospecifics, or D) opposite sex conspecific.

21



Figure 4.
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Figure 4. Mean number and 95% ClI's (BCa) for attacks performed towards: A) mirror
image, B) same-sex conspecific, C) heterospecifics, or D) opposite sex conspecific.
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Inter-chapter Transition

In chapter one, | found evidence of increased behavioral aggression in both specialist
pupfish species, and that similar aggression pathways were differentially expressed in
specialist species compared to generalist species. This pattern suggests that
aggression may be associated with specialization in general but is not sufficient as the
sole origin of scale-eating in the San Salvador Island pupfish radiation. Instead, it may
be that shifts in behavior, kinematics, morphology, or a combination of many different
factors is responsible for the evolution of scale-eating in this system. In chapter two, |
explore the adaptive contributions of morphology and feeding kinematics to the
evolution of scale-eating and find that scale-eating pupfish behaviorally mediate their
feeding profile in order to produce large bites that may be adaptive for scale-feeding.
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Chapter 2: Rapid adaptive evolution of scale-eating
kinematics to a novel ecological niche

This chapter has been previously published and is reproduced here in accordance with
the journal’s article sharing policy:

St. John, M. E., Holzman, R., & Martin, C. H. (2020). Rapid adaptive evolution of scale-
eating kinematics to a novel ecological niche. The Journal of Experimental Biology,
jeb.217570. doi: 10.1242/jeb.217570

Abstract

The origins of novel trophic specialization, in which organisms begin to exploit novel
resources for the first time, may be explained by shifts in behavior such as foraging
preferences or feeding kinematics. One way to investigate the behavioral mechanisms
underlying ecological novelty is by comparing prey capture kinematics between species.
In this study, we investigated the contribution of kinematics to the origins of a novel
ecological niche for scale-eating within a microendemic adaptive radiation of pupfishes
on San Salvador Island, Bahamas. We compared prey capture kinematics across three
species of pupfish while consuming shrimp and scales in the lab, and found that scale-
eating pupfish exhibited peak gape sizes that were twice as large as all other species,
but also attacked prey with a more obtuse angle between their lower jaw and
suspensorium. We then investigated how this variation in feeding kinematics could
explain scale-biting performance by measuring bite size (surface area removed) from
standardized gelatin cubes. We found that a combination of larger peak gape and more
obtuse lower jaw and suspensorium angles resulted in approximately 40% more surface
area removed per strike, indicating that scale-eaters may reside on a performance
optimum for scale-biting. To test whether feeding performance could contribute to
reproductive isolation between species, we also measured feeding kinematics of F1
hybrids and found that their kinematics and performance more closely resembled those
of generalists, suggesting that F1 hybrids may have low fitness in the scale-eating
niche. Ultimately, our results suggest that the evolution of strike kinematics in this
radiation is an adaptation to the novel niche of scale-eating.

Introduction
Determining how organisms use resources for the first time and occupy novel niches is
an outstanding question in evolutionary ecology. Many changes accompany adaptation
to a novel niche, and previous studies have investigated how shifts in behaviors
(Bowman and Billeb 1965; Tebbich et al. 2010; Curry and Anderson 2012),
morphologies (Ferry-Graham et al. 2001; Ferry-Graham 2002; Hata et al. 2011; Davis et
al. 2018), physiologies (Arias-Rodriguez et al. 2011; Tobler et al. 2015, 2018), and
kinematics (Janovetz 2005a; Patek et al. 2006; Cullen et al. 2013; McGee et al. 2013)
can all facilitate this transition.

Studying shifts in kinematic traits—particularly those which affect prey capture
and feeding—is especially promising, because they can provide biomechanical insights
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into the origins of novel trophic niches. For example, the wimple piranha (Catoprion
mento) uses a ram attack coupled with a uniquely large gape angle to knock scales free
from its prey (Janovetz 2005a); syngnathiform fishes specialize on evasive prey items
using power-amplified jaws (Longo et al. 2018); and the Pacific leaping blenny (Alticus
arnoldorum) is able to feed and reproduce on land by using unique axial tail twisting to
improve propulsion and stability for greater jumping performance (Hsieh 2010).

Differences in prey capture kinematics between species may also contribute to
postzygotic extrinsic reproductive isolation by reducing hybrid feeding performance
(Higham et al. 2016), which may lead to speciation (Henning et al. 2017; Matthews and
Albertson 2017). For example, McGee et al. (2015) measured prey capture kinematics
and performance in two sunfish species (Centrarchidae) and their naturally occurring
hybrids. Hybrid sunfish displayed intermediate gape size compared to parental types
and initiated strikes from an intermediate distance, yet their actual suction-feeding
performance was less than predicted from these additive traits. Hybrid Lake Victoria
cichlids (produced by crossing thick-lipped Haplochromis chilotes and thin-lipped
Pundamilia nyererei parents) also exhibited lower foraging performance at removing
prey from crevices compared to parental species, most likely due to antagonistic
pleiotropy and genetic correlations between head and lip morphology (Henning et al.
2017). Despite these findings, few studies investigate how hybrid kinematics affect the
evolution of ecological novelty or explicitly relate kinematics to performance
consequences.

Scale-eating (lepidophagy) provides an excellent opportunity for connecting a
mechanistic understanding of feeding kinematics with adaptation to a novel trophic
niche. It is a rare trophic niche which has convergently evolved at least 20 times in
approximately 100 fish species out of over 35,000 (Sazima 1983; Martin and Wainwright
2013a; Kolmann et al. 2018). Current hypotheses for the origins of scale-eating vary,
but they all propose that it may be related to shifts in behaviors related to foraging, such
as shifts in aggression, shifts from algae-grazing to scale-eating, and even shifts from
removing epibionts or ectoparasites to scale-eating (Fryer et al. 1955; Greenwood
1965; Sazima 1983; St. John et al. 2019). This suggests that shifts in kinematics during
feeding strikes may accompany the origins of scale-eating. However, only a few studies
have investigated the feeding kinematics and performance of scale-eating fishes.
Janovetz (2005) measured feeding kinematics of C. mento while consuming: 1) free
floating scales, 2) whole fish, and 3) scales off the sides of fish, and found that scale-
eating kinematics were different from those used during suction-feeding or biting.
Interestingly, scale-eating attacks produced gape angles that ranged from 30-100%
larger than those produced from consuming free-floating scales or whole fish
respectively— suggesting that a larger gape is necessary for scale-eating. Furthermore,
this variation in gape angle across food items was documented within individuals,
indicating that scale-eating kinematics may be behaviorally mediated (Janovetz 2005).
Other studies have also documented a significant interaction between kinematic traits,
behavior, and morphology. For example, the Lake Tanganyikan scale-eating cichlids
(Perissodus microlepis), which possess an antisymmetric mouth morphology, are able
to perform more successful scale-eating strikes using their dominant side (Takeuchi et
al. 2012; Takeuchi and Oda 2017), and a similar behavioral laterality has been
documented in a scale-eating characiform (Exodon paradoxus; Hata et al. 2011). While
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these studies provide valuable insights into scale-eating kinematics and performance,
the lack of comparative data on the kinematics of closely related non-scale-eating
species or hybrids has so far limited further investigations of the origins of scale-eating.

The aim of our study was to fill the following knowledge gaps and shed light on
the relationship between kinematic traits and occupation of a novel niche: First,
comparisons of scale-eating kinematics across scale-eating and closely related non-
scale-eating outgroup species is necessary for investigating the origins of ecological
novelty. Without the comparative method it is impossible to determine which kinematic
variables are unique or important for scale-eating. Second, very few kinematic studies
investigate hybrid kinematics despite the fact that hybridization is quite common,
especially among species that diverged recently (Hubbs 1955; Mayr 1963; Arnold 1992;
Richards et al. 2019). Understanding hybrid kinematics, especially in the context of
ecological novelty, is informative because 1) impaired performance in hybrids is a form
of extrinsic postzygotic isolation between species (McGee et al. 2015; Higham et al.
2016) and 2) it can allow the decoupling of morphology, behavior, and kinematics
making it easier to identify causative traits underlying performance (Holzman and
Hulsey 2017). Finally, few studies connect observed variation in kinematics to variation
in whole organism feeding performance (but see: Svanback et al. 2002; Takeuchi et al.
2012; China et al. 2017; Sommerfeld and Holzman 2019; Whitford et al. 2019). Making
this connection is important because it can identify kinematic traits associated with
performance tasks relevant to evolutionary fitness rather than simply describing
phenotypic variation in kinematic traits, most of which may not be relevant to
performance or fithess (Arnold 1983; Hu et al. 2017).

The scale-eating pupfish (Cyprinodon desquamator) is an excellent organism to
investigate the interaction of kinematics and ecological novelty for several reasons.
First, the scale-eating pupfish evolved within a recent sympatric radiation of pupfishes
on San Salvador Island, Bahamas. This radiation is endemic to a few hypersaline lakes
on the island (Martin and Wainwright 2013a; Martin et al. 2019), which were most likely
dry during the last glacial maximum 10-15 kya (Hagey and Mylroie 1995). Second, the
radiation provides closely related sister taxa for kinematic comparison including: 1) the
scale-eating pupfish, 2) a generalist pupfish (C. variegatus), and 3) the snail-eating
pupfish (C. brontotheroides). Phylogenetic evidence suggests that scale-eating pupfish
form a clade across all lakes where they are found on San Salvador and that this clade
is sister to a clade containing generalists and snail-eaters (Martin and Feinstein 2014;
Lencer et al. 2017), although gene flow is still ongoing among all three species
(Richards and Martin 2017; Richards et al. unpublished data). All three pupfish species
can be crossed in the lab to measure the kinematics and performance of hybrid
phenotypes.

The morphological similarities and differences between San Salvador pupfishes
have also previously been described. Specifically, 1) like all cyprinodontiforms, pupfish
species exhibit a vestigial ascending process of the premaxilla allowing for independent
movement of the upper and lower jaws during jaw protrusion (Hernandez et al. 2009,
2018), and 2) scale-eating pupfish have two-fold larger, supra-terminal oral jaws
compared to the smaller, terminal jaws of the generalist or snail-eating pupfish (Martin
and Wainwright 2011, 2013a; Martin 2016). Their divergent morphology, along with
Janovetz’s (200%5) finding that scale-eating strikes by the lepidophagous piranha (C.
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mento) were associated with larger peak gapes, lead us to predict that scale-eating
pupfish should have larger gapes during scale-eating strikes compared to closely
related species, and that this increased peak gape should result from a larger angle
between the anterior tip of the premaxilla, the quadrate-articular joint, and the anterior
tip of the dentary.

We investigated the interaction between kinematics and ecological novelty in
pupfishes using high-speed videos of the feeding strikes of San Salvador generalist,
snail-eating, and scale-eating pupfishes, along with F1 hybrids. If shifts in kinematics
are an evolutionary adaptation for the ecological novelty in this system, then scale-
eaters may have divergent feeding kinematics compared to other species and may have
greater feeding performance on scales. We tested this by: 1) comparing the feeding
kinematics of scale-eating pupfish to other species during scale-eating and suction-
feeding strikes, 2) investigating whether variation in kinematics was associated with bite
performance (i.e. bite size), and 3) determining if F1 hybrid feeding kinematics differed
from parental species.

Ultimately, we found that the feeding kinematics of scale-eating pupfish diverged
from all other species and were not solely due to their increased oral jaw size. Instead,
scale-eaters may be behaviorally mediating their feeding kinematics to optimize the
surface area removed per strike, suggesting that scale-eater kinematics are a recent
adaptation to scale-eating.

Methods

Collection and husbandry

We used seine nets to collect generalist, snail-eating, and scale-eating pupfishes from
Crescent Pond, Little Lake, and Osprey Lake on San Salvador Island, Bahamas in July,
2017 and March, 2018. Wild-caught fish were maintained in 37-75L mixed-sex stock
tanks at a salinity of 5-10 ppt and temperatures of 23-27°C. While in stock tanks, fish
were fed a diet of frozen bloodworms, frozen mysis shrimp, and commercial pellet foods
daily. In the lab, we crossed generalist and scale-eating pupfishes from both Little Lake
and Crescent Pond to produce F1 hybrid offspring. Prior to filming, pupfishes were
isolated in 2L tanks to maintain individual IDs throughout the study.

Feeding kinematics

We recorded pupfishes feeding on three different food items: frozen mysis shrimp
(Mysida, Hikari Inc.), scales, and standardized gelatin cubes (dimensions: 1.5 cm x
1.5cm x 1.5 cm x 1.5 cm cube; Repashy Superfoods, Community Plus Omnivore Gel
Premix; prepared following manufacturer’s instructions). We measured feeding
kinematics while fish consumed both shrimp and scales because it allowed us to ask
whether 1) scale-eating pupfish differed in their feeding kinematics compared to other
groups, 2) if the kinematics of scale-eating strikes differ from those used during suction
feeding (e.g. shrimp), and 3) if F1 hybrid feeding kinematics differed from their parental
species. We explicitly examined F1 hybrid kinematics in this study because lowered
hybrid feeding performance may contribute to reproductive isolation between species
and may shed light on rapid adaptive diversification of this clade. We additionally

27



measured feeding kinematics across all groups while fish consumed gelatin cubes to
ask whether variation in kinematic traits affected feeding performance (i.e. bite size).

In the lab, fish freely consumed mysis shrimp, but we had to train all species to
feed on scales from the sides of euthanized zebrafish (Danio rerio; stored frozen) and to
feed from gelatin cubes (stored at 4°C). For training, we isolated each fish in a 2-liter
plastic tank and presented a given food item (either euthanized zebrafish or gelatin
cube) daily. If a pupfish began feeding on the item, it was left in the tank until the
pupfish stopped feeding. If a pupfish did not begin feeding within one minute, the food
item was removed from the tank. Any pupfish that did not feed received a supplemental
feeding of commercial pellet food (New Life Spectrum Thera-A, medium sinking pellets).
If an individual did not feed on a training item for more than two days, we reduced
supplemental feedings to once every two days to ensure that the fish was sufficiently
motivated. Once pupfish reliably began feeding on either scales or gelatin cubes, we
proceeded to film their feeding behaviors according to the filming protocol below. Fish
were never trained on more than one item at a time, and we instead ensured that all
filming was completed for a single food item before proceeding to train for the next item.

For all three food items, we used a Sony Cyber-shot DSC-RX10 IIl or Sony
Cyber-shot DSC-RX100 IV 20.1 MP to obtain high-speed videos (480 frames per
second) of foraging strikes. lllumination was provided by a dimmable bi-color 480
LED light (Neewer) positioned approximately 0.3 m from the filming tank. Pupfish were
allowed to acclimate to the lighting before feeding commenced. Fish were considered
acclimated when they moved around their tank freely (usually after ~5 minutes). For
scale-eating we used forceps to hold a euthanized zebrafish horizontally in the water
column and perpendicular to the front of an individual. For mysis shrimp and gelatin
cubes, we dropped the food item a few inches in front of an individual. All videos were
taken from a lateral perspective. Once filming for one food item was completed, the
process was repeated until we filmed each individual consuming all three food items.

Kinematic analyses

Videos were converted to image stacks and analyzed using the image processing
software Imaged (FIJI; Schindelin et al. 2012). To quantify feeding performance, we
measured 10 kinematic trait metrics including 1) peak jaw protrusion, defined as the
distance (mm) from the center of the orbit to the anterior tip of the premaxilla. 2) Time to
peak jaw protrusion, defined as the time (s) from the start of an attack (defined as 20%
of peak gape) to peak protrusion. 3) Peak gape, defined as the distance (mm) from the
anterior tip of the premaxilla to the anterior tip of the dentary. 4) Time to peak gape,
defined as the time (s) from the start of an attack at 20% of peak gape to peak gape. 5)
Gape angle was the angle (degrees) produced at peak gape between the anterior tip of
the premaxilla, the quadrate-articular joint, and the anterior tip of the dentary. 6) Lower
jaw angle was the angle produced at peak gape between the lower jaw, the quadrate-
articular joint, and the ventral surface of the fish beneath the suspensorium (Figure
1&2). 7) Time to impact was the time (s) from the start of an attack (20% peak gape) to
first contact of oral jaws with the prey item. 8) Time from peak gape to impact was the
difference between the time to impact (s) and the time to peak gape (s). 9) Starting
distance from prey was the distance (mm) from the center of the orbit at the start of an
attack to the center of the orbit at impact with prey item. Finally, 10) ram speed was the
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starting distance from prey at 20% of peak gape (m) divided by the time to impact (s). In
addition to our kinematic metrics, we also measured body length and lower jaw length
(Table S1) using images from the video. We calibrated each video using a grid,
positioned at the back of the filming tank.

Measuring bite size

In order to relate variation in feeding kinematics to variation in bite size we recorded
high-speed strikes on gelatin meal replacement for fish in the shape ofa 1.5x 1.5x 1.5
cm cube. Upon filming a feeding strike on a single cube, we immediately removed the
cube from the tank. The gel cube retains its shape in water and therefore allowed us to
precisely photograph and measure the area removed by each bite. We used an
Olympus Tough TG-5 camera to take photos of each lateral surface of the cube —
ensuring that we had photographed the entire bite—and measured the total surface
area removed (pixels?) from the cube (Figure 3B). We then standardized bite sizes
across photos by calculating bite area as a proportion relative to a standardized grid
present in each photo, and converting this proportional data into area (mm?) by
multiplying the proportion times the area of the grid (573.12 mm?). One caveat is we did
not measure the depth of the bite, which may be affected by additional kinematic
variables during the strike. However, scale-eating attacks observed in the lab and field
do not typically produce deep wounds in which bite depth would be relevant, thus we
expect that surface area is the best proxy for scale-biting performance in this system.
Although bites were removed from both the lateral surface and edge of the gelatin
cubes during strikes, there was no significant difference in surface area removed (t-test,
P=0.12).

Statistical analyses
Comparing strike kinematics
We collected and analyzed 101 feeding strikes from 31 individuals striking both shrimp
and scales (7 generalists; 7 snail-eaters; 9 scale-eaters; 8 F1 hybrids). We used linear
mixed models (LMMs) in the Ime4 package (Bates et al. 2014) in R (R Core Team
2018) to determine if any of our kinematic metrics varied between species or food item.
A mixed model approach is appropriate for these data, because it accounts for errors
due to repeated measures (Holzman et al. 2008; Holzman and Wainwright 2009). In
each model we included: 1) the kinematic metric as the response variable, 2) species
designation, food item, and their interaction as fixed effects, 3) individual fish IDs and
population nested within species as random effects, and 3) log body size as a covariate
(Table 1). Although we compared kinematic data across multiple species, very few
genetic variants are fixed between species (<1,000 SNPs out of 12 million) and
generalists and molluscivores cluster by lake rather than by species (McGirr and Martin
2017; Richards and Martin 2017; McGirr and Martin unpublished data; Richards et al.
unpublished data). Thus, it is appropriate to analyze species differences at these recent
timescales as population-scale data using mixed model analyses of independent
populations (e.g. Hatfield and Schluter 1999; McGee et al. 2013), rather than
phylogenetic comparative methods.

We also performed a linear discriminant analysis (LDA) on the combined shrimp
and scales kinematic data to reduce dimensionality and identify which kinematic metrics
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contributed most to differences between species (Table 2, Figure 1A). We used a
MANOVA and Wilks’ A to assess the significance of the LDA. We did not have enough
degrees of freedom to perform these analyses with all of our kinematic variables, so we
excluded time to peak protrusion and time to impact as they were highly correlated with
time to peak gape (Table S2, r>> 0.85), and also excluded distance from prey as it was
highly correlated with ram speed (Table S2, r>= 0.90). Our MANOVA ultimately included
1) peak protrusion, peak gape, time to peak gape, gape angle, lower jaw angle, time
from peak gape to impact, and ram speed as response variables, 2) species
designation as a predictor variable, and 3) individual ID as a random effect.

Determining how kinematic variables affect bite performance

We collected and analyzed 31 strikes on cubes across all three species and F1 hybrids.
We used generalized additive models (GAMs) from the mgcv package (Wood 2011) in
R to investigate how peak gape, peak protrusion, gape angle and lower jaw angle
affected bite size. We used GAMs for this analysis because they do not assume a linear
relationship between performance (i.e. bite size) and our given kinematic variables, but
instead can fit smoothing splines to the data to test for nonlinear associations. We used
AIC scores to select our optimal model (Table 3). We started with the most complete
model which included 1) bite size as the response variable 2) a spline modeling the
interaction between two of our predictor variables, and 3) a single fixed effect. There
were insufficient degrees of freedom to test all four terms at once in this model,
therefore we tested all combinations of this model with our four predictor variables
(Table 3A). We also tested all nested versions of this complex model by 1) removing the
interaction term, but maintaining two splines and a fixed effect (Table 3B), 2) removing
one spline and including three fixed effects (Table 3C), and finally 3) by testing the
model with all four variables as only fixed effects (Table 3D). Ultimately, our best
supported model included bite size as the response variable, a thin-plate spline of the
interaction between peak gape and gape angle, and lower jaw angle as a fixed effect
(AAIC of next best fitting model =32.56).

Finally, we predicted the bite size for each fish from their peak gape and gape
angle kinematic measurements using a machine-learning algorithm from the caret
package (Kuhn 2008) using a spline-based method. Using predictive modeling allowed
us to address two problems from our original cube dataset and analysis: First, cubes
are an ideal food item for connecting variation in kinematics to bite size (something that
was very difficult to do with shrimp and zebrafish), but are ultimately an unnatural food
item for fish, and their feeding strikes on cubes may not reflect feeding on natural prey.
Predictive modeling allowed us to use strikes performed on zebrafish and shrimp and
estimate bite sizes for each relevant prey item. Second, the cube dataset and analysis
did not look for variation across species, and instead, explicitly connected variation in
feeding kinematics (regardless of species) to bite size. Applying our predictive model to
the shrimp and zebrafish dataset allowed us to gain additional insight into differences
between species (Figure 4).

We used a GAM model, estimating the effect of gape size and gape angle on the
area removed from gelatin cubes, to predict bite performance (bite size) from the 101
feeding strikes on scales and mysis shrimp used in our previous analyses. Although we
would not realistically expect suction feeding strikes on mysis shrimp to result in a bite
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per se, we found no difference in any kinematic traits between food items and therefore
used strikes on both scales and shrimp for this analysis.

Ideally, we would have used our best-fitting GAM model, which also included
lower jaw angle as a fixed effect. However, the caret package currently only accepts two
fixed effects, and lower jaw angle ultimately did not affect bite size (P = 0.219). We
trained the model using all strikes observed on gelatin cubes (31 strikes across all three
species and F1 hybrids) and 10-fold cross-validations with three repeats as the
resampling scheme. We tested the accuracy of this model by comparing fitted values
from the model to observed values from the data set and found that our model was able
to predict 46% of the variance in the gelatin-strike dataset (df=1, F= 25.06 , P=2.5x107,
R?=0.46). We then used this model to predict bite size from each scale-biting and
suction-feeding strike based on the kinematic measurements alone. We used bootstrap
resampling (10,000 iterations) to calculate mean bite size and 95% confidence intervals
for each species.

Determining if hybrid kinematics match additive predictions

We calculated the predicted values for peak gape, lower jaw angle, and bite size for the
scale-eater x generalist F1 hybrids under the hypothesis that these kinematic traits
would be additive and therefore intermediate between generalist and scale-eater
values. We used a one sample t-test to test whether the observed values of the three
traits (peak gape, lower jaw angle, predicted bite sizes) for F1 hybrids deviated from
additive predictions.

Results

Scale-eaters exhibited divergent feeding kinematics compared to other pupfishes
Scale-eaters exhibited divergent feeding kinematics, while consuming both shrimp and
scales, compared to other groups (Figure 1A). A MANOVA supported the significance of
this discriminant analysis and found that species designation was a significant predictor
of kinematics (Wilks’ A = 0.13; F = 3.05; df = 3; P= 0.00036). Species significantly varied
in their peak gape and lower jaw angles during feeding strikes—regardless of the food
item— in a linear mixed model controlling for individual ID and body length (Table 1).
This pattern was driven by scale-eaters who had peak gapes that were twice as large
as other species, but also had lower jaw angles with their suspensorium that were 14%
more obtuse than other species (Figure 1B, C). Importantly, the scale-eaters’ more
acute angle of the jaw complex with respect to their body, along with their greatly
enlarged oral jaws, allows them to have increased peak gape while maintaining the
same gape angle as other species (Figure 2). This may allow their upper jaws to more
effectively ‘rake’ scales from the prey surface. Ram speed was the only kinematic
variable that marginally varied between food items: strikes on shrimp were
approximately 16% faster than those on scales (Table 1, Figure S1; P = 0.053).

Variation in strike kinematics affected bite size performance

GAM modeling indicated that the thin-plate spline of the interaction between peak gape
and gape angle was significantly associated with bite size (edf~=22.85, F=3.27, P=
0.0391). However, the fixed effect of lower jaw angle was not significant (t=-1.37,
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P=0.219). Ultimately this model explained 94.6% of the observed deviance in bite size,
and suggests that large gapes of about 4-5mm paired with gape angles of 80° are
associated with larger bites (Figure 3).

F1 hybrid kinematics are not strictly additive and more closely resemble generalist
kinematics

F1 hybrid feeding kinematics differed from scale-eater kinematics (Tukey HSD, peak
gape: P = 1.2x10°, lower jaw angle: P = 0.0090), but were not significantly different
from generalist kinematics (Tukey’s HSD, peak gape: P = 0.21, lower jaw angle: P =
0.37). Mean hybrid peak gape was 39% smaller than scale-eater peak gape and 32%
larger than generalist peak gape (Figure 1B). Similarly, mean hybrid lower jaw angle
was 9.5% more acute than scale-eater peak lower jaw angle, and 5.6% more obtuse
than the mean generalist lower jaw angle (Figure 1C). F1 hybrids failed to match
additive predictions of intermediate kinematics (i.e. the mean of the two parental
species) for peak gape (t-test, y= 3.035, mean= 2.52 mm, P = 0.013), but did meet
these predictions for lower jaw angle (t-test, y= 136.5, mean= 133.92 degrees, P =
0.18). Our machine learning model also predicted that scale-eater kinematics would
result in bite sizes that are approximately 40% larger than the predicted bites of the
other species (Figure 4). Estimates for F1 hybrid bite sizes were approximately 5%
smaller than expected based on additive predictions (t-test, predicted= 6.40 mm?,
observed= 6.08 mm?, P = 0.49).

Discussion

Scale-eating pupfish have divergent feeding kinematics

Scale-eating pupfish exhibited peak gapes that were twice as large as other groups,
but simultaneously displayed gape angles that were not different from other groups, and
lower jaw angles that were 12% more obtuse. Thus, scale-eaters kept their jaws more
closed during strikes compared to other species, resulting in smaller gape sizes than
the maximum achievable gape given their morphology. These counterintuitive results
only partially support our prediction that scale-eaters should have larger peak gapes,
similar to the findings of Janovetz (2005) for the scale-eating piranha. Increased gape
size in scale-eating pupfish was not due to an increased gape angle as we predicted.
Instead, scale-eaters appear to maintain the same gape angle of their oral jaws as in
other species (~80°) and increased their lower jaw angle resulting in more closure of
their jaws during strikes. Morphologically, it appears that scale-eaters are not physically
constrained from depressing their lower jaw much more than the observed 150° during
strikes (Figure 2D), indicating that their obtuse lower jaw angles are decreasing their
physically obtainable maximum peak gape (Figure 2). For example, if a scale-eater
were to adopt a generalist lower jaw angle of 130°, they could increase their peak gape
by about 8%. One possibility is that this more obtuse lower jaw angle is an artifact of
filming scale-eating strikes in the lab. To investigate this, we analyzed four scale-eating
strikes performed by wild scale-eaters observed in Crescent Pond, San Salvador Island,
Bahamas (filmed using a Chronos camera (Kron Technologies, model 1.4, 16 GB
memory, Color image sensor) with an f1.4 zoom lens in a custom underwater housing
(Salty Surf, Inc. Krontech Chronos 1.4 housing with M80 flat port) and compared their
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jaw angles to those seen in the lab. Wild strikes had an even more obtuse mean lower
jaw angle of 168° whereas scale-eating strikes in the lab had a mean lower jaw angle of
153°, suggesting that an obtuse lower jaw angle is also used during natural scale-eating
strikes in hypersaline lakes on San Salvador Island.

Strike kinematics did not vary across prey items (Table 1), contrary to Janovetz
(2005). In fact, the only kinematic variable that remotely varied between prey items was
ram speed (Table 1, Figure S1), but this may simply be due to the fact that sinking
frozen shrimp were a moving target during feeding trials while euthanized zebrafish
were held stationary with forceps for scale-eating strikes. Alternatively, phenotypic
plasticity due to rearing environment could produce a similar pattern; however, we did
not observe any differences in strike kinematics between wild caught and lab-reared
fish.

Is jaw morphology solely responsible for kinematic variation?

The kinematic variables that varied the most between scale-eating and non-scale-eating
pupfishes were peak gape and lower jaw angle—both related to the size of the oral
jaws. Previous work has documented that the oral jaws of scale-eating pupfish are two-
fold larger than their sister species (Holtmeier 2001; Martin and Wainwright 2013a;
Martin 2016) and may be controlled by four moderate-effect QTL with all positive effects
on jaw size, consistent with directional selection on this trait (Martin et al. 2017). It may
be that increased oral jaw size is sufficient to create variation in feeding kinematics
without an accompanying shift in behavior. Previous studies have documented how
changes in morphology alone can alter feeding kinematics. For example, kinematic
studies have found that the scaling of the lower jaw in bluegill (Wainwright and Shaw
1999) and body size in largemouth bass (Micropterus salmoides; Richard and
Wainwright 1995) both significantly affected prey capture kinematics. Furthermore,
Ferry-Graham et al. (2010) used the pike killifish (Belonesox belizanus) to show that
simply doubling the length of the jaws significantly affected key kinematic variables such
as peak gape size—even while keeping lower jaw angle constant. Simply stated, the
key adaptation necessary for scale-eating may be enlarged, supra-terminal jaws. If this
hypothesis were true, we would expect that peak gape would increase with jaw size and
that gape angle would increase with the shift from terminal to supra-terminal jaws, but
all other kinematics variables would remain constant across species. Our results reject
this hypothesis. Instead, scale-eaters maintain the gape angle observed in other
species and increase their lower jaw angle with the suspensorium by 12 degrees
resulting in a reduction in their potential peak gape size (Figure 2). This suggests that
scale-eaters have evolved more obtuse lower jaw angles during strikes to increase
feeding performance (Figures 3&4). Another explanation for the obtuse lower jaw
angles observed in scale-eaters may be related to the position of the lower jaw joint. In
scale-eaters, the lower jaw joint is more ventral than it is in generalists and snail-eaters
due to the supra-terminal position of the mouth. This positioning may physically
constrain how acute the lower jaw angle can be, preventing scale-eaters from
depressing their lower jaws past an angle of ~150°. However, this is highly unlikely
because the lower jaws of cleared and alizarin-stained scale-eating pupfish specimens
can be depressed to angles as small as ~100° with the suspensorium (Figure 2B). The
jaws of cleared and stained generalists can be depressed to a similar angle (Figure 2D).
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This strongly suggests that scale-eater morphology does not physically constrain them
from opening their jaws even larger than observed during strikes.

Scale-eating performance optimum

Scale-eaters may have reduced their lower jaw angles relative to other species in order
to remain on a performance optimum for scale-eating. Our models of bite size
supported this: peak gapes larger than approximately 4.5 mm counterintuitively resulted
in smaller bite sizes (Figure 3A&C). An enlarged lower jaw angle in scale-eating pupfish
results in a lower jaw that points directly towards the prey during strikes — possibly
resulting in greater stability for biting scales while retaining a large gape (Figure 2). This
large gape and unique jaw alignment may allow scale-eaters to attack prey from a
roughly perpendicular angle (as frequently observed during field observations) —
appearing to wrap their large lower jaw under prey items and subsequently scraping
scales from their sides using their independently protrusible upper jaws (also observed
in a scale-eating characin: Hata et al. 2011). Interestingly, perpendicular angles of
attack and large gapes are associated with scraping in benthic feeding fish (Van
Wassenbergh et al. 2008; O’Neill and Gibb 2013). In fact, two prominent hypotheses for
the origins of scale-eating are that it arose from 1) an algae-scraping ancestor or 2) an
ancestor specializing on scraping parasites from other fish (Sazima 1983).

One caveat for this hypothesis, however, is that our current performance
estimates do not include all possible combinations of peak gape and lower jaw angle
and few observations of the largest peak gape sizes. Future work should estimate
performance across multiple performance axes (e.g. Stayton 2019, Keren et al. 2018,
Dickson and Pierce 2019), ideally using F2 hybrids. F2 hybrids are a useful tool for this
type of experiment, as they are the first generation of offspring in which recombination
among parental alleles can produce new combinations of kinematic, morphological, and
behavioral traits not observed in the FO or F1 generations. Identifying and measuring
other traits that may be important for scale-eating, such as bite force, bite depth, or
endurance (which may affect prey acquisition), would also be informative.

Non-additive F1 hybrid feeding kinematics may contribute to reproductive isolation of
scale-eaters

It is well documented that complex performance traits, such as feeding kinematics, are
most likely controlled by numerous loci (i.e. polygenic), and can mostly be described as
additive (reviewed in Sella and Barton 2019). We therefore expected F1 hybrids to
exhibit intermediate kinematics and performance relative to both parental species.
Instead, we found that F1 hybrid kinematics more closely resembled generalists (Table
1; Figure 1) suggesting that F1 hybrids may have higher performance in a generalist
trophic niche.

Current evidence from field fitness experiments supports the idea that hybrid
pupfish exhibit better performance in the generalist ecological niche compared to their
performance in the scale-eater niche. One field experiment in these lakes measured
hybrid fitness in the wild and found high mortality and low growth rates for hybrids most
closely resembling the scale-eating phenotype (Martin and Wainwright 2013b).
Furthermore, for the few hybrids resembling scale-eaters which did survive, only 36%
had recently consumed any scales compared to 92% of wild-caught scale-eaters
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(Martin and Wainwright 2013a,b). Impaired hybrid performance in the scale-eating niche
may contribute to extrinsic postzygotic isolation between species (McGhee et al. 2007;
McGee et al. 2013; Higham et al. 2016). Reproductive isolation may also evolve more
quickly in species that occupy a more distant fitness peak with a larger fitness valley
such as the scale-eating pupfish due to stronger selection against hybrids and
reinforced pre-mating isolation (Martin and Feinstein 2014). Thus, impaired hybrid
scale-eating performance could also contribute to increased diversification rates through
the mechanism of a wider fitness valley.

Low hybrid performance may also be due to the morphological differences between
scale-eaters and generalists. As mentioned above, it is possible that a shift in
morphology — such as enlarged oral jaws in scale-eaters—may be sufficient to change
kinematic profiles alone. F1 hybrid kinematics clearly differed from scale-eater
kinematics, but their jaw lengths were also significantly smaller than the jaws of scale-
eaters (Tukey’s HSD, P = 5.21x10°). Furthermore, previous work has shown that F1
hybrid pupfish offspring (produced from generalist x scale-eater crosses) tend to
develop along a more similar trajectory to their maternal parent (Holtmeier 2001). This
could indicate that F1 hybrid pupfish with scale-eating mothers are more likely to
develop jaws resembling a purebred scale-eater, but may also retain their generalist-like
kinematics. The resulting mismatch between morphology, kinematic traits, and
ecological niche may be driving low hybrid survival in the scale-eating niche and
contributing to reproductive isolation between generalist and scale-eating pupfish
species.

Conclusion

In conclusion, this study explicitly takes advantage of an adaptive radiation of
Cyprinodon pupfishes to make comparisons of scale-eating kinematics across multiple
species. This comparative approach allowed us to pinpoint traits that are important for
scale-eating. Our results suggest that shifts in key kinematic traits may have preceded
or facilitated the origin of scale-eating in Cyprinodon pupfishes. Scale-eating pupfish
exhibited peak gapes that were twice as large as other pupfish species, but
simultaneously had lower jaw angles that were significantly larger. We also directly
connected variation in kinematic traits to feeding performance—a step that is rarely
taken in kinematic studies. Surprisingly, we found that this unique combination of scale-
eater kinematics may reside on a performance optimum, as large peak gapes and large
lower jaw angles resulted in larger bite sizes. Impaired F1 hybrid kinematics and
performance in the scale-eating niche also suggests that kinematic traits contribute to
reproductive isolation of the scale-eating pupfish and the evolution of ecological novelty.
Future work should investigate if other performance optima exist on the kinematic
landscape and whether F2 hybrid fitness in the wild is reduced due to a mismatch
between morphology and feeding kinematics.

Data Accessibility
All analyses reported in this article can be reproduced using the data provided by St.
John and Martin (2019). Raw data will be deposited in Dryad.
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Tables

Table 1. Results of linear mixed models investigating if strike kinematic variables vary
between 1) species (generalists, snail-eaters, scale-eaters, or hybrids), 2) food item
(shrimp or scales), or 3) the interaction between the two. Significant predictors are
indicted in bold.

Response Predictors X2 df P
Peak Protrusion (mm)
Species 4.01 3 0.26
Food Item 1.10 1 0.29
log(Body Length) 3.01 1 0.08
2
Species:Food ltem 2.03 3 0.57
Time to Peak
Protrusion (s) Species 3.80 3 0.27
Food Iltem 0.73 1 0.39
log(Body Length) 1.02 1 0.31
Species:Food ltem 4.03 3 0.26
Peak Gape (mm)
Species 23.13 3 3.8x103
Food Iltem 0.71 1 0.40
log(Body Length) 1.24 1 0.27
Species:Food ltem 0.65 3 0.88
Time to Peak Gape (s)
Species 243 3 0.49
Food Item 0.57 1 0.45
log(Body Length) 2.80 1 0.17
Species:Food ltem 1.87 3 0.60
Gape Angle (degrees)
Species 3.28 3 0.35
Food Item 0.032 1 0.86
log(Body Length) 1.01 1 0.32
Species:Food ltem 3.43 3 0.33
Lower Jaw Angle
(degrees)
Species 18.62 3 0.00033
Food Item 0.0031 1 0.96
log(Body Length) 3.53 1 0.060
Species:Food ltem 3.56 3 0.31
Time to Impact (s)
Species 2.55 3 0.47
Food Iltem 2.05 1 0.15
log(Body Length) 1.40 1 0.24
Species:Food ltem 4.69 3 0.20
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Time from Peak Gape
to Impact (s)

Species 2.44 3 0.48
Food Item 0.97 1 0.32
log(Body Length) 0.57 1 0.45
Species:Food ltem 1.39 3 0.71
Starting Distance from
prey (mm)
Species 0.43 3 0.93
Food Item 1.99 1 0.16
log(Body Length) 2.77 1 0.10
Species:Food ltem 0.80 3 0.85
Ram speed (m/s)
Species 3.25 3 0.35
Food ltem 3.75 1 0.053
log(Body Length) 1.55 1 0.21
Species:Food ltem 2.02 3 0.57
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Table 2. Results of a linear discriminant analysis for kinematic variables for strikes on
shrimp and scales.

Kinematic Metrics LD1 LD2 LD3
Peak Jaw Protrusion -0.082 -0.49 -0.065
(mm)

Peak Gape (mm) 1.55 0.39 -0.56
Time To Peak Gape (s) -8.00 12.16 10.24
Gape Angle (degrees) -0.032 -0.012 -0.033

Lower Jaw Angle 0.069 0.0029 0.022
(degrees)
Time to Impact (s) -0.85 31.32 -33.03
Ram speed (m/s) -7.98 17.27 10.67
Proportion of Trace 0.92 0.056 0.028

39



Table 3. Results of GAM model comparisons using AIC score. The best-fitting model is
indicated in bold.

Model AAIC
A 1 Area~s(Peak Gape, Peak Protrusion, bs="ts")+(Lower Jaw Angle) 38.76
2 Area~s(Peak Gape, Peak Protrusion, bs="ts")+(Gape Angle) 39.81
3 Area~s(Peak Gape, Gape Angle, bs="ts")+(Lower Jaw Angle) 0
4  Area~s(Peak Gape, Gape Angle, bs="ts")+(Peak Protrusion) 44
5 Area~s(Peak Gape, Lower Jaw Angle, bs="ts")+(Peak Protrusion) 42.86
6 Area~s(Peak Gape, Lower Jaw Angle, bs="ts")+(Gape Angle) 43.97
7 Area~s(Peak Protrusion, Lower Jaw Angle, bs="ts")+(Peak Gape) 41.75
8 Area~s(Peak Protrusion, Lower Jaw Angle, bs="ts")+(Gape Angle) 44.55
9 Area~s(Peak Protrusion, Gape Angle, bs="ts")+(Peak Gape) 36.93
10 Area~s(Peak Protrusion, Gape Angle, bs="ts")+(Lower Jaw Angle) 44.29
11 Area~s(Gape Angle,Lower Jaw Angle, bs="ts")+(Peak Gape) 41.75
12 Area~s(Gape Angle,Lower Jaw Angle, bs="ts")+(Peak Protrusion) 44.87
B 13 Area~s(Peak Gape)+ s(Peak Protrusion)+(Lower Jaw Angle) 32.56
14 Area~s(Peak Gape)+ s(Peak Protrusion)+(Gape Angle) 34.64
15 Area~s(Peak Gape)+ s(Gape Angle)+(Lower Jaw Angle) 37.35
16 Area~s(Peak Gape)+ s(Gape Angle)+(Peak Protrusion) 34.64
17 Area~s(Peak Gape)+ s(Lower Jaw Angle)+(Peak Protrusion) 32.56
18 Area~s(Peak Gape)+ s(Lower Jaw Angle)+(Gape Angle) 34.88
19 Area~s(Peak Protrusion)+s(Lower Jaw Angle)+(Peak Gape) 43.45
20 Area~s(Peak Protrusion)+s(Lower Jaw Angle)+(Gape Angle) 47.74
21 Area~s(Peak Protrusion)+s(Gape Angle)+(Peak Gape) 44.15
22 Area~s(Peak Protrusion)+s(Gape Angle)+(Lower Jaw Angle) 47.97
23 Area~s(Gape Angle)+s(Lower Jaw Angle)+(Peak Gape) 45.07
24 Area~s(Gape Angle)+s(Lower Jaw Angle)+(Peak Protrusion) 47.74
C Area~s(Peak Gape)+Peak Protrusion+Lower Jaw Angle+Gape
25 Angle 33.8
Area~s(Peak Protrusion)+Peak Gape+Lower Jaw Angle+Gape
26 Angle 45.45
Area~s(Lower Jaw Angle)+Peak Protrusion+Peak Gape+Gape
27 Angle 45.45
Area~s(Gape Angle)+Peak Protrusion+Peak Gape+Lower Jaw
28 Angle 45.45

D 29 Area~Peak Gape+Peak Protrusion+Lower Jaw Angle+Gape Angle  45.45
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Figures
Figure 1.

Figure 1. Divergent feeding
kinematics in scale-eaters.
A) Biplot of discriminant axes
1 (LD1) and 2 (LD2)
describing overall kinematic
differences among pupfish
groups (generalists, snail-
eaters, scale-eaters, or F1
hybrids). Ellipses represent
95% Cls. B) Mean peak gape
(mm) for each species with
95% Cls calculated via
bootstrapping (10,000
iterations). C) Mean lower jaw
angle at peak gape (mm) for
each species with £ 95% Cls
calculated via bootstrapping
(10,000 iterations).
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Figure 2.

A. Generalist
Protrusion: 6 mm

3 Gape Angle: 80°
& Gape: 2 mm

Lower Jaw Angle: 130°

Protrusion: 6 mm

7. Gape Angle: 80°
/:\[ ‘ Gape: 4 mm

Lower Jaw Angle: 150°

. B. Generalist

o) 3
03.3°

D. Scale-Eater

Figure 2. The large jaws of scale-eating pupfish allow them to double their gape
size and increase the angle between their lower jaw and suspensorium (lower jaw
angle) while maintaining the same gape angle as other species during feeding
strikes. A) Hypothetical measurements of a generalist’s protrusion distance, peak gape,
and lower jaw angle if they strike a food item with an 80° gape angle. B) Lower jaw
angle produced by maximum depression of a generalist’s lower jaw on a cleared and
alizarin/alcian blue double-stained specimen. C) Hypothetical measurements of a scale-
eater’s protrusion distance, peak gape, and lower jaw angle if they strike a food item
with an 80° gape angle. D) Lower jaw angle produced by maximum depression of a

scale-eater’s lower jaw.
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Figure 3.
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Figure 3. The interaction of peak gape and gape angle may result in a
performance optimum for scale-biting. A) Visualization of the two-way thin-plate
spline from the best fitting GAM model. Points represent raw data and colors represent
relative bite sizes from a thin-plate spline fit to peak gape (mm) and gape angle
(degrees). Estimates of the surface by the GAM model are only calculated in regions
containing data. B) Representative scale-eating bites taken out of gelatin cubes.
Visualization of the relationship between bite size (surface area removed from the
gelatin cube per strike) and C) peak gape (mm), D) gape angle, and E) lower jaw angle
from the best fitting GAM model. Points represent raw data from each strike and lines
represent univariate splines (C and D) or a linear regression (E) fit to the data along with
95% Cls in grey.
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Figure 4.
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Figure 4. Scale-eaters have larger predicted bite sizes compared to other groups.
Predicted bite sizes for all strikes from each species using machine-learning
optimization of GAM models. Grey points represent predicted bite sizes for individuals,
color points represent means, and bars represent £ 95% Cls calculated via
bootstrapping (10,000 iterations).

44



Supplemental Material
Supplemental tables

Table S1. Jaw length varies between species. Results of linear mixed model
investigating if any morphological traits varied between species. Significant predictors
are indicated in bold.

Response Predictors x? df P
Log Body Length
Species 6.36 3 0.095
Log Jaw Length
Species 45.87 3 6.039x101°
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Table S2. Correlation matrix describing the relationship between 10 kinematic
variables. Variables that are highly correlated (r? > .8) are indicated in bold

Time to Time to TR0 o
Peak Peak Inner Jaw |Lower Jaw| Time to | Peak Distance |Ram
Protrusion Paak Gape Paak Angle Angle Impact |Gape to |from prey|Speed
Protrusion P Gape 9 9 P P prey|=p
Impact

g, ) 1 0.37] 054 0.38 -0.14 017 0.26 -0.33 0.22] 0.08
Protrusion
Time to
Peak 0.37 1 043 0.91 0.14 -0.04 0.86 -0.25 042] 0.06
Protrusion
Peak

0.54 043 1 043 0.24 0.13 0.29 -0.37 0.13] -0.01
Gape
Time to
Peak 0.38 0.91] 043 1 0.16 0.01 0.91 -0.36 041] 0.03
Gape
ATNSE chet -0.14 0.14| 024| o0.16 1 011 041 -0.16 0.08| 0.04
Angle
LOWeE Jew 017 20.04] 013 0.01 -0.11 1| -003] 009 -0.09] -0.08
Angle
Tie fo 0.26 086 029] 0.91 0.1 -0.03 1 0.06 037 -0.04
Impact
Time from
Peak

-0.33 -0.25| -0.37| -0.36 -0.16 -0.09 0.06 1 -0.16| -0.17
Gape to
Impact
Distance

0.22 042| 0.13 0.41 0.08 -0.09 0.37 -0.16 1 0.9
from prey
Ram

0.08 0.06] -0.01 0.03 0.04 -0.08] -0.04 017 09 1
Speed
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Supplemental figures

Figure S1.
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Figure S1. Pupfishes approach shrimp more quickly than they do scales. Colored
points represent mean ram speed (m/s) and 95% confidence intervals when consuming
shrimp versus scales for all species.
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Inter-chapter Transition

In chapter two, | investigated whether scale-eating pupfish 1) exhibited differential
feeding kinematic profiles compared to other pupfish species and 2) whether these
differences are adaptive for scale-feeding. | found that scale-eaters indeed exhibit
differential kinematic profiles while feeding, and that these differences lead to larger
bites. These data, however, also indicate that scale-eating pupfish are anatomically
capable of taking larger bites but that they behaviorally mediate their feeding kinematics
to produce optimal bite kinematics. Findings from this chapter, in conjunction with the
findings of chapter one, highlight the importance of investigating the interaction between
morphology and behavior, especially when considering complex phenotypes such as
feeding performance. Chapter three directly applies these principles to the complex
phenotype of snail-feeding in the pupfish system. | directly investigate the relative
contribution of morphology vs behavior for snail-eating using the natural variation
produced from F1 and F2 snail-eating hybrids and find that, in the case of snail-feeding,
behavioral adaptation may be sufficient for performing in this unique ecological niche.
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Chapter 3: Oral shelling within an adaptive radiation of
pupfishes: testing the adaptive function of novel nasal
protrusion and behavioral preference

This chapter has been previously published and is reproduced here in accordance with
the journal’s article sharing policy:

St. John, M. E., Dixon, K., & Martin, C. H. (2020). Oral shelling within an adaptive
radiation of pupfishes: testing the adaptive function of novel nasal protrusion and
behavioral preference. Journal of Fish Biology, (April), 1-9. doi: 10.1111/jfb.14344

Significance Statement

Specialization on hard-shell prey items (i.e. durophagy) is a common dietary niche
among fishes. Oral-shelling is a rare technique used by some durophagous fish to
consume prey items like snails; however, adaptations for oral-shelling are still unknown.
Here, we document the first evidence of oral-shelling in a cyprinodontiform fish, the
durophagous pupfish (Cyprinodon brontotheroides), and experimentally test whether its
novel nasal protrusion is an adaptation for oral-shelling using hybrid feeding trials.

Abstract

Dietary specialization on hard prey items, such as mollusks and crustaceans, is
commonly observed in a diverse array of fish species. Many fish consume these types
of prey by crushing the shell to consume the soft tissue within, but a few fishes extricate
the soft tissue without breaking the shell using a method known as oral-shelling. Oral-
shelling involves pulling a mollusk from its shell and may be a way to subvert an
otherwise insurmountable shell defense. However, the biomechanical requirements and
potential adaptations for oral-shelling are unknown. Here, we test the hypothesis that a
novel nasal protrusion is an adaptation for oral-shelling in a durophagous pupfish
(Cyprinodon brontotheroides). We first demonstrate oral-shelling in this species and
then predicted that a larger nasal protrusion would allow pupfish to consume larger
snails. Durophagous pupfish are found within an endemic radiation of pupfish on San
Salvador Island, Bahamas. We took advantage of closely related sympatric species and
outgroups to test: 1) whether durophagous pupfish shell and consume more snails than
other species, 2) if F1 and F2 durophagous hybrids consume similar amounts of snails
as purebred durophagous pupfish, and 3) to determine if nasal protrusion size in
parental and hybrid populations increases the maximum diameter snail consumed. We
found that durophagous pupfish and their hybrids consumed the most snails, but did not
find a strong association between nasal protrusion size and maximum snail size
consumed within the parental or F2 hybrid population, suggesting that the size of their
novel nasal protrusion does not provide a major benefit in oral-shelling. Instead, we
suggest that nasal protrusion may increase feeding efficiency, act as a sensory organ,
or is a sexually selected trait, and that a strong feeding preference may be most
important for oral-shelling.
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Introduction

Dietary specialization is thought to be one way to reduce competition for a food source
or to forage more optimally (Pyke 1984; Futuyman and Moreno 1988; Robinson and
Wilson 1998). One form of dietary specialization, especially among fishes, is the
increased consumption of hard-shelled prey items, such as mollusks and crustaceans
(hereafter referred to as durophagy), and both freshwater and marine fishes include
durophagous specialists. There are two main ways that fish consume hard-shelled prey
items: First, fish may crush or break the outer shell to consume the soft tissue within.
Some fishes, such as black carp (Mylopharyngodon picesus), pumpkinseed sunfish
(Lepomis gibbosus), redear sunfish (Lepomis microlophus), black drum (Pogonias
cromis), Florida pompano (trachinotus carolinus), and the black margate (Anisotremus
surinamensis), use their pharyngeal jaws to crush the shells of snails and other
mollusks in order to consume them (Lauder 1983; Grubich 2003; Gidmark et al. 2015).
Others, such as the striped burrfish (Chilomycterus schoepfi), use their fused oral teeth
to manipulate and crush shells (Winterbottom 1974; Ralston and Wainwright 1997). The
biomechanical constraints of crushing hard shells is well documented in fish. For
example, body mass (g), bite force (N), and pharyngeal jaw gape size are understood to
limit the upper size of prey in the Caribbean hogfish (Lachnolaimus maximus), where
larger fish generally produce both larger gapes and increased crushing force, allowing
them to crush larger or thicker shells (Wainwright 1987, 1991). Similarly, the upper prey
size consumed by black carp is limited by 1) the amount of force produced by its
pharyngeal jaw closing muscle (medial levator arcus branchialis V) (Gidmark et al.
2013) and 2) the size of the pharyngeal jaw gape (Gidmark et al. 2015).

An alternative and much rarer method of consuming hard-shelled prey, primarily
documented in cichlids endemic to Lake Malawi (Metriaclima lanisticola), Lake Victoria
(Hapochromis. xenognathus, H. sauvagei and Macropleurodus bicolor), and Lake
Edward (H. concilians sp. nov., H. erutus sp. nov. and H. planus sp. nov), is to extract
the soft tissue of the gastropod from its shell via wrenching or shaking, known as ‘oral-
shelling’ (Slootweg 1987; Madsen et al. 2010; Lundeba et al. 2011; Vranken et al.
2019). ltis typically thought that oral-shelling is a way to circumvent the force and
pharyngeal gape size requirements for consuming large mollusks because oral-shelling
does not require a fish to break a mollusk’s shell; however, very few studies have
investigated oral-shelling in general (but see: Slootweg 1987; De Visser and Barel
1996) nor have they investigated adaptations for oral-shelling.

One possibility may be that fish use morphological adaptations to create a
mechanical advantage during oral-shelling. For example, one hypothesis is that the
fleshy snout of Labeotropheus cichlids is used as a fulcrum, allowing fish to more easily
crop algae from rocks versus the bite-and-twist method observed in other cichlid
species (Konings 2007; Conith et al. 2018), and specifically that increased snout depth
may help create this mechanical advantage (Conith et al. 2019). A similar method may
be used during oral-shelling to amplify force while removing snails from their shells.
Thus, we predicted that larger nasal fulcrums should provide greater mechanical
advantage for successfully oral-shelling larger prey.

The durophagous pupfish (Cyprinodon brontotheroides) is an excellent species
for testing whether a novel morphological trait provides a mechanical advantage for
oral-shelling. Durophagous pupfish are found within an adaptive radiation of pupfish
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endemic to the hypersaline lakes of San Salvador Island, Bahamas, which also includes
a generalist pupfish (C. variegatus) and a scale-eating pupfish (C. desquamator; Martin
and Wainwright 2011, 2013a). Geological evidence suggests that the hypersaline lakes
of San Salvador Island, and thus the radiation itself, are less than 10,000 years old
(Hagey and Mylroie 1995; Martin and Wainwright 2013c,a). Phylogenetic evidence also
indicates that: 1) generalist pupfish found outside San Salvador Island are outgroups to
the entire San Salvador clade, and 2) that durophagous pupfish cluster near generalists
from the same lake populations, indicating that there is extensive admixture between
these young species (Martin and Feinstein 2014; Martin 2016; Lencer et al. 2017;
Richards and Martin 2017). Gut content analyses indicated that durophagous pupfish
consume approximately 5.5 times the number of mollusks and crustaceans (specifically
ostracods) as generalists and fewer shells, suggesting that durophagous pupfish may
be orally shelling their prey (Martin and Wainwright 2013c). In addition to their dietary
specialization, durophagous pupfish also possess a novel nasal protrusion not observed
in other pupfish species (Martin and Wainwright 2013a). This nasal protrusion is an
expansion of the maxilla, and extends rostrally over the upper jaws (Hernandez et al.
2018). It is plausible that this nasal protrusion is an adaptation for oral-shelling used by
the durophage as a fulcrum.

We investigated oral-shelling behavior in the laboratory and tested if the nasal
protrusion of durophagous pupfish is an adaptation for oral-shelling. We measured snail
consumption across 6 groups in the laboratory: outgroup generalists, generalists from
San Salvador Island, scale-eaters, durophages, and F1 and F2 durophage hybrids
(produced by crossing purebred durophages and generalists in the lab). If the novel
nasal protrusion is adapted for oral-shelling, we expected that durophages would
consume significantly more snails than generalists and scale-eaters. We explicitly took
advantage of the ease of hybridization in this system to test predictions about the
underlying genetics of the nasal protrusion and snail-eating behavior using F1 and F2
hybrids. If the nasal protrusion or snail-eating behavior is an additive trait, then we
expected that F1 hybrids would show intermediate snail consumption and intermediate
nasal protrusion size between the parental species, and that F2 hybrids would show
greater variation in snail consumption and nasal protrusion size compared to parental
species. Finally, we also investigated the relationship between nasal protrusion size and
snail-shelling performance, by asking if individuals with larger noses could consume
larger snails in lab-reared populations of both durophages and F2 hybrids. Again, we
took advantage of F2 hybrids, because we could test a wider variety of nasal protrusion
sizes, and because recombination may have broken up the relationship between nasal
protrusion size and snail-eating preference in the F2 generation.

Ultimately, we found that, contrary to our predictions, purebred durophages, F1,
and F2 hybrids all shelled significantly more snails than other pupfish species and we
did not find evidence that larger nasal protrusions allowed durophages to consume
larger snails. Instead, we discuss alternative explanations for the novel nasal protrusion
such as a putative function in foraging efficiency, sexual selection, olfaction, or
increased area for superficial neuromasts.
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Methods

Collection and care

During the summer of 2017, we used seine nets to collect generalist, durophage, and
scale-eater pupfishes from Crescent Pond (24.113102, -74.458204), Little Lake
(24.101137, -74.482333), Osprey Lake (24.111895, -74.465260), and Oyster Pond
(24.108591, -74.462730, San Salvador Island, Bahamas). We also collected generalist
pupfish from Lake Cunningham (25.060154, -77.405679, Nassau, Bahamas) to use in
outgroup comparisons. We transported fish back to the University of North Carolina,
Chapel Hill, where they were maintained in mixed-sex stock tanks (37-751) in
approximately 26° C water at approximately 5-10 ppt salinity (Instant Ocean salt mix). In
the lab, we produced F1 and F2 hybrid offspring using snail-eater and generalist
parents. Wild caught individuals were also allowed to breed and produced F1-F3
purebred offspring. Hybrid and purebred offspring were used in our feeding assays. We
fed all fish a diet of commercial pellet foods, frozen bloodworms, and mysis shrimp
daily.

We also maintained a colony of freshwater sinistral snails (Physella sp.). We kept
snails in a 7-liter stock tank containing the same water used in pupfish tanks. All snails
were acclimated to 5-10 ppt salinity for at least 48 hours before being used in a feeding
trial. We fed snails a diet of bloodworms every 48 hours. We ran multiple control trials
without fish alongside feeding trials to track natural snail mortality rates.

Morphological measurements

We measured standard length of each fish by measuring the distance from the tip of the
upper jaw to the posterior end of the hypural plate. We also measured nasal protrusion
size for a subset of fish (9 generalists, 50 durophages, 17 F1 hybrids, and 62 F2
hybrids) using image processing software (Schindelin et al. 2012). Scale-eating pupfish
do not exhibit even marginal nasal protrusion, and therefore we did not include them in
this analysis. We measured fish nasal protrusion size by drawing a tangent line aligning
the most anterior dorsal point of the premaxilla with the neurocranium and measuring a
perpendicular line at the deepest part of the nasal region (Figure 1C).

Feeding assay
We quantified the number of snails consumed by all three species of pupfish and
hybrids using feeding assays. Prior to a feeding assay, fish were removed from stock
tanks and isolated in 2L trial tanks which contained one synthetic yarn mop to provide
cover for the fish. We allowed fish to acclimate in trial tanks for at least 12 hours before
the start of a feeding assay. After the acclimation time, we haphazardly chose 5 snails
from our snail stock tank and added them to each feeding assay tank. We added one
bloodworm to each tank to ensure that even fish which did not consume any snails had
an adequate diet. Fish were allowed to feed freely on snails for 48 hours with no
additional food source. At the end of the 48-hour assay period fish were removed from
trial tanks, photographed, and placed back into mixed-sex stock tanks. We then
recorded the number of snails that were consumed (empty shells remaining) and
unconsumed. Finally, we measured the size of each snail shell from the anterior tip of
the shell’s aperture to farthest tip of the spire (mm) using digital calipers and image
processing software. In total, we measured feeding success for 13 outgroup generalists,
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20 generalists, 55 durophages, 20 scale-eaters, 25 F1 hybrids, and 63 F2 hybrids. We
sampled purebred durophages and F2 hybrids more densely (i.e. testing all available
individuals from our lab colony), because we anticipated needing increased power to
detect how variation in nasal protrusion size affected snail-consumption compared to
the power required to detect differences between species. Out of the 196 trials, only 11
finished the trial period with four snail shells instead of the given five, suggesting that at
most 3.5% of snail consumption involved also eating the shell.

Data processing

No differences between fully consumed and partially consumed snails

We noticed that a portion of the snails were only partially consumed (i.e. part of the snail
tissue remained in the shell versus a completely empty shell after 48 hours) and
therefore used a generalized linear mixed model (GLMM) with a binomial response
distribution to determine if partially consumed snails should be analyzed separately from
fully consumed snails. We included 1) whether snails were fully or partially consumed
as the response variable (binomial data), 2) species designation as a fixed effect, 3)
population and fish ID as random effects, and 4) log standard length as a covariate. We
found that the pattern of partially and fully consumed snails did not vary across species
(x2=2.73, df=5, P=0.74), and therefore included all partially consumed snails in the
general “consumed” category for the remainder of our analyses.

Statistical analysis

We used a linear mixed model to investigate the relationship between nasal protrusion
distance and species. For this analysis we used a subset of our data which includes: 9
generalists, 50 durophages, 17 F1 hybrids, and 62 F2 hybrids. Our model included 1)
log nasal protrusion size as the response variable, 2) species designation, log standard
length, and their interaction as fixed effects, and 3) population as a random effect. We
also used Tukey’s HSD to make post hoc comparisons across species.

We used a GLMM with a negative binomial distribution to explore whether the
number of snails consumed varied between species. We included 1) whether snails
were consumed or unconsumed as the response variable (binomial data), 2) species
designation as a fixed effect, 3) population and fish ID as random effects, and 4) log
standard length as a covariate. We made additional post hoc comparisons between
groups using Tukey’s HSD.

We used a linear mixed model to determine if the size of snails varied by whether
they were consumed or unconsumed and whether that varied between species. We
included 1) snail size (mm) as the response variable, 2) whether snails were consumed
or unconsumed, species designation, and their interaction as fixed effects, 3) population
and fish ID as random effects, and log standard length as a covariate. We made
additional post hoc comparisons between groups using contrasts and an FDR
correction.

Finally, we investigated if nasal protrusion distance affected the maximum size
snail an individual could consume as an estimate of snail-shelling performance. For this
analysis we only considered purebred durophages and F2 hybrids (separately) as they
had the largest observed variance in nasal protrusion size and only included individuals
that consumed at least one snail during the feeding trial. For each group, we used a
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linear model with 1) the size of the largest consumed snail for each individual as the
response variable, 2) log nasal protrusion size, log standard size, and their interaction
as fixed effects, and 3) the residuals from a linear model investigating the relationship
between snail size and nasal protrusion size as a covariate. We included this additional
covariate because we found a strong positive relationship between mean snail size
provided during trials and nasal protrusion in both purebred durophages (LM: P=1.72 x
10, adjusted R? =0.14) and F2 hybrids (LM: P=5.58 x 107'°, adjusted R? =0.12), and
wanted to account for this variation in the model (Figure S2). This variation reflected our
attempt to provide some larger snails in trials with larger fish to better assess
performance. We additionally included the random effect of population in our durophage
model.

Ethical statement

This study was conducted with the approval of the Animal Care and Use Committee of
the University of North Carolina, Chapel Hill, NC (protocol# 15—-179.0). All wild fish were
collected with a research and export permit from the Bahamas BEST commission,
renewed annually since 2011.

Results

Nasal protrusion size does not vary between purebred durophages and hybrids

Our linear mixed model indicated that nasal protrusion size is significantly associated
with log standard length (y2= 27.63, df=1, P=1.47x107; Figure S1), but that this
relationship does not vary between purebred and hybrid durophages (y2= 3.22, df<=3, P
= 0.36). Post hoc analysis indicated that generalists had smaller noses than durophages
(P <0.0001) and F1 hybrids (P = 0.016; Figure 1A).

Purebred durophages and their hybrids consume the most snails

We found that species designation was a significant predictor for the number of snails
an individual consumed (GLMM; 2= 35.61, df=5, P=1.129X10). Specifically, we
found that durophages, F1 hybrids, and F2 hybrids consumed more snails than the
generalist outgroup population (Lake Cunningham, New Providence Island, Bahamas)
and scale-eating pupfish (Figure 1B). Durophages, F1 hybrids, and F2 hybrids also
consumed twice as many snails as generalists, however this difference was not
significant.

Consumed snails were larger than unconsumed snails

In general, we found that the size of snails varied 1) by whether they were consumed
(x2=4.002, df=1, P=0.045), and 2) across species (y2= 24.79, df=5, P=0.00015).
Specifically, we found that consumed snails were on average 0.12 mm larger in
diameter than unconsumed snails (P=0.046). Generalists and scale-eaters received
snails that were approximately 17% larger than other groups (generalists: P=0.016;
scale-eaters: P=0.02; Figure 1D). Although this was unintentional due to the available
size distributions of snails in our colony over the ten month course of the feeding trails,
we believe that it did not introduce a significant bias because 1) larger snails were more
likely to be consumed (in fact there was only an 8% difference between the mean size
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of snail given to generalists and scale-eaters vs the mean size of consumed snails) and
2) generalists and scale-eaters were excluded from analyses which examined how
nasal protrusion affected a fish’s ability to consume snails.

Nasal protrusion size did not significantly increase the maximum snail size consumed
We found no effect of log nasal protrusion size, log standard length, or their interaction
on the size of the largest consumed snail for either durophages
(Plog(nasalprotrusionsize)=0-49, P/og(standardlength)=0-61 , Pinteraction=0.56; Figure 2A) or F2 hybrids
(P Iog(nasalprotrusionsize)=0-83, P /og(standardlength)=0-66, P, im‘eraction=0.91; Figure ZB)

Discussion

We present the first strong evidence in any cyprinodontiform fish that the durophagous
pupfish is an oral-sheller, shaking snails free from their shells rather than crushing or
ingesting the whole shell. This is consistent with their notably non-molariform
pharyngeal jaws relative to generalists and snail-crushing species (Figure 3). We then
tested the hypothesis that the durophagous pupfish’s novel nasal protrusion is an
adaptation for removing snails from their shells, potentially functioning as a fulcrum. We
predicted that durophagous pupfish would 1) consume more snails than other groups,
and 2) consume larger snails than other groups. We found that both durophages and
their F1 and F2 hybrid offspring consumed the most snails compared to other groups
(Figure 1B), indicating that any substantial amount of durophagous genetic ancestry
increases the number of snails consumed over a 48-hour feeding trial. However,
contrary to our expectations, we found no significant evidence that larger nasal
protrusions within hybrid or parental durophagous pupfish populations enabled the fish
to consume larger snails (Figure 2).

Durophages have a stronger behavioral preference for snails compared to other species
One explanation for the observed pattern is that durophagous pupfish have a stronger
preference for snails which is independent from their novel nasal protrusion. We see
some support for this within our data. Generalist pupfish from San Salvador Island
consumed significantly more snails than generalists found outside of the radiation on
New Providence Island, and even consumed statistically similar amounts of snails as
purebred durophages despite having much smaller nasal protrusions (Figure 1A&B). It
could be that extensive geneflow between generalists and durophages on San Salvador
Island spread alleles for snail-eating preference throughout both pupfish species (Martin
and Feinstein 2014). Alternatively, the common ancestor of durophages and generalists
may have had a strong preference for snails (Martin and Feinstein 2014; Richards and
Martin 2017). The increased aggression of both male and female durophages toward
conspecifics by potentially alternate genetic pathways to scale-eaters, as shown in a
recent study (St. John et al. 2019), could also be associated with their stronger
preference for aggressively attacking snails to flip them over before gripping the body of
the snail in their oral jaws and shaking them free from their shells.

Liem’s hypothesis and subsequent work has long supported the idea that
morphological specialization need not coincide with trophic specialization, or vice versa.
For example, Tropheops tropheops and Metriaclima zebra, two cichlids from Lake
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Malawi that are morphologically specialized for scraping algae often fill a generalist
ecological niche, consuming zooplankton, benthic invertebrates, and phytoplankton
(Liem 1978, 1980; McKaye and Marsh 1983), particularly during periods of resource
abundance (Martin and Genner 2009). An analogous argument can be made for
individual dietary specialization within a population (Bolnick et al. 2003). For example,
Werner and Sherry (1987) found that individual Cocos Island finches specialize on a
wide variety of taxa including crustacea, nectar, fruit, seeds, mollusks, and lizards, and
that individual dietary specialization was most likely driven by behavioral differences.
Similarly, increased levels of individual specialization in sticklebacks are driven by shifts
in forager density or intraspecific competition (Svanback and Bolnick 2005, 2007; Araujo
et al. 2008). Thus, individual specialization is often driven entirely by differences in
behavior, feeding preference, or other external factors and can be divorced from
adaptive differences in morphology (Werner and Sherry 1987).

Alternative functions of the novel nasal protrusion
We investigated whether an increase in nasal protrusion size affected the maximum
size snail an individual could consume (Figure 2). However, it could be that the novel
nasal protrusion is related to feeding efficiency, e.g. in handling time per snail, or is a
sensory organ used for locating snails more efficiently with potentially increased
numbers of superficial neuromasts (Shibuya et al. 2020). There are several examples of
nasal protrusions that are used for this purpose. The unique rostrums of paddlefish
(Polydontidae), sturgeon (Acipenseridae), and sawfish (Pristidae) are all used as
sensory organs, containing electroreceptors, lateral line canals, and even barbels for
detecting prey items (Miller 2006; Wueringer et al. 2012). The novel nasal protrusion of
the durophagous pupfish may also be a sensory organ, however, whether the nasal
protrusion has an increased number of superficial neuromasts is still unknown.
Alternatively, the novel nasal protrusion may allow durophagous pupfish to orally
shell snails more quickly, increasing their feeding efficiency. For example, Schluter
(1993) documented that benthic sticklebacks with deep bodies, large mouths, and few,
short gill rakers were more efficient at consuming benthic prey items, while limnetic
species of stickleback, with slender bodies, small mouths, and many, long gill rakers,
were more efficient at consuming limnetic prey items. Interestingly, Schluter (1993,
1995) also found that F1 hybrids had decreased efficiency feeding on both limnetic and
benthic prey items which was primarily due to their intermediate phenotypes and
suggested that reduced fitness in hybrids helps maintain species boundaries between
benthic and limnetic species. It could be that the durophage F1 and F2 hybrids have
similar preferences for gastropods, but cannot consume snails as efficiently due to their
intermediate phenotype. However, we found no strong evidence suggesting that the
nasal protrusion is adapted for oral-shelling (Figure 2). Future work should investigate
other traits that may be adaptive for oral-shelling such as the strength of the dorsal head
of the maxilla which comprises the skeletal basis of the novel nasal protrusion,
structural differences in the mandibular symphysis, coronoid process, or the articular
bones which may all provide additional strength or stabilization during biting, or tooth
variation in the durophage pharyngeal jaws (Fig. 3). Indeed, there is subtle variation
apparent in the pharyngeal teeth and jaws of durophages compared to other pupfish
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species (Figure 3) which has not been previously reported, suggesting that pharyngeal
jaws may be adapted for processing hard-shelled prey.

The novel nasal protrusion may be a sexually selected trait

Finally, the novel nasal protrusion may be unrelated to oral-shelling and instead may be
used in species recognition or mate preference functions. Exaggerated traits, like the
novel nasal protrusion in durophage pupfish, commonly arise via sexual selection. For
example, forceps size in earwigs (Simmons and Tomkins 1996), major claw size in
fiddler crabs (Rosenberg 2002), and the size of the sword tail ornament present in
swordtail fish (Rosenthal and Evans 1998) are all thought to be sexually selected traits.
Two commonly invoked hallmarks of a sexually selected trait are 1) allometric scaling
compared to body size and 2) that the trait is sexually dimorphic (Kodric-Brown and
Brown 1984; Kodric-Brown et al. 2006; Shingleton and Frankino 2013). In pupfish, there
is a weak positive relationship between standard length and nasal protrusion size
observed for generalists (Figure S1A, generalistsiope= 0.35). Generalist pupfish mostly
likely resemble the most recent common ancestor for the radiation, making the
observed slope a good null expectation for how nasal protrusion size should scale with
body size in pupfish. In durophages, we observe much stronger positive allometry of the
nasal protrusion (Figure S1B, durophagesiope= 0.93), in which large durophage
individuals have nasal protrusion sizes more than twice as large as those in large
generalists. However, we found no significant difference in nasal protrusion size
between male and female durophages when accounting for these size differences (LM,
P=0.96).

Conclusion

In conclusion, we did not find evidence to support that the novel nasal protrusion
observed in durophagous pupfish is adapted for consuming large snails. Instead, we
found that purebred durophages and their F1 and F2 hybrids have stronger preferences
for consuming snails than other species. We suggest that the novel nasal protrusion
may be adapted for other aspects of oral-shelling such as feeding efficiency, or that
variation in other traits, such as the pharyngeal jaws (Figure 3), may play a larger role in
oral-shelling. Alternatively, this may be an example of trophic specialization due to
behavioral specialization (i.e. feeding preference).

57



Figures

Figure 1.
A. B.
1.00
?
€ 075 £
E 3
; i g 0.75
N [&]
@ )
S l 8
g 0.50 . d & 0.50
B 5
& §
2 §O 25
Z 025 o
| a
0.00 I I
- - X - - <
@P\\b Q\*‘é\b \)\%‘O\Q (\e"b\\é &‘&6 Y\@\\b Q&d\b fé&z
P\ & o I D A
C. o D. Outgroup I Generalist Durophage
Nasal Protrusion

10.0 ‘

73 l i FLE % o
== Ej =5 5 Eﬁ.ﬂ Eﬁ

5.0 o
|

Size (mm)

F1 Hybrid I F2 Hybrid Scale-Eater

Snail Size (mm)
[S°]
wn

100 ‘ ] _
E%E ELH e alls o = 5%5
. gFowm oy

Consumed Unconsumed Consumed Unconsumed Consumed Unconsumed

Figure 1. Snail consumption, nasal protrusion size, and snail size by species. A)
Variation in nasal protrusion size across pupfish groups. Grey dots represent individual
fish. B) Proportion of snails consumed across six groups of pupfish. Colored dots
represent mean proportion, and error bars represent 95% confidence intervals
(bootstrapping: 1,000 iterations). C) Visualization of how nasal protrusion size was
measured (pictured: durophagous pupfish). D) Visualization of the size of consumed
and unconsumed snails for each species. Grey dots represent individual snails and red
dots represent the mean snail size.
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Figure 2.
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Figure 2. The maximum prey size a pupfish can consume was not affected by
nasal protrusion size. The X-axis shows nasal protrusion size corrected for standard
length while the Y-axis shows snail size (mm). Red dots show the size of largest
consumed snail from each trial, the red line represents the linear model describing the
relationship between nasal protrusion size and the largest consumed snails, and the
grey area represents 95% CI. Closed circles show the size of other snails that were
consumed during trials; open circles show the size of unconsumed snails.

59



Figure 3.

A. Generalist

Figure 3. Branchial skeleton and pharyngeal teeth of all three San Salvador Island
species. Image of the dissected branchial skeleton and pharyngeal jaws of A)
generalist, B) durophage, and C) scale-eater pupfish. Scale (1mm) is shown in Figure A
and is consistent across all three photos. From these three individuals, the
representative snail-eater has lower pharyngeal teeth that are 50% longer and 75%
wider than the generalist or scale-eating individuals.
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Supplemental Material

Supplemental figures
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Supplemental Figure 1. There is a positive relationship between standard length and

nasal protrusion size for Durophages and F2 Hybrids. Blue lines represent a linear

model describing the relationship between log(nasal protrusion size) and log(standard
length). Grey bars represent 95% Cls, and black dots represent individuals.
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Figure S2.
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Supplemental Figure 2. There is a positive relationship between nasal protrusion size
and snail size for all groups. Blue lines represent a linear model describing the

relationship between log(nasal protrusion size) and log(standard length). Grey bars
represent 95% Cls, and black dots represent individuals.
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Inter-chapter Transition

In chapter three, | found that morphological variation, namely the presence and size of
the nasal protrusion, did not strongly correlate with a pupfish’s snail-eating performance.
Instead, | found evidence that purebred snail-eaters, F1 and F2 snail-eating hybrids,
and even generalist pupfish species from San Salvador Island were all able to consume
similar numbers of snails. This suggests that behavior may be the primary adaptive trait
for snail-eating and that ongoing geneflow between San Salvador Island snail-eaters
and generalists has resulted in increased snail-eating performance for generalists on
the island. Together, chapters one, two, and three show that complex phenotypes may
involve changes in morphology, behavior, and even changes in how these two
phenotypes interact. All of these chapters also highlight the need for a deeper
understanding of the genetic underpinnings of traits that are adaptive for scale- and
snail-eating in the pupfish system. The explicit goal of chapter four is to identify potential
regions of the genome that are associated with adaptive traits for scale- and snail-eating
in two ponds on San Salvador Island. | find that regions of the genome are reused to
produce adaptive traits between ponds, but that these regions are not always
associated with the same traits. Ultimately, this chapter provides insight into which
regions of the pupfish genome are associated with adaptive morphological and behavior
traits for scale- and snail-eating, and sheds light on the evolutionary history of candidate
genes that reside within these regions.
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Chapter 4: Parallel genetic changes underlie integrated
craniofacial traits in an adaptive radiation of trophic
specialist pupfishes

Abstract

Many factors such as divergence time, shared standing genetic variation, frequency of
introgression, and mutation rates can influence the likelihood of whether populations
adapt to similar environments via parallel or non-parallel genetic changes. However, the
frequency of parallel vs non-parallel genetic changes resulting in parallel phenotypic
evolution is still unknown. In this study, we used a QTL mapping approach to investigate
the genetic basis of highly divergent craniofacial traits between scale- and snail-eating
trophic specialist species across similar hypersaline lake environments in an adaptive
radiation of pupfishes endemic to San Salvador Island, Bahamas. We raised F2
intercrosses of scale- and snail-eaters from two different lake populations of sympatric
specialists, estimated linkage maps, scanned for significant QTL for 30 skeletal and
craniofacial traits, and compared the location of QTL between lakes to quantify parallel
and non-parallel genetic changes. We found strong support for parallel genetic changes
in both lakes for five traits in which we detected a significant QTL in at least one lake.
However, many of these shared QTL affected different, but highly correlated craniofacial
traits in each lake, suggesting that pleiotropy and trait integration should not be
neglected when estimating rates of parallel evolution. We further observed a 23-52%
increase in adaptive introgression within shared QTL, suggesting that introgression may
be important for parallel evolution. Overall, our results suggest that the same genomic
regions contribute to parallel integrated craniofacial phenotypes across lakes. We also
highlight the need for more expansive searches for shared QTL when testing for parallel
evolution.

Introduction

Convergent evolution describes the independent evolution of similar phenotypes in
response to similar selective pressures and provides strong support for ecological
adaptation (Losos 2009; Schluter 2000). This includes both non-parallel genetic
changes, such as the evolution of antifreeze glycoproteins in icefishes or the
‘thunniform’ body shape of lamnid sharks and tunas (Chen et al. 1997; Donley et al.
2004), and parallel genetic changes such as tetrodotoxin resistance in snakes and
pufferfishes or the evolution of voltage-gated sodium channels in mormyrid and
gymnotiform electric fishes (Hopkins 1995; Katz 2006; Jost et al. 2008; Feldman et al.
2009; Zakon et al. 2006). Instances of convergence across independent lineages (i.e.,
across groups that lack a recent common ancestor and shared genetic backgrounds)
provide the strongest evidence for adaptation; however, repeated evolution of similar
phenotypes in response to similar selective pressures among lineages derived from the
same ancestral population can also provide insight into the process of adaptation.
Understanding this process, traditionally known as parallel evolution (Futuyman 1986),
is important because it can help to tease apart the contributions of natural selection and
shared genetic constraints to similar phenotypes (Schluter et al. 2004; Stuart et al.
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2017). Parallel phenotypic evolution can also occur via parallel or non-parallel genetic
changes (e.g., Cresko et al. 2004), but even non-parallel genetic changes occurring in
the same ancestral genetic background (e.g. Chan et al. 2010; Xie et al. 2019) provide
weaker evidence for adaptation than convergence across independent lineages due this
shared history. Despite substantial attention, the frequency and likelihood of parallel
phenotypic evolution via parallel or non-parallel genetic changes is still relatively
unknown (Stern and Orgogozo 2008; Stern 2013; Rosenblum et al. 2014).

Many factors influence whether parallel phenotypic evolution in similar
environments is produced by parallel or non-parallel genetic mechanisms. First, recently
diverged species exhibit increased probabilities of genetic parallelism when adapting to
similar environments. Recently diverged taxa may inhabit similar environments more
frequently or they may have similar genetic architectures, similar genetic variance-
covariance matrices, or similar genetic backgrounds that produce similar epistatic
interactions (Conte et al. 2012; Rosenblum et al. 2014). Second, any mechanism that
allows the use of the same adaptive genetic mechanism should increase the likelihood
of convergence via parallelism, including the availability of shared standing genetic
variation and introgression (Rosenblum et al. 2014). For example, threespine
sticklebacks colonized freshwater thousands of times and converged on similar
phenotypes largely due to selection on an ancient shared pool of marine standing
genetic variation (Jones et al. 2012; Feulner et al. 2013; Nelson and Cresko 2018;
Haenel et al. 2019; but see: Chan et al. 2010; Stuart et al. 2017). Similarly, increased
adaptive introgression should also make genetic parallelism more likely (Grant et al.
2004; Morjan and Rieseberg 2004; Hedrick 2013; Taylor et al. 2020). Third, adaptive
genetic variation with larger effect sizes and fewer pleiotropic effects should be reused
more frequently across populations, particularly when a population is far from a new
adaptive optimum (Linnen et al., 2013; Orr, 2005; Stern, 2013). Finally, de novo
mutations, large mutational target sizes, and polygenic adaptive phenotypes are more
likely to result in parallel phenotypic evolution via non-parallel genetic pathways
(Wittkopp et al. 2003; Kowalko et al. 2013; Bolnick et al. 2018, but see: Colosimo et al.
2004; Chan et al. 2010; Xie et al. 2019).

Quantitative trait locus (QTL) mapping is often used to infer whether parallel or
non-parallel genetic changes underlie parallel phenotypes. However, many QTL studies
only investigate a limited number of traits that are controlled by large effect loci, which
may bias the literature towards supporting genetic parallelism (Conte et al. 2012). This
bias may be exacerbated by the fact that in many QTL studies the genomic regions
associated with a parallel phenotype are large, contain many genes, and their effects on
phenotypic variance are overestimated in under-powered studies (Beavis 1998). These
methodological and experimental limitations reduce confidence in the specific genomic
regions associated with a parallel phenotype and, by extension, reduce confidence in
whether parallel evolution was due to parallel or non-parallel genetic changes. One
possible solution is to compare the genomic regions associated with many different
phenotypes across populations (Erickson et al. 2016). In this scenario, shared genomic
regions across populations provide strong support for genetic parallelism, except in the
likely rare instances of independent de novo mutations within the same region (O’Brown
et al. 2015; Xie et al. 2019; Chan et al. 2010).
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The San Salvador Island (SSI), Bahamas pupfish radiation is an excellent system
for investigating the genetic underpinnings of parallel ecomorph phenotypes because
novel trophic specialists occur in sympatry across multiple hypersaline lake populations
on the island. The radiation includes three pupfish species: a generalist pupfish
(Cyprinodon variegatus), a scale-eating (lepidophagous) pupfish (C. desquamator), and
a snail-eating (durophagous) pupfish (C. brontotheroides; Martin and Wainwright 2013).
The snail- and scale-eating pupfishes are endemic to SS| and occur in sympatry with
one another and the generalist pupfish.

Among lakes, specialists have converged on multivariate phenotypes that are
adaptive for their given ecological niche. For example, scale-eaters across all lakes
exhibit increased oral jaw size (Martin & Wainwright, 2013; Hernandez et al. 2018) and
reduced lower jaw angles during scale-eating strikes which may play a critical role in
scale-biting performance during high-speed strikes on their prey (St. John et al. 2020b).
Similarly, the snail-eating pupfish exhibits a novel nasal protrusion which may improve
oral snail-shelling performance or result from sexual selection (Martin and Wainwright
2013a; St. John et al. 2020a). Furthermore, the nasal protrusion of the snail-eating
species varies substantially among lake populations (Martin and Feinstein 2014;
Hernandez et al. 2018). Despite the importance of these species characteristics, we still
do not understand how their genetic architecture varies across populations.

There is some evidence to suggest that parallel genetic changes underlie
specialist phenotypes on SSI. First, the SSI radiation is very young, diverging only about
10 kya (Hagey and Mylroie 1995). Second, previous genomic analyses show that many
of the alleles associated with trophic specialization arrived on SSI from Caribbean-wide
standing genetic variation within generalist pupfish populations, but there are also some
de novo adaptive mutations associated with scale-eating (Richards et al. 2021). Scale-
eaters form a monophyletic group, suggesting a shared genetic component to the scale-
eating phenotype across lakes (Richards and Martin 2017). In contrast, snail-eaters and
generalists often genetically cluster together by lake instead of by species—suggesting
that non-parallel genetic changes could underlie parallel snail-eater phenotypes across
lakes (Martin and Feinstein 2014; Richards and Martin 2017). Furthermore, previous
studies have documented strong genetic divergence between scale-eaters from
Crescent Pond and all other populations of scale-eater (Richards & Martin, 2017;
Richards et al., 2021).

In this study we mapped the genetic basis of 30 skeletal craniofacial and body
traits associated with snail- and scale-eating using lab-reared F2 intercrosses from
Crescent Pond and Little Lake. We called variants, estimated linkage maps, and
performed QTL analyses independently for each F2 population. We found that only one
trait— cranial height—mapped to the same genomic region in both Crescent Pond and
Little Lake, but 4 of the 5 remaining significant QTL detected in one lake mapped to the
same genomic region as a highly correlated craniofacial trait in the second lake.
Ultimately, we conclude that parallel evolution through reuse of introgressed adaptive
alleles is acting to produce similar snail- and scale-eating phenotypes across lake
populations on SSI.
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Methods

Genetic cross

Currently, pupfish species can been found in 12 hypersaline lakes across the island:
generalist pupfish are found in allopatry in five lakes, the generalist and snail-eating
pupfish are found in sympatry without the scale-eater in two lakes, the generalist and
scale-eater are found in sympatry in a single lake, and all three species are found in
sympatry in four lakes (Martin and Feinstein 2014). We collected wild-caught scale-
eating and snail-eating pupfishes from two different sympatric populations (containing
all three species) on SS| — Crescent Pond and Little Lake—during the years of 2011
and 2013-2015 using seine nets. We brought individuals back to the University of
California, Davis or the University of California, Berkeley and a single wild-caught scale-
eating female from each lake was allowed to breed freely with a single wild-caught
snail-eating male from the same lake resulting in two separate genetic crosses (one
cross from Crescent Pond and one cross from Little Lake). At least four F1 offspring
from each hybrid population were crossed to produce F2 intercrosses, resulting in 354
individuals from Crescent Pond and 287 individuals from Little Lake included in this
study. All fish were maintained in 40-L tanks at 5-10ppt salinity at the University of
California, Davis or the University of California, Berkeley. We fed fry a diet of newly
hatched Artemia nauplii for approximately 40 days post fertilization, after which they
were switched to the adult diet of frozen and pellet foods. We euthanized fish in an
overdose of MS-222 (Finquel, Inc.) according to the approved University of California,
Davis Institutional Animal Care and Use Protocol #17455 or University of California,
Berkeley IACUC Protocol AUP-2015-01-7053, and stored them in 95% ethanol.

Phenotyping

Sex and mate preferences

For individuals from Crescent Pond, we recorded their sex using their sexually
dimorphic body and fin coloration. Male pupfish develop a blue iridescent coloration
along their anteriodorsal surface and a black marginal band along their caudal fin
(Echelle and Echelle 2020).

Once F2 hybrids reached sexual maturity, we performed mating assays using a
subset of the hybrid females from Crescent Pond to estimate mate preferences for
snail- or scale-eating mates (N=74). Prior to the mating assays, female fish were
isolated for at least twelve hours and conditioned on frozen bloodworms with a 12:12
light:dark cycle. Mating assays occurred in three 1.1 m diameter kiddie pools (5-10ppts
salinity). Pools were covered with gravel substrate and divided in half. In each half, we
placed three clear plastic 7.5-L Kritter Keepers in a row containing three conspecific
males housed individually to avoid aggression. Size-matched scale-eater males were
placed on one side of each arena and snail-eating males on the other. Once the males
were placed in individually in clear boxes, a female F2 hybrid from Crescent Pond was
placed into the center of one of the three kiddie pools, chosen at random. We
considered females acclimated to the pool once they had visited both rows of males,
after which we started the seven-minute trial period. During each trial we recorded the
amount of time a female spent within one body-length of each species. Each female
was tested consecutively in all three pools, and we used the mean of her association
time (scale-eater association time / total association time during each 7-minute trial)
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across all three pools for QTL analysis. Size-matched males were periodically rotated
into and among kiddie pools during the 12-month testing period.

Morphological traits

To measure skeletal phenotypes in our F2 intercrosses, we cleared and double-stained
each specimen with alizarin red and alcian blue. Before clearing and staining, each fish
was skinned and fixed in 95% ethanol. We then fixed specimens in 10% buffered
formalin for at least one week and stained batches of individually labeled specimens
following Dingerkus and Uhler’s (1977) protocol. We suspended cleared and stained
specimens in glycerin, and photographed their left lateral side using a Canon EOS 60D
digital SLR camera with a 60 mm macro lens. For each individual, we took two types of
photographs: first, we took a whole-body photograph to calculate fin and body
measurements and second, a lateral skull image to calculate craniofacial
measurements (Figure 1). We used DLTdv8 software (Hedrick 2008) to digitize 11
landmarks on each whole body image and 19 landmarks on each lateral skull image
following the morphometric methods described in Martin et al. (2017). For individuals
from Crescent Pond, we also weighed the adductor mandibulae muscle mass. Each
image included a standardized grid background which we used to calibrate and
transform our measurements from pixels into millimeters. In total, we measured 354
individuals from Crescent Pond and 287 individuals from Little Lake. We used R to
convert the 30 landmarks into linear distances. To reduce measurement error due to the
lateral positioning of the specimens, we took the mean distances from the two clearest
skull and whole-body photographs for each individual when possible. If an individual did
not have two clear photographs for each orientation, we measured the single clearest
photograph. Finally, we size-corrected each trait by using the residuals from a linear
model including the log-transformed measurement of each trait as the response variable
and log-transformed standard length as the predictor variable. We investigated whether
size-corrected traits varied between the two populations using a PCA and a MANOVA
test, but found no appreciable difference between them (Supplemental Figure 1, num df
= 28, approximate F-value= 0.34, P=1)

Genotyping
We genotyped individuals using three different methods: First, we used whole genome
resequencing for the wild-caught FO parental generation of our Crescent Pond and Little
Lake intercrosses. We used DNeasy Blood and Tissue Kits (Qiagen, Inc.) to extract
DNA from the muscle tissue of each fish and quantified it on a Qubit 3.0 fluoromether
(Thermofisher Scientific, Inc.). Genomic libraries were then prepared at the Vincent J.
Coates Genomic Sequencing Center (QB3) using the automated Apollo 324 system
(WaterGen Biosystems, Inc.). Samples were fragmented using Covaris sonication and
barcoded with Illumina indices. A quality check was also performed on all samples using
a Fragment Analyzer (Advanced Analytical Technologies, Inc.). We used 150 paired-
end sequencing on an lllumina Hiseq4000 for these four parental samples along with an
additional 38 samples that were included in a previous study (Richards and Martin
2017).

Second, in addition to the 190 previously sequenced individuals from Crescent
Pond used for a QTL mapping study (Martin et al. 2017), we included an additional 164
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F2 individuals from Crescent Pond sequenced using double-digest restriction site
associated sequencing (ddRADseq) following similar library prep and sequencing
methods described in Martin et al. (2015, 2016, 2017). Briefly, we prepared four indexed
libraries each containing 96 barcoded individuals. We sequenced these using 100
single-end high-output mode on two lanes of Illumina Hiseq4000 at the Vincent J.
Coates Genomic Sequencing Center (QB3).

Finally, we sequenced all F2 individuals from Little Lake and a subset of
previously sequenced, but low-coverage Crescent Pond F2’s (N=84), using Nextera-
tagmented reductively-amplified DNA (NextRad) sequencing (Russello et al. 2015). We
followed the above methods for DNA extraction and sent samples to SNPsaurus
(SNPsaurus, LLC) for quality checking, NextRad library preparation, and 150 single-end
sequencing on two lanes of Illumina Hiseq4000 at the University of Oregon sequencing
core.

Calling variants

We used the following methods to call variants separately for: 1) the Crescent Pond
intercross (2 parents and 354 F2 hybrids), and 2) the Little Lake intercross (2 parents
and 285 F2 hybrids): First, we inspected raw read quality using FastQC (Babraham
Bioinformatics Institute, v0.11.7) and trimmed reads to their appropriate length (100bp
for samples sequenced with ddRAD, and 150bp for samples sequenced with NextRAD)
using TrimGalore! (v0.6.4). For samples that were sequenced using both ddRAD and
NextRad methods, we concatenated trimmed raw reads into a single file. We next used
bwa-mem to map reads from all individuals in an intercross, both parents and offspring,
to the Cyprinodon brontotheroides reference genome (v 1.0; total sequence length =
1,162,855,435 bp; number of scaffolds = 15,698, scaffold N50 = 32 Mbp; (Richards et
al. 2021)). We identified duplicate reads using MarkDuplicates and created BAM indices
using BuildBamIndex in the Picard package (http://picard.sourceforge.net(v.2.0.1)).
Following the best practices guide from the Genome Analysis Toolkit (v 3.5; (Depristo et
al. 2011)), we called and refined our single nucleotide polymorphism (SNP) variant data
set using the program HaplotypeCaller. Pupfish lack high-quality known alleles because
they are a non-model organism; we therefore used the recommended hard filter criteria
(QD < 2.0; FS <; 60; MQRankSum < -12.5; ReadPosRankSum < -8; (Depristo et al.
2011; Marsden et al. 2014)) to filter our SNP variant dataset. Ultimately, we detected
13.7 million variants in our Crescent Pond dataset and 14.4 million variants in our Little
Lake dataset.

We used the program STACKS to further filter our dataset and convert our vcf
files into phenotype and genotype comma-separated values files that could be imported
into the Rqtl program. Specifically, we used the populations program to filter out variants
that were not present in both the parental and F2 populations, and to filter out variants
found in 10% or less of the population. From this filtering step we retained 36,318
variants with 46.5 mean mappable progeny per site in Crescent Pond and 87,579
variants with 85.984 mean mappable progeny per site in Little Lake.

We continued to filter our datasets using the Rqtl (v1.46-2), and ASMap (v1.0-4)
packages (Broman et al. 2003; Taylor and Butler 2017). We started filtering by removing
individuals that did not contain any filtered variants and any duplicate individuals. This
reduced our Crescent Pond data set to 227 individuals, and our Little Lake data set to
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281 individuals. Next, we filtered markers that had >0.98 or <0.1 heterozygosity
(Crescent Pond: markers =15,247, Little Lake: markers=14,661). This step also filtered
out 13 individuals from Crescent Pond which only contained markers with >0.98 or <0.1
heterozygosity. Before constructing our genetic maps, we set aside markers that
appeared to suffer from segregation distortion. We used the pullCross() function from
the ASmap package to set aside markers in both data sets that were missing in >75% of
individuals, departed from Mendelian ratios (1:2:1), or any co-located markers for the
initial construction of the linkage maps. This filtering retained more than twice the
number of markers for Crescent Pond than Little Lake. We therefore used a stricter
filtering threshold for missing data (i.e., removing markers with >72% missing data) for
our Crescent Pond dataset to construct linkage maps of comparable sizes for
downstream comparative analyses. At the end of this filtering process the Crescent
Pond dataset contained 214 individuals and 657 markers and the Little Lake dataset
contained 281 individuals with 490 markers.

Linkage map construction

We used the mstmap.cross() function to form initial linkage groups and order markers,
using the kosambi method for calculating genetic distances and a clustering threshold
of P =1 x10" for Little Lake and P = 1 x 10-%° for Crescent Pond. After forming these
initial linkage groups, we used the pushCross() function from the ASmap package to
integrate previously set aside markers back into our map. We pushed markers back
based on a segregation ratio of 3:4:3 and we pushed back any markers that had
previously been designated as co-located. This increased our map sizes to 817 markers
for Crescent Pond and 580 markers for Little Lake. With these additional markers, we
re-estimated our linkage map using the est.rf() and formLinkageGroups() functions from
the Rqtl package. We used a max recombination fraction of 0.35 and a minimum LOD
threshold of 5 to estimate linkage groups for both data sets. We used the
droponemarker() command from Rqtl with an error probability of 0.01 to identify and
drop problematic markers from the genetic maps, including dropping linkage groups
with 3 or fewer markers. Finally, we visually inspected our linkage groups using plotRF()
from the Rqtl package, and merged linkage groups which had been incorrectly split up
using the mergeCross() function from the ASmap package. Ultimately our final genetic
maps included: 1) Crescent Pond: 214 individuals, 743 markers, 24 linkage groups and
2) Little Lake: 281 individuals, 540 markers, and 24 linkage groups (Figure 2).

QTL analyses

We mapped QTL for 29 skeletal traits for both populations, and additional morphological
(adductor mandibulae muscle mass) and behavioral traits (mate preference) for
Crescent Pond. We used the Rqtl2 package (v0.22-11) to calculate genotype
probabilities with a multipoint hidden Markov model using an error probability of 0.0001
and a Kosambi map function. We calculated kinship matrices to account for the
relationship among individuals in two ways: 1) overall kinship, which represents the
proportion of shared alleles between individuals, and 2) kinship calculated using the
leave-one-chromosome-out method (LOCO). We used the scan1() function to perform
three separate genome scans using a single-qtl model by: 1) Haley-Knott regression, 2)
a linear mixed model using the overall kinship matrix, and 3) a linear mixed model using
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the LOCO kinship matrix. For our Crescent Pond data set we also included sex as an
additive covariate. We assessed the significance of all three models using two
significance thresholds P < 0.1 and 0.05 based on 1000 permutations each, using the
scan1perm() function. As noted above the scan1() function can use several different
methods to determine if a region is significantly associated with a given phenotype
(Broman et al., 2019; Haley & Knott, 1992; Yang, Zaitlen, Goddard, Visscher, & Price,
2014; Yu et al., 2006), however, it is clear from previous theoretical work that many of
these methods may suffer from type Il error depending on the size of an organism’s
genome, the density of markers in a linkage map, or the complexity of the phenotypic
traits being measured (Lander and Botstein 1989; Risch 1990). We therefore relaxed
the P-value cut off from 0.05 to 0.1 to capture potentially important genomic regions.
This relaxation is further supported by the LOD scores associated with regions
significant at the P<0.1 level because they all exceed the traditional threshold of 3
(Nyholt 2000), the more conservative threshold of ~3.3 (Lander and Kruglyak 1995;
Nyholt 2000), the suggestive threshold of 1.86 (Lander and Kruglyak 1995), and are in
line with estimates of significant LOD thresholds in previous studies (Erickson et al.
2016). All three of these methods detected similar QTLs and moving forward we only
used the Haley-Knott regression method.

For each trait, we calculated the location of the maximum LOD score, and used
the fit1() function to re-fit a single-QTL model at this location. We used the newly
calculated LOD score to estimate the proportion of variance explained by the QTL and
to calculate a P-value associated with each significant QTL (x2-test). We also used the
location of the maximum LOD score to calculate 95% Bayes credible intervals using the
bayes_int() function from the Rqtl2 package. We note that the maximum LOD score
associated with every trait across both ponds exceeded the suggestive threshold of
1.86 (Lander and Kruglyak 1995). We used the find.markerpos() function from Rqtl to
determine where markers in each linkage map fell within the reference genome. With
this information we were able to determine the scaffolds/positions from the reference
genome that fell within the 95% credible intervals for each putative QTL. Finally, we
used the maxmarg() function from the Rqtl2 package to find the genotype with the
maximum marginal probability at the location of the maximum LOD. We used these
genotypes to visualize the relationship between genotype and phenotypes.

Identifying adaptive alleles within QTL regions

For each scaffold that fell within a QTL'’s credible interval we calculated the minimum
and maximum position for that scaffold (that was identified in the putative QTL region)
and searched the C. brontotheroides reference genome for annotated genes within the
region. We then compared this list to a previously published list of genes that 1)
contained or were adjacent to (within 20 kbp) fixed or nearly fixed (Fst > 0.95) SNPs
between specialist species on SSI, and 2) showed significant evidence of a hard
selective sweep in both the site frequency spectrum-based method SweeD (Pavlidis et
al. 2013) and the linkage-disequilibrium-based method OmegaPlus (Alachiotis et al.
2012). We hereafter refer to these loci as adaptive alleles. We also noted whether
adaptive alleles within QTL regions were classified as de novo, introgressed, or as
standing genetic variation on SSI (Richards et al. 2021). We used a bootstrap
resampling method to determine whether the observed proportions of adaptive alleles
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originating from de novo, introgression, or standing genetic variation found within QTL
95% credible intervals were different than the proportions expected when drawn from
the genome at random. We used the boot (v. 1.3-25) package (Buckland et al. 1998;
Canty and Ripley 2021) to resample our entire adaptive allele dataset (with
replacement) 10,000 times. We then used the boot.ci() command from the boot
package to calculated the 95% credible intervals around expected proportions of de
novo, introgressed, and standing adaptive alleles. We performed these calculations
separately for scale-eater and snail-eater adaptive alleles.

Results

Linkage map construction

We identified 24 linkage groups from 743 markers for Crescent Pond, and 24 linkage
groups from 540 markers for Little Lake (Figure 2). Previous karyotypes of Cyprinodon
species estimated 24 diploid chromosomes, matching the linkage groups in this study
(Liu & Echelle, 2013; Stevenson, 1981). The total map length for Crescent Pond was
7335 cM and the total map length for Little Lake was 5330; the largest linkage groups
for each map were 740 cM and 380 cM, respectively, and inter-marker map distance did
not exceed 20cM in either map. To compare our maps and to determine if the same
genomic regions were being reused across lakes, we identified where each marker was
located in our reference genome. Overall, we found 324 markers in both maps that were
within 10 Kbp of one another, indicating that 60% of the Little Lake map was also
present in the Crescent Pond map and 44% of the Crescent Pond map was present in
the Little Lake map (Figure 3).

Craniofacial QTL
We detected three significant QTL in Crescent Pond and five QTL in Little Lake (Table
1, Table 2). In Crescent Pond, we identified QTL associated with the depth of the
dentigerous arm of the premaxilla, cranial height, and adductor mandibulae muscle
mass. Cranial height in Crescent Pond mapped to linkage group (LG) 10. Dentigerous
arm depth and adductor mandibulae muscle mass both mapped to LG 13, which also
contained the max LOD scores for two additional jaw traits (jaw opening in-lever and
maxillary head height; Table 2). The 95% credible intervals for all these traits
overlapped, suggesting that LG 13 may contain a single pleiotropic locus or many loci
that affect all four traits.

In Little Lake, we detected significant QTL associated with jaw closing in-lever
(i.e. height of the coronoid process on the articular: LG9), width and depth of the
dentigerous arm of the premaxilla (LG3 and LG6), maxillary head protrusion (LG10),
and cranial height (LG1; Table 1, Table 2). The 95% credible interval for dentigerous
arm width on LG3 also contained the max LOD score for lower jaw length, suggesting
that either a single pleiotropic locus or a cluster of loci in this region may be controlling
both traits.

Candidate genes and adaptive alleles within QTL regions
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Cranial height

Cranial height was the only trait with statistically significant or marginally significant QTL
in both lakes (Figure 4, P < 0.1). While the QTL occurred on different linkage groups
between maps, we found a high degree of synteny between these linkage groups
indicating that the QTL is located in the same genomic region in both lakes (Table 2,
Figure 3). We also found the same overdominant genetic pattern in both lake crosses:
heterozygotes showed increased cranial height relative to homozygous individuals
(Figure 5).

We found 44 genes within scaffold 33 that fell partially or fully within the 95%
credible intervals of the QTL in both lakes (Table 1, Supplemental Table 1). Only three
of these genes contained adaptive alleles within 20 kb: wdr31, bri3bp, and gnaq (Table
3 3). Interestingly, gnaq is well known to be associated with craniofacial development
(Hall et al. 2007; Shirley et al. 2013) and is differentially expressed between our
specialist species in developing larvae (McGirr and Martin 2020).

Dentigerous arm width

We found that regions on scaffolds 58 and 24 were associated with a significant QTL for
dentigerous arm width in Little Lake and contained the max LOD scores for maxillary
head protrusion and female mate preference in Crescent Pond (Table 1, Table 2). We
found 161 genes which fell partially or completely within these shared regions, but only
2 genes, dysfand cyp26b1, which contained adaptive alleles within 20 kbp (Table 3).
The dysf gene provides instructions for making a protein called dysferlin, which is found
in the sarcolemma membrane that surrounds muscle fibers (Liu et al. 1998). This could
indicate a role for muscle development in affecting skeletal development of the maxilla
and premaxilla.

Dentigerous arm depth

The QTL for dentigerous arm depth in Little Lake was associated with LG 6, which
corresponds to LG 7 in Crescent Pond, however, no traits from Crescent Pond mapped
to this linkage group (Table 2, Figure 3). Instead, dentigerous arm depth in Crescent
Pond was associated with LG 13 and did not share any similar genomic regions with
those associated with dentigerous arm depth in Little Lake. We found 80 genes
completely or partially within the 95% credible region for this QTL in Little Lake, but
none contained adaptive alleles based on our criteria (Supplemental Table 1). In fact,
only a single adaptive allele was found in this QTL region, but it was in an unannotated
region of the genome (Table 3).

Maxillary head protrusion

Maxillary head protrusion in Little Lake mapped to a QTL region on LG10 which
corresponds to the max LOD scores for both lower jaw length and caudal peduncle
height in Crescent Pond (Table 2, Figure 3). Across lakes, all three traits were
associated with scaffolds 53, 2336, and 6275. We found 528 genes partially or fully
within these shared regions, but only 21 of these genes contained adaptive alleles
within 20 kbp (Table 3). One of these genes, twist1, contains a non-synonymous
substitution fixed in scale-eating pupfish on San Salvador Island, Bahamas (Richards et
al. 2021). Twist1 is a transcription factor and oncogene associated with palate
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development and oral jaw size in model organisms (Parsons et al. 2014; Teng et al.
2018).

Jaw closing in-lever

The QTL for jaw closing in-lever was associated with LG 9 in Little Lake, which
corresponds to the max LOD scores for orbit diameter and anterior body depth in
Crescent Pond (Table 2, Figure 3). Scaffolds 8 and 8020 were associated with all three
of these traits. We found 13 genes which partially or completely fell within these shared
regions, and only two genes, map2k6 and galr2, which contained adaptive alleles within
20 kbp (Table 3). Galr2 was also previously detected within a significant QTL for lower
jaw length in pupfish (Martin et al. 2017).

Dentigerous arm depth and adductor mandibulae muscle mass

Finally, in Crescent Pond the QTL for dentigerous arm depth and adductor mandibulae
muscle mass mapped to the exact same location on LG 13 (95% CI dentigerous arm
depth (0, 250), adductor mandibulae muscle mass (0,70). This linkage group
corresponds to LG14 in Little Lake, which contains the max LOD scores for both
palatine height and suspensorium length (Table 3). We found 52 genes that overlapped
between these regions, 18 of which contained adaptive alleles. Furthermore, three of
the genes— ube2w, ncoaZ2, and prlh—contained adaptive alleles that introgressed from
Laguna Bavaro in the Dominican Republic to snail-eating pupfish (ube2w), from Lake
Cunningham, New Providence Island to scale-eating pupfish (ncoa2), or from North
Carolina, USA to scale-eating pupfish (prlh). We also found four genes that contained
adaptive alleles within 20 kbp that arose from de novo mutations: cd226, cmbl, slc51a,
and zfhx; however, only one adaptive allele in slc57a is found within a coding region.

Origins of adaptive alleles

Adaptive alleles originating from standing genetic variation across the Caribbean were
most common within shared QTL regions between lakes (86.03% within scale-eater
populations, and 53.32% within snail-eating populations; Table 3). However, observed
proportions within shared QTL were significantly less than expected by chance (scale-
eater expected 95% CI: (88.33%-90.37%), snail-eater expected 95% CI: (62%-
67%;10,000 bootstrapped iterations). Instead, we found more introgressed scale-eater
and snail-eater adaptive variants in shared QTL regions than expected by chance
(Scale-eater observed: 12.13% introgressed, scale-eater expected 95% ClI: (7.96%-
9.88%); Snail-eater observed: 46.67% introgressed, snail-eater expected 95% CI:
(32.22%-37.06%)). Finally, we found that about 1.83% of adaptive alleles within
overlapping regions between lakes originated from de novo mutations in scale-eaters,
however, this fell within the predicted null range (95% CI: (1.29%-2.17%)).

Discussion

Parallel genetic changes underlie 5 out of 6 of craniofacial QTL

We found evidence supporting both parallel and non-parallel genetic changes in an
adaptive radiation of trophic specialist pupfishes. A single significant QTL was
associated with cranial height in both lakes and mapped to the same genomic region,
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suggesting that parallel genetic changes are responsible for variation in this trait in both
lakes. On the other hand, significant QTLs were identified for premaxilla dentigerous
arm depth in each lake, but they mapped to different locations, indicating that this trait is
associated with non-parallel genetic changes. We found an additional three traits with
significant QTLs (dentigerous arm width, jaw closing in-lever, maxillary head protrusion)
in the Little Lake population that were not detected in Crescent Pond. However, all
genomic regions associated with these traits in Little Lake also mapped to the max LOD
score for this same integrated suite of craniofacial traits in Crescent Pond. Therefore,
rather than assume independent QTL for each trait, we conservatively conclude that the
same genomic regions are being reused in each lake and affect a highly integrated suite
of craniofacial traits. Overall, we found that 5 out of the 6 significant QTLs were reused
in some way across lakes suggesting that parallel genetic changes underly adaptive
phenotypes in the San Salvador Island pupfish radiation.

High level of QTL reuse across ponds

Overall, we found that about 16% (1 out of 6) of the identified QTL regions
corresponded to non-parallel changes and 84% (5 out of 6) corresponded to parallel
genetic changes—either affecting the same phenotypic trait or a tightly correlated
craniofacial trait— across populations. The presence of both non-parallel and parallel
genetic changes leading to convergent phenotypes across lakes has been documented
previously. For example, Colosimo et al. (2004) investigated the genetic basis of armor
plate morphology in two independent threespine stickleback populations and found a
single large effect locus on LG 4 in the two populations. However, they also noted a
potential difference in the dominance relationships of alleles across ponds at this
location, and found additional differences in modifier QTLs between populations,
suggesting that both parallel and non-parallel genetic changes could lead to the loss of
armor plating. Similarly, Erickson et al. (2016) found evidence for both parallel (43% of
QTL regions overlapped between at least two populations) and non-parallel (57% of
QTL regions were found in only a single population) evolution in a QTL study
investigating the genetic basis of 36 skeletal phenotypes in three independent
threespine stickleback populations. However, our findings suggest that pupfish exhibit a
much higher proportion of parallel evolution than previously documented in stickleback.
In fact, Conte et al. (2012) estimated that the probability of convergence via gene reuse
is only 32-55% —which is 1.5 to 2.5 times lower than our current finding— although this
may be underestimated (Stern 2013).

Pupfish may have a higher rate of parallel evolution than other model fish
speciation systems for a few reasons. First, the pupfish radiation is recent, although
comparable in age to glacial stickleback populations, with specialist species diverging
less than 10kya (Hagey and Mylroie 1995; Martin and Wainwright 2013a), and parallel
evolution is predicted to be more likely when populations or species have recently
diverged (Rosenblum et al. 2014). This may be because recently diverged species are
more likely to experience similar environments, have access to similar pools of genetic
variation (either due to standing genetic variation or introgression), or similar genetic
constraints. Second, the genomic basis of pupfish skeletal traits may be primarily
controlled by cis-regulatory elements, which evolve more quickly and have less negative
pleiotropy which may make them more likely to undergo parallel evolution (Stern and
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Orgogozo 2008). However, a previous study of allele-specific expression in the pupfish
system found strong evidence that two cis-regulatory alleles were associated with
skeletal development, but trans-acting elements predominated overall (McGirr and
Martin 2021).

In part, the increased proportion of parallel evolution estimated in this study
results from our relaxed thresholds for detecting and categorizing shared QTL regions.
Previous QTL studies have typically searched for evidence of parallel evolution by only
looking for one-to-one mapping in which the same genomic regions are associated with
the same trait across populations at a genome-wide level of significance in each
(Colosimo et al. 2004; Conte et al. 2012). While this method provides the most clear-cut
examples of parallel evolution, we argue that it vastly underestimates its frequency in
nature. For example, this method would not consider reuse of the same genomic
regions for integrated morphological traits as parallel evolution, a pattern seen in this
study and in Erickson et al. (2016). Furthermore, the strict one-to-one significance
method for detecting parallel evolution does not include consideration of the hierarchy
and diversity of convergence and parallel evolution, which can span morphological
traits, ecotypes, performance, or even fitness (James et al. 2020; Rosenblum et al.,
2014; Stern, 2013; Martin and Wainwright 2013). Ultimately, we argue that our method
of quantifying parallel evolution provides a more wholistic view of the process and better
captures the frequency of reuse of adaptive genetic variation in nature.

Few QTL may affect many highly integrated craniofacial traits

There are several processes that may cause the same genomic regions to be
associated with different traits between lakes. First, these genomic regions may be
highly pleiotropic and affect several traits simultaneously. For example, Albert et al.
(2007) found that that on average a single QTL affected 3.5 phenotypic traits in an
analysis of 54 body traits in three-spine stickleback. Wagner et al. (2008) found a similar
pattern in QTL analyses of 70 skeletal traits in mice, where a single QTL affected on
average 7.8 phenotypic traits (the maximum being 30).

A second possibility is that a single QTL region may contain several tightly linked
causative variants that are responsible for variation in many traits. Correlated
phenotypic traits are generally assumed to have a shared genetic basis, but it is
extremely difficult to determine if this is due to pleiotropy or tight linkage between
genomic regions (Lynch and Walsh 1998; Gardner and Latta 2007; Paaby and
Rockman 2013; Wright et al. 2010).

Finally, it may be that differences in methodology or sample sizes between lakes
enable us to detect significant QTL for some traits in one lake and not the other. For
example, our analyses of Little Lake allowed us to detect significant QTL for effect sizes
greater than 6.54 PVE at 80% power, but we could only detect significant QTL for effect
sizes greater than 8.41 PVE at 80% power in Crescent Pond due to our lower sample
size for this cross (Sen et al. 2007). However, this level of power is typical in many non-
model QTL studies (Ashton et al. 2017). The ability to detect a significant QTL in one
lake but not the other may be further explained by our use of different sequencing
methods between populations. However, a critical component of our analyses involved
searching for regions within 10 kbp of one another across maps to provide confidence
that if we detected a significant QTL in one lake and not the other that it was not simply
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because that genomic region was not captured by the sequencing. For example, in Little
Lake we detected a significant QTL associated with dentigerous arm depth on LG 6 but
did not find any traits associated with this region of the genome in Crescent Pond.

QTL are associated with different craniofacial traits across different lakes

In this study we found an intriguing pattern of different traits mapping to the same region
of the genome across lake populations. One potential explanation for this is that there
are different relationships between traits in each lake, and we find some evidence of this
in our phenotypic data. Supplemental Figure S2 depicts correlation matrices between
traits in 1) Little Lake and 2) Crescent Pond, and X? comparisons of these two matrices
reveals that the relationship between traits varies significantly between lakes
(X?=3135.99, df = 756, P< 3.6e-29). For example, the relationship between maxillary
head protrusion and lower jaw length is more than two times stronger in Little Lake
compared to Crescent Pond (Pearson’s r..=0.27, Pearson’s rcp = 0.12), the relationship
between dentigerous arm depth and suspensorium length is 1.8 times stronger in Little
Lake than in Crescent Pond (Pearson’s r..=0.45, Pearson’s rcp = 0.24), and the
relationship between jaw closing in-lever and anterior body depth is more than two
times stronger in Crescent Pond than in Little Lake (Pearson’s rcp = 0.23, Pearson’s
r..=0.11).

This pattern may be explained by different epistatic interactions in each lake. For
example, Juenger et al. (2005) detected significant QTL-QTL interactions in one
mapping population of Arabidopsis but found no evidence of the same interactions in
the other population. When we investigated the relationship between phenotype and
genotype for cranial height, we found the same overdominance pattern in both lakes
(Figure 5). However, the presence of epistatic interactions may also be an obstacle for
QTL detection. In a mapping study of body weight in chicken, Carlborg et al. (2006)
were only able to detect a single weak QTL despite the extremely divergent phenotypes
between parental lines. However, when accounting for epistatic interactions, Carlborg et
al. identified several additional significant QTL regions that explained a large amount of
variation in body weights.

Finally, our method for searching for putative QTL regions may have led to this
pattern. Similar studies have searched for influential genomic regions by first identifying
a putative QTL in a single population, and then searching the already identified linkage
group in the second population for any signal of a QTL associated with the same
phenotype, often using relaxed LOD thresholds closer to the suggestive cut-off (LOD>
1.8, e.g., Erickson et al. 2016). Our approach, however, independently identified the
positions of maximum LOD for all traits across the entire linkage map before searching
for similar implicated regions between populations. We argue that our approach
minimizes bias, because there are no prior expectations about which traits should be
associated with a given genomic region within a suite of integrated traits, and reduces
false positives because we only examine the maximum LOD position for each trait.

Identifying causative regions within QTL

Multiple mapping populations across lakes may also be particularly useful for identifying
candidate causal alleles. We found that one out of our six unique QTL regions mapped
to the same genomic location across lakes and was associated with the same
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phenotypic trait—cranial height (Figure 4). In Crescent Pond, we found that a region of
110 cM was associated with this trait (LG10, position: 204, 95% CI (130,340)), which
contained 426 genes. However, when we compared this region to the region
independently identified in our Little Lake analysis, we found that the overlapping region
was reduced to 20cM (LG1, position: 259, 95% CI (250-270)) and contained only 44
genes—a reduction of more than 80%. We found a similar pattern in the additional four
QTL regions that mapped to the same genomic location across maps but were
associated with different phenotypic traits and observed an average 56% reduction in
region size. As noted above, Erickson et al. (2016) used a similar method of identifying
candidate QTL regions across three hybrid populations of stickleback, and found that
43% of identified QTL regions were shared across two or more populations; however,
they did not investigate whether these QTL regions completely or partially overlapped.

We also searched for adaptive alleles within QTL region that were identified in a
previous study as 1) nearly fixed between species (Fst >0.95) and 2) showed significant
evidence of a hard selective sweep (Richards et al. 2021). Overall, we found 789
shared genes within shared QTL regions across lakes, and that 45 of those genes
contained adaptive variants (5.7%). This is a six-fold increase from the genome-wide
expectation of 0.91% (176 genes associated with at least one adaptive variant / 19304
annotated genic regions), suggesting that these specific regions are important for
adaptation to scale- and snail-feeding in wild pupfish. For example, a variant in twist1
was found within the region associated with maxillary head protrusion in Little Lake
(which also overlapped with lower jaw length and caudal peduncle height in Crescent
Pond). In model organisms, twist1 is associated with palate and jaw development
(Parsons et al. 2014; Teng et al. 2018), and previous genome-wide association scans in
pupfish showed that a region containing twist1 was significantly associated with oral jaw
size in the system (Richards et al. 2021). Similarly, we found that variants associated
with galr2 fell within the QTL region associated with jaw closing in-lever in Little Lake
(which also overlapped with regions associated with orbit diameter and anterior body
depth in Crescent Pond; scaffolds 8 and 8020), and previous QTL mapping studies,
gene expression studies, and genome-wide association analyses have all implicated
regions containing galr2 with oral jaw development in pupfish (McGirr and Martin 2016;
Martin et al. 2017; Richards et al. 2021).

Increased use of introgressed adaptive variants in QTL regions

We found that most genetic variation within shared QTL regions was also segregating
across outgroup Caribbean generalist populations characterized by Richards et al.
(2021; 86.04% within scale-eater populations, and 53.32% within snail-eating
populations). Furthermore, we found more introgressed adaptive alleles from both
scale-eater (observed: 12.13% introgressed, expected 95% ClI: (7.96%-9.88%)) and
snail-eater populations in shared QTL regions than expected by chance (observed:
46.67%, expected 95% Cl: (32.22%-37.06%)). This supports the prediction that
standing genetic variation and introgressed variation should underlie parallel genetic
changes (Stern 2013; Thompson et al. 2019). Finally, we found that only 1.83% of
adaptive alleles within shared QTL regions across both lakes originated from de novo
mutations on San Salvador Island. While this percentage did not differ significantly from
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the expected estimates (expected 95% CI: 1.3%-2.17%) it does not eliminate the
possibility that de novo mutations play an important adaptive role in pupfish evolution.

Conclusion

In conclusion, we found that a single QTL region was responsible for variation in cranial
height in both populations, and an additional four QTL regions were responsible for
variation in different craniofacial traits across lakes, suggesting that parallel genetic
changes underlie integrated suites of adaptive craniofacial phenotypes on San Salvador
Island. Adaptive alleles were more commonly found within these detected QTL regions,
and more of these adaptive alleles arrived on SSl via introgression than expected by
chance. Finally, we argue that investigating QTL regions across populations in concert
with estimation of hard selective sweeps in wild populations is a powerful tool for
identifying potential causative regions of the genome affecting adaptive divergence.
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Tables

Table 1. Maximum LOD scores for all 29 traits measured in Little Lake and Crescent
Pond mapping crosses. A genome scan with a single-QTL model by Haley-Knott
regression was used to identify the position with the highest LOD score, 95% Bayesian
credible intervals, and the genome-wide significance level for each trait (P<0.1: -; P <
0.05: *). We also report the scaffold numbers of genomic regions that fell within the 95%
credible intervals associated with the maximum LOD position for each trait, the number
of individuals phenotyped, percent variance explained (PVE) by the max LOD region,
and the uncorrected P-value associated with each max LOD region.

Genome
Max -wide x? P-
Trait Population Scaffold LOD sig. n PVE Value
Crescent 53, 7087,
Lower Jaw Pond 2336, 6275,
Length 26, 7335 2.89 205 6.29 0.0013
Little Lake 24,4028, 58,
16 3.30 228 6.45 0.0005
Crescent 31, 4, 451,
Jaw closing Pond 19 3.60 204 7.81 0.0002
In-Lever Little Lake 8, 9588,
8020 4.11 227 7.99 0.0001
Jaw Crescent
Opening In- Pond 6086, 11 2.43 205 5.32 0.0037
Lever Little Lake 43 2.98 227 5.87 0.0010
Palatine  Creseent
Height _ Pond 34,22,6304 2.90 205 6.31 0.0013
Little Lake 11 2.73 228 5.36 0.0019
Suspen- Crescent 46, 37, 31,
sorium Pond 26, 60, 7556,
Length _ 10198, 22 3.54 204 7.68 0.0003
Little Lake 11 3.51 227 6.88 0.0003
Crescent 52, 13137,
Dentigerous Pond 40 2.19 202 4.87 0.0065
Arm Width Little Lake 24,4028, 58,
16 4.05 ¥ 228 7.85 0.0001
Maxilla Crescent 27,593, 4,
Length _ Pond 31,451, 19 2.67 204 5.85 0.0021
Little Lake 56 3.03 228 5.94 0.0009
Dentigerous Crescent 27,593, 4,
Arm Base _ Pond 31,451, 19 2.98 205 6.47 0.0011
Little Lake 26 3.70 228 7.21 0.0002
Dentigerous Crescent ,,
Arm Depth _ Pond 6086, 11,46 4.20 . 205 9.00 0.0001
Little Lake 5 3.70 217 7.55 0.0002
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Ascending Crescent 27,593, 4,
Process Pond 31, 451, 19 2.70 201 6.00 0.0020
Length Little Lake 46, 37 3.70 210 7.79 0.0002
Maxillary Crescent
Head Height _ Pond 6086, 11,46  2.33 205 5.11 0.0046
Little Lake 7, 30 2.19 228 4.33 0.0064
Ectopter- Crescent 14, 9, 16,
. Pond 5405, 11419 2.81 205 6.11 0.0016
ygoid Little Lake 9 3.36 228 6.56 0.0004
Crescent 58, 24, 41,
Maxillary Pond 47 2.70 205 5.88 0.0020
Head 7431, 53,
Protrusion Little Lake 6275, 2336,
25 4.03 228 7.82 0.0001
46, 37, 31,
Protrusion _ 10198, 22 2.25 205 4.93 0.0056
Little Lake 9 3.69 228 7.18 0.0002
Orbit Crescent 9588, 8,
Diameter _ Pond 8020 2.34 205 5.13 0.0045
Little Lake 52, 40, 41 2.58 227 5.10 0.0026
Cranial Crescent
Height _ Pond 33, 39 3.59 205 7.74 0.0003
Little Lake 33 3.94 224 7.78 0.0001
Crescent
Head Depth Pond 16, 40 2.98 204 6.51 0.0010
Little Lake 52, 40, 41 2.71 223 5.45 0.0019
Pelvic Crescent 31, 18,15,
Girdle Pond 11057, 55,
Length _ 52 2.68 203 5.90 0.0021
Little Lake 27,37,7 2.87 226 5.68 0.0014
Crescent 37, 46, 7556,
Premaxilla Pond 10198 3.15 202 6.92 0.0007
Pelvic 35, 38, 20,
Girdle Little Lake 8508, 10278,
33 2.63 231 5.10 0.0024
Standard Crescent 14, 9, 16,
Length Pond 5405, 11419 2.90 204 6.34 0.0013
(mm) Little Lake 31, 46, 37 3.48 231 6.69 0.0003
Cranium Crescent 6704, 52,
Dorsal Fin _ Pond 13137, 40 2.84 205 6.18 0.0014
Little Lake  37,22,7556 3.45 231 6.65 0.0004
Dorsal Fin Crescent 43, 26,
Width Pond 14743 2.18 205 4.78 0.0066
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842, 44,

LitleLake 4167476 30 3.00 230 5.83 0.0010
Dorsal Fin Crescent 18, 31, 15,
Height _ Pond 11057, 55 2.84 203 6.23 0.0015
Little Lake 43 3.50 222 7.00 0.0003
Anterior Crescent
Body Depth _ Pond 8, 8020 2.94 204 6.43 0.0011
Little Lake 6094, 5, 4 3.33 230 6.45 0.0005
Posterior Crescent 20, 471, 39,
Body Depth _ Pond 8508, 33 2.86 203 6.27 0.0014
Little Lake 18, 15 3.02 228 5.92 0.0009
Crescent 31, 18,15,
Caudal Pond 11057, 55,
Peduncle 52 2.87 203 6.30 0.0014
Length . 24,4028, 58,
Little Lake 16 2.16 230 4.23 0.0070
Crescent 18, 15,
Anal Fin Pond 11057, 55 2.89 201 6.41 0.0013
Width Little Lake 6, 842, 44,
1074, 30 2.40 229 4.71 0.0040
Crescent 43, 26,
Anal Fin Pond 14743 2.93 201 6.48 0.0012
Height . 8, 9588,
Little Lake 8020 3.15 229 6.14 0.0007
Caudal Crescent 53, 7087,
Peduncle Pond 2336, 6275,
Height _ 26, 7335 1.97 205 4.32 0.0108
Little Lake 47, 1962 3.32 230 6.44 0.0005
Crescent
Adductor Pond 6086, 11 3.56 170 9.18 0.0003
Little Lake - - - - -
Proportion Crescent 58, 24, 41, 12.0
Time Spent Pond 47 2.05 74 0 0.0089
Near Scale- .
Little Lake

Eater Mates
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Table 2. Position of maximum LOD score and 95% credible intervals for each trait in the
Little Lake linkage map and the Crescent Pond linkage map. Colors represent
corresponding linkage groups across lakes. Asterisks represent traits that were
marginally significant at the P < 0.1 level in the genome scan.

Little Lake Crescent Pond
Position Position
genomewide genomewide

Trait Sig. LG Max LOD score 95% Cl Trait Sig. LG Max LOD score 95% Cl
Cranial Height * 1 259 (250,270) Suspensorium Length 1 566 (20,730)
Premaxilla to Pelvic Girdle 1 146  (0,350) Nasal Tissue Protrusion 1 570 (0,740)
Cranium to Dorsal Fin 2 303 (160,380) Premaxilla to Pelvic Girdle 1 568 (310,600)
Lower Jaw Length 3 9  (0,340) Ectopterygoid 3 272 (0,560)
Dentigerous Arm Width * 3 9 (0,340) Standard Length (mm) 3 50 (40,500)
Caudal Peduncle Length 3 168  (0,340) Dentigerous Arm Width 4 317 (40,510)
Dorsal Find width 4 187 (10,310) Cranium to Dorsal Fin 4 89 (30,510)
Anal Fin Width 4 14  (0,280) Lower Jaw Length 5 136  (0,470)
Dentigerous Arm Depth * 6 79  (20,90) Caudal Peduncle height 5 381 (0,470)
Anterior Body Depth 6 289  (0,300) Jaw Closing In-Lever 6 380 (150,410)
Orbit Diameter 8 266  (0,290) Maxilla Length 6 468  (0,480)
Head Depth 8 206  (0,290) Dentigerous Arm Base 6 107  (0,480)
Jaw Closing In-Lever * 9 54  (40,90) Ascending Proces Length 6 106  (0,470)
Anal Fin Height 9 100 (70,240) Pelvic Girdle Length 8 370 (20,435)
Maxillary Head Protrusion ~ * 10 35 (0,260) Dorsal Fin Height 8 91  (0,380)
Ascending Process Length 12 119 (90,150) Caudal Peduncle Length 8 258 (30,425)
Standard Length (mm) 12 200 (50,210) Anal Fin Width 8 190 (110,400)
Ectopterygoid 13 170 (150,180) Maxillary Head Protrusion 9 300 (0,350)
Nasal Tissue Protrusion 13 193 (20,200)|  Proportion Time Spent Near 9 166 (50,340)

Scale-Eater Males
Palatine Height 14 147 (110,210) Cranial Height * 10 204 (130,340)
Suspensorium Length 14 153 (70,180) Posterior Body Depth 10 270  (0,330)
Jaw Opening In-Lever 16 58 (40,140) Palatine Height 11 70  (0,310)
Dorsal Fin Height 16 52  (40,60) Head Depth 12 111 (100,280)
Pelvic Girdle Length 17 50 (10,160) Opening In-Lever 13 10 (0,90)
Maxillary Head Height 18 122 (30,160) Dentigerous Arm Depth * 13 2 (0,250)
Caudal Peduncle Height 19 44 (20,90) Maxillary Head Height 13 170  (0,280)
Dentigerous Arm Base 21 74 (0,100) Adductor Mandibulae Mass * 13 2 (0,70)
- Maxilla Length 22 40  (20,50) Dorsal Fin Width 14 305 (30,330)
Posterior Body Depth 24 30 (10,30) Anal Fin Width 14 330 (280,330)
Orbit Diameter 16 107  (0,190)
Anterior Body Depth 16 170 (10,220)
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Table 3. Number of adaptive alleles and any genes within 20 kbp found in trait QTL with
maximum LOD scores for both lakes. Adaptive alleles were categorized as either
standing genetic variation (SGV), introgression (Intro.), or de novo mutations, and were
estimated independently for snail-eaters and scale-eaters in a previous study (Richards
et al. 2021). Asterisks represent traits that were significant at the P < 0.1 level in the
genome-wide scan, while crosses show traits that corresponded to the same locations
in the alternate lake.

Traits Gene Snail-Eater Scale-Eater
SGV | Intro. | SGV| Intro. | 9©
novo

bri3bp - 26 28 - -

gnaqg 9 - 9 - -

Cranial Height* wdr31 18 2 20 - -

Unannotgted 1 i 11 i i
Regions

Dentigerous Arm cyp26b1 - 8 8 - -

Width* dysf - - 1 - -
Fi:}i:if:‘lit: Unannotated

Maxllary Head Regions . 67 216 | - 1

Protrusiont

Dentigerous Arm Unannotated - - 1 - -
Depth* Regions

cox6b1 8 - 8 - -

cyp21a2, - - 2 - -

evalb - - 2 - -

fhod3 - - 2 - -

gaint1 - - - 17 -

glipr2| - - 3 - -

hdac9b - - - 1 -

Maxillary Head mag - - 2 - -

PI'OtI'USIi_On* |;I$1\fver Jaw map7d1 25 - 25 - -

en .

Caudal Igeduncle mindy3, - i 8 i i

Heightt nacad, - - 2 - -

pxni - - 1 - -

rasip1, 13 - 13 - -

slc2a3] 15 - 15 - -

steap4 - - - 26 -

tbrg4 - - 2 - -

them4 - - 5 - -

tnc - - 1 - -
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twist1 - - - -

zhx2| 5 - 6 -

znf628 5 - 6 -

Unannotated

Regions 29 68 93 64

Jaw closing In-Lever* galr2, - - - 2

Orbit Diametert

Anterior Body Deptht map2k6 - - - 3
atp8a2 92 - 92 -

cd226/ 6 - 6 -

cdk8 - - 1 -

cmbl) - - 4 -

crispld1 - - 7 -

dok6 - - 50 -

fbxl7) - - 6 -

Dentigerous Arm hnfdg - - 1 -
Depth* med1 - - 26 -
Adductor Mandibulae mtrr, - - 2 -
Mass* ncoa2 7 - - 4
Palatine Heightt prih - - 12 6
Suspensorium Lengtht rnf6 i i 4 i
shisa2 18 - 38 -

sicb1a| - - 22 -

spicel 4 - 2 -

ube2w| - 48 - -

zfhx4 - - - -

Unannotated
Regions 34 34 131 3
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Figures
Figure 1.

A)

Calibration

B)
Head Body
Point 1 | Point 2 Trait | Point 1 | Point 2 Trait
1 2 Lower Jaw Length 20 21 Premaxilla to Pelvic
Girdle
2 3 Jaw closing In-Lever 20 31 Standard Length
2 4 Jaw Opening In-Lever 22 23 Cranium to Dorsal
Fin
2 11 Palatine Height 23 24 Dorsal Fin Width
2 18 Suspensorium Length 23 25 Dorsal Fin Height
5 8 Dentigerous Arm Width 23 26 Anterior Body Depth
6 11 Maxilla Length 24 27 Posterior Body Depth
7 5 Dentigerous Arm Base 24 30 Caudal Peduncle
Length
8 9 Dentigerous Arm Depth 26 27 Anal Fin Width
9 10 Ascending Process 27 28 Anal Fin Height
Length
11 13 Maxillary Head Height 29 30 Caudal Peduncle
Height
11 14 Ectopterygoid
12 13 Maxillary Head For the Crescent Pond individuals, we
Protrusion | | recorded sex and the mass of the
12 19 Nasal Tissue Protrusion | | adductor mandibulae muscle before
14 15 Orbit Diameter clearing and staining each specimen.
15 16 Cranial Height
16 18 Head Depth
17 18 Pelvic Girdle Length
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Figure 1 A) Representative photographs of F2 intercross cleared and double-stained
specimen used for skeletal morphometrics. Points represent landmarks used to
measure linear distances between skeletal traits. B) Table containing the two landmarks

that correspond to each trait.
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Figure 2.

A)
Crescent Pond Linkage Map

B)
Little Lake Linkage Map

Figure 2 Linkage maps for A) Crescent Pond and B) Little Lake crosses. The Crescent
Pond linkage map was estimated from 743 markers and the Little Lake linkage map was
estimated from 540 markers. Both maps were generated from crosses between a scale-
eater (C. desquamator) and snail-eater (C. brontotheroides) from the respective lakes.
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Figure 3.

Figure 3 Circos plot depicting the relationship between the Crescent Pond (red) and
Little Lake linkage maps (blue), which share 324 markers within 10 kbp of one another.
Numbers surrounding each semi-circle represent linkage group numbers in each lake.
Markers that are shared across lakes are connected via the colored lines.
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Figure 4.
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Figure 4 LOD profile for cranial height in Crescent Pond (red) and Little Lake (blue) F2
hybrids. LOD profiles were estimated by a Haley-Knott regression and are plotted

relative to the position along the implicated linkage group (LG 10 for Crescent Pond, LG

1 for Little Lake) which are represented along the X-axis. Genome wide significance

levels of P = 0.1, 0.05, and 0.01 are shown by the grey horizontal lines. Linkage groups

along the X-axis also show the position of maximum LOD along with 95% Bayesian

credible intervals. The orange fill color within the linkage groups corresponds to

overlapping regions of scaffold 33 between crosses.
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Figure 5.
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Figure 5 Cranial height phenotypes (size-corrected residuals) for each genotype in
Crescent Pond (red) and Little Lake (blue). Both lakes show that heterozygotes (AB)
exhibit greater cranial heights than homozygous parental genotypes.
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Supplemental Materials
Supplemental tables

Table S1. List of genes that fall within or partially within significant QTL regions.

Trait Gene Scaffold Pop.
Adductor Mandibulae Height abca4 HiC_scaffold_11 CP
Adductor Mandibulae Height agrp HiC_scaffold_11 CP
Adductor Mandibulae Height ahrr HiC_scaffold_11 CP
Adductor Mandibulae Height arhgap29 HiC_scaffold_11 CP
Adductor Mandibulae Height b2m HiC_scaffold_11 CP
Adductor Mandibulae Height bco1 HiC_scaffold_11 CP
Adductor Mandibulae Height bloc1s5 HiC_scaffold_11 CP
Adductor Mandibulae Height brpf3 HiC_scaffold_11 CP
Adductor Mandibulae Height ccdc63 HiC_scaffold_11 CP
Adductor Mandibulae Height cebpe HiC_scaffold_11 CP
Adductor Mandibulae Height cngb3 HiC_scaffold_11 CP
Adductor Mandibulae Height col11a1 HiC_scaffold_11 CP
Adductor Mandibulae Height cpned HiC_scaffold_11 CP
Adductor Mandibulae Height dcaf11 HiC_scaffold_11 CP
Adductor Mandibulae Height dph2 HiC_scaffold_11 CP
Adductor Mandibulae Height eefle1 HiC_scaffold_11 CP
Adductor Mandibulae Height emp3 HiC_scaffold_11 CP
Adductor Mandibulae Height fam168b HiC_scaffold_11 CP
Adductor Mandibulae Height fam83e HiC_scaffold_11 CP
Adductor Mandibulae Height fen1 HiC_scaffold_11 CP
Adductor Mandibulae Height fitm1 HiC_scaffold_11 CP
Adductor Mandibulae Height foxj3 HiC_scaffold_11 CP
Adductor Mandibulae Height garem1 HiC_scaffold_11 CP
Adductor Mandibulae Height glyctk HiC_scaffold_11 CP
Adductor Mandibulae Height hbp1 HiC_scaffold_11 CP
Adductor Mandibulae Height hmcn2 HiC_scaffold_11 CP
Adductor Mandibulae Height kazn HiC_scaffold_11 CP
Adductor Mandibulae Height kazna HiC_scaffold_11 CP
Adductor Mandibulae Height kbp HiC_scaffold_11 CP
Adductor Mandibulae Height kif20a HiC_scaffold_11 CP
Adductor Mandibulae Height mag HiC_scaffold_11 CP
Adductor Mandibulae Height mak HiC_scaffold_11 CP
Adductor Mandibulae Height mcur1 HiC_scaffold_11 CP
Adductor Mandibulae Height mon1b HiC_scaffold_11 CP
Adductor Mandibulae Height myh6 HiC_scaffold_11 CP
Adductor Mandibulae Height myh7 HiC_scaffold_11 CP
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Adductor Mandibulae Height ngdn HiC_scaffold_11 CP
Adductor Mandibulae Height nrros HiC_scaffold_11 CP
Adductor Mandibulae Height ntng1 HiC_scaffold_11 CP
Adductor Mandibulae Height olfm3 HiC_scaffold_11 CP
Adductor Mandibulae Height pabpn1 HiC_scaffold_11 CP
Adductor Mandibulae Height pck2 HiC_scaffold_11 CP
Adductor Mandibulae Height pdcd6 HiC_scaffold_11 CP
Adductor Mandibulae Height phldb2 HiC_scaffold_11 CP
Adductor Mandibulae Height pigm HiC_scaffold_11 CP
Adductor Mandibulae Height pkia HiC_scaffold_11 CP
Adductor Mandibulae Height plch2 HiC_scaffold_11 CP
Adductor Mandibulae Height plcxd2 HiC_scaffold_11 CP
Adductor Mandibulae Height pomp HiC_scaffold_11 CP
Adductor Mandibulae Height ppcs HiC_scaffold_11 CP
Adductor Mandibulae Height prdm2 HiC_scaffold_11 CP
Adductor Mandibulae Height prkdc HiC_scaffold_11 CP
Adductor Mandibulae Height prmt6 HiC_scaffold_11 CP
Adductor Mandibulae Height psme1 HiC_scaffold_11 CP
Adductor Mandibulae Height ramp3 HiC_scaffold_11 CP
Adductor Mandibulae Height rec8 HiC_scaffold_11 CP
Adductor Mandibulae Height rgs9bp-b HiC_scaffold_11 CP
Adductor Mandibulae Height rmdn1 HiC_scaffold_11 CP
Adductor Mandibulae Height rnpc3 HiC_scaffold_11 CP
Adductor Mandibulae Height rps20 HiC_scaffold_11 CP
Adductor Mandibulae Height serpinb1 HiC_scaffold_11 CP
Adductor Mandibulae Height serpinb10 HiC_scaffold_11 CP
Adductor Mandibulae Height serpinb1b HiC_scaffold_11 CP
Adductor Mandibulae Height serpinb6 HiC_scaffold_11 CP
Adductor Mandibulae Height sh3glb1 HiC_scaffold_11 CP
Adductor Mandibulae Height siglec1 HiC_scaffold_11 CP
Adductor Mandibulae Height siglec10 HiC_scaffold_11 CP
Adductor Mandibulae Height siglec13 HiC_scaffold_11 CP
Adductor Mandibulae Height siglec14 HiC_scaffold_11 CP
Adductor Mandibulae Height siglec9 HiC_scaffold_11 CP
Adductor Mandibulae Height ski HiC_scaffold_11 CP
Adductor Mandibulae Height slc22a17 HiC_scaffold_11 CP
Adductor Mandibulae Height slc35b3 HiC_scaffold_11 CP
Adductor Mandibulae Height snx16 HiC_scaffold_11 CP
Adductor Mandibulae Height tecr HiC_scaffold_11 CP
Adductor Mandibulae Height tfap2a HiC_scaffold_11 CP
Adductor Mandibulae Height thap6 HiC_scaffold_11 CP
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Adductor Mandibulae Height thtpa HiC_scaffold_11 CP
Adductor Mandibulae Height tm9sf1 HiC_scaffold_11 CP
Adductor Mandibulae Height tmem14c HiC_scaffold_11 CP
Adductor Mandibulae Height tmem51 HiC_scaffold_11 CP
Adductor Mandibulae Height tmem56-b HiC_scaffold_11 CP
Adductor Mandibulae Height txndcS HiC_scaffold_11 CP
Adductor Mandibulae Height utp3 HiC_scaffold_11 CP
Adductor Mandibulae Height vav3 HiC_scaffold_11 CP
Adductor Mandibulae Height wdr19 HiC_scaffold_11 CP
Adductor Mandibulae Height wdr37 HiC_scaffold_11 CP
Adductor Mandibulae Height wwp1 HiC_scaffold_11 CP
Adductor Mandibulae Height zc2hcla HiC_scaffold_11 CP
Adductor Mandibulae Height zfhx4 HiC_scaffold_11 CP
Cranial Height aak1 HiC_scaffold_33 CP
Cranial Height acacb HiC_scaffold_33 CP
Cranial Height acdh-11 HiC_scaffold_33 CP
Cranial Height adrala HiC_scaffold_33 CP
Cranial Height adrb4c HiC_scaffold_33 CP
Cranial Height aebp1 HiC_scaffold_33 CP
Cranial Height aifm3 HiC_scaffold_33 CP
Cranial Height akriala HiC_scaffold_33 CP
Cranial Height aldh3b1 HiC_scaffold_33 CP
Cranial Height amy?2 HiC_scaffold_33 CP
Cranial Height ank1 HiC_scaffold_33 CP
Cranial Height ank1 HiC_scaffold_33 LL
Cranial Height ankrd13a HiC_scaffold_33 CP
Cranial Height ankrd39 HiC_scaffold_33 CP
Cranial Height antxr1 HiC_scaffold_33 CP
Cranial Height aopep HiC_scaffold_39 CP
Cranial Height ap1b1 HiC_scaffold_33 CP
Cranial Height ap1b1 HiC_scaffold_33 LL
Cranial Height aqp3 HiC_scaffold_33 CP
Cranial Height arl6ip4 HiC_scaffold_33 CP
Cranial Height arleip4 HiC_scaffold_33 LL
Cranial Height arrdc3 HiC_scaffold_33 CP
Cranial Height arsk HiC_scaffold_33 CP
Cranial Height asb6 HiC_scaffold_33 CP
Cranial Height atpbv0a2 HiC_scaffold_33 CP
Cranial Height atp6v0a2 HiC_scaffold_33 LL
Cranial Height bag4 HiC_scaffold_33 CP
Cranial Height bco2 HiC_scaffold_33 CP
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Cranial Height bin3 HiC_scaffold_33 CP
Cranial Height bmp1 HiC_scaffold_33 CP
Cranial Height bri3bp HiC_scaffold_33 CP
Cranial Height bri3bp HiC_scaffold_33 LL
Cranial Height c2cd4cc2cd4 | HIC_scaffold 33 CP
family
Cranial Height c2cd4cc2cd4 | HiC_scaffold_33 LL
family
Cranial Height c9orf78 HiC_scaffold_33 CP
Cranial Height carnmt1 HiC_scaffold_33 CP
Cranial Height ccdc117 HiC_scaffold_33 CP
Cranial Height ccdc117 HiC_scaffold_33 LL
Cranial Height ccdc157 HiC_scaffold_33 CP
Cranial Height ccdc92 HiC_scaffold_33 CP
Cranial Height ccnh HiC_scaffold_33 CP
Cranial Height cemip2 HiC_scaffold_33 CP
Cranial Height ciaola HiC_scaffold_33 CP
Cranial Height cldn22 HiC_scaffold_33 CP
Cranial Height clip1 HiC_scaffold_33 CP
Cranial Height cmikr1 HiC_scaffold_33 CP
Cranial Height coe2 HiC_scaffold_33 CP
Cranial Height coe2 HiC_scaffold_33 LL
Cranial Height cox7c HiC_scaffold_33 CP
Cranial Height crat HiC_scaffold_33 CP
Cranial Height ctrc HiC_scaffold_33 CP
Cranial Height dao HiC_scaffold_33 CP
Cranial Height dbn1 HiC_scaffold_33 CP
Cranial Height dbnl HiC_scaffold_33 CP
Cranial Height ddr2 HiC_scaffold_33 CP
Cranial Height dguok HiC_scaffold_33 CP
Cranial Height dguok HiC_scaffold_33 LL
Cranial Height disp3 HiC_scaffold_33 CP
Cranial Height dnajb5 HiC_scaffold_33 CP
Cranial Height dnm1l HiC_scaffold_33 CP
Cranial Height dpysl2 HiC_scaffold_33 CP
Cranial Height dusp18 HiC_scaffold_33 CP
Cranial Height dusp26 HiC_scaffold_33 CP
Cranial Height ehd1 HiC_scaffold_33 CP
Cranial Height eif4ebp1 HiC_scaffold_33 CP
Cranial Height eif4ebp1 HiC_scaffold_33 LL
Cranial Height elac1 HiC_scaffold_39 CP
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Cranial Height elmod3 HiC_scaffold_33 CP
Cranial Height elovl7 HiC_scaffold_39 CP
Cranial Height emid1 HiC_scaffold_33 CP
Cranial Height emid1 HiC_scaffold_33 LL
Cranial Height epx HiC_scaffold_33 CP
Cranial Height epx HiC_scaffold_33 LL
Cranial Height erap2 HiC_scaffold_33 CP
Cranial Height ercc8 HiC_scaffold_39 CP
Cranial Height es1 HiC_scaffold_33 CP
Cranial Height ewsr1 HiC_scaffold_33 CP
Cranial Height ewsr1 HiC_scaffold_33 LL
Cranial Height f2r HiC_scaffold_33 CP
Cranial Height fabp1 HiC_scaffold_39 CP
Cranial Height fam173b HiC_scaffold_39 CP
Cranial Height fam219a HiC_scaffold_33 CP
Cranial Height fam222a HiC_scaffold_33 CP
Cranial Height fancg HiC_scaffold_33 CP
Cranial Height fgfr1ia HiC_scaffold_33 CP
Cranial Height ficd HiC_scaffold_33 CP
Cranial Height foxb2 HiC_scaffold_33 CP
Cranial Height foxb2 HiC_scaffold_33 LL
Cranial Height foxd5-a HiC_scaffold_39 CP
Cranial Height foxn4 HiC_scaffold_33 CP
Cranial Height fzd10-a HiC_scaffold_33 CP
Cranial Height gal3st1 HiC_scaffold_33 CP
Cranial Height gas2l1 HiC_scaffold_33 CP
Cranial Height gas2l1 HiC_scaffold_33 LL
Cranial Height gatc HiC_scaffold_33 CP
Cranial Height gent1 HiC_scaffold_33 CP
Cranial Height gfra2 HiC_scaffold_33 CP
Cranial Height gimap2 HiC_scaffold_33 CP
Cranial Height gimap4 HiC_scaffold_33 CP
Cranial Height gimap7 HiC_scaffold_33 CP
Cranial Height gimap8 HiC_scaffold_33 CP
Cranial Height gins4 HiC_scaffold_33 CP
Cranial Height git2 HiC_scaffold_33 CP
Cranial Height gltp HiC_scaffold_33 CP
Cranial Height gnal4 HiC_scaffold_33 CP
Cranial Height gnal4 HiC_scaffold_33 LL
Cranial Height gnaq HiC_scaffold_33 CP
Cranial Height gnaq HiC_scaffold_33 LL
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Cranial Height gnrh1 HiC_scaffold_33 CP
Cranial Height gpat4 HiC_scaffold_33 CP
Cranial Height gramd2b HiC_scaffold_33 CP
Cranial Height grk5 HiC_scaffold_33 CP
Cranial Height gtf2h3 HiC_scaffold_33 CP
Cranial Height hapin1 HiC_scaffold_33 CP
Cranial Height hcar2 HiC_scaffold_33 CP
Cranial Height hcar2 HiC_scaffold_33 LL
Cranial Height hip1r HiC_scaffold_33 CP
Cranial Height hip1r HiC_scaffold_33 LL
Cranial Height homer1 HiC_scaffold_33 CP
Cranial Height hspb11 HiC_scaffold_33 CP
Cranial Height ierdl HiC_scaffold_33 CP
Cranial Height igsf9 HiC_scaffold_33 CP
Cranial Height ine HiC_scaffold_33 CP
Cranial Height ine HiC_scaffold_33 LL
Cranial Height iqggap1 HiC_scaffold_33 CP
Cranial Height iscu HiC_scaffold_33 CP
Cranial Height jmy HiC_scaffold_33 CP
Cranial Height kansl|3 HiC_scaffold_33 CP
Cranial Height kctd10 HiC_scaffold_33 CP
Cranial Height kctd9 HiC_scaffold_33 CP
Cranial Height kiaa0825 HiC_scaffold_33 CP
Cranial Height kif24 HiC_scaffold_33 CP
Cranial Height kin14e HiC_scaffold_33 CP
Cranial Height kIf9 HiC_scaffold_33 CP
Cranial Height klhl10 HiC_scaffold_33 CP
Cranial Height klhl10 HiC_scaffold_33 LL
Cranial Height kmt5aa HiC_scaffold_33 CP
Cranial Height kmtSaa HiC_scaffold_33 LL
Cranial Height kntc1 HiC_scaffold_33 CP
Cranial Height koza HiC_scaffold_33 CP
Cranial Height Igi3 HiC_scaffold_33 CP
Cranial Height limk2 HiC_scaffold_33 CP
Cranial Height limk2 HiC_scaffold_33 LL
Cranial Height lix1 HiC_scaffold_33 CP
Cranial Height lox HiC_scaffold_33 CP
Cranial Height loxhd1 HiC_scaffold_39 CP
Cranial Height Ism1 HiC_scaffold_33 CP
Cranial Height lysmd3 HiC_scaffold_33 CP
Cranial Height [ztr1 HiC_scaffold_33 CP
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Cranial Height Izts1 HiC_scaffold_33 CP
Cranial Height mapk4 HiC_scaffold_39 CP
Cranial Height mblac2 HiC_scaffold_33 CP
Cranial Height mctp1 HiC_scaffold_33 CP
Cranial Height me2 HiC_scaffold_39 CP
Cranial Height med22 HiC_scaffold_33 CP
Cranial Height mfsd3 HiC_scaffold_33 CP
Cranial Height mier3 HiC_scaffold_39 CP
Cranial Height mixip HiC_scaffold_33 CP
Cranial Height mmab HiC_scaffold_33 CP
Cranial Height mn1 HiC_scaffold_33 CP
Cranial Height mob1a HiC_scaffold_33 CP
Cranial Height mob1a HiC_scaffold_33 LL
Cranial Height morc2a HiC_scaffold_33 CP
Cranial Height mspa HiC_scaffold_33 CP
Cranial Height mthfd2 HiC_scaffold_33 CP
Cranial Height mthfd2 HiC_scaffold_33 LL
Cranial Height mtx3 HiC_scaffold_33 CP
Cranial Height mvk HiC_scaffold_33 CP
Cranial Height myo1h HiC_scaffold_33 CP
Cranial Height ncs1 HiC_scaffold_33 CP
Cranial Height ndufaf2 HiC_scaffold_39 CP
Cranial Height nefh HiC_scaffold_33 CP
Cranial Height nefl HiC_scaffold_33 CP
Cranial Height neurl3 HiC_scaffold_33 CP
Cranial Height nfu1 HiC_scaffold_33 CP
Cranial Height nkx2-6 HiC_scaffold_33 CP
Cranial Height nkx6-3 HiC_scaffold_33 CP
Cranial Height nodal HiC_scaffold_33 CP
Cranial Height nodal HiC_scaffold_33 LL
Cranial Height nol6 HiC_scaffold_33 CP
Cranial Height nono HiC_scaffold_33 CP
Cranial Height npc1l1 HiC_scaffold_33 CP
Cranial Height npy1r HiC_scaffold_33 CP
Cranial Height omg HiC_scaffold_33 CP
Cranial Height osbp2 HiC_scaffold_33 CP
Cranial Height osbp2 HiC_scaffold_33 LL
Cranial Height p2rx2 HiC_scaffold_33 CP
Cranial Height p2ry14 HiC_scaffold_33 CP
Cranial Height p2ry14 HiC_scaffold_33 LL
Cranial Height pcsk5 HiC_scaffold_33 CP
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Cranial Height pde4d HiC_scaffold_39 CP
Cranial Height pdlim2 HiC_scaffold_33 CP
Cranial Height pebp4 HiC_scaffold_33 CP
Cranial Height pes1 HiC_scaffold_33 CP
Cranial Height pgbd3 HiC_scaffold_33 CP
Cranial Height pgbd3 HiC_scaffold_33 LL
Cranial Height pgm5 HiC_scaffold_39 CP
Cranial Height phyhip HiC_scaffold_33 CP
Cranial Height pik3ip1 HiC_scaffold_33 CP
Cranial Height pik3ip1 HiC_scaffold_33 LL
Cranial Height pipSk1b HiC_scaffold_33 CP
Cranial Height pitpnb HiC_scaffold_33 CP
Cranial Height pitpnm2 HiC_scaffold_33 CP
Cranial Height pitpnm2 HiC_scaffold_33 LL
Cranial Height pla2g3 HiC_scaffold_33 CP
Cranial Height plcl1 HiC_scaffold_33 CP
Cranial Height plekha2 HiC_scaffold_33 CP
Cranial Height plk2 HiC_scaffold_39 CP
Cranial Height pole HiC_scaffold_33 CP
Cranial Height polr3d HiC_scaffold_33 CP
Cranial Height polr3g HiC_scaffold_33 CP
Cranial Height ppp1r3c HiC_scaffold_33 CP
Cranial Height prihr HiC_scaffold_33 CP
Cranial Height prune2 HiC_scaffold_33 CP
Cranial Height prune2 HiC_scaffold_33 LL
Cranial Height psap HiC_scaffold_33 CP
Cranial Height psap HiC_scaffold_33 LL
Cranial Height psbp1 HiC_scaffold_33 CP
Cranial Height psmd9 HiC_scaffold_33 CP
Cranial Height ptch1 HiC_scaffold_39 CP
Cranial Height ptgerd HiC_scaffold_39 CP
Cranial Height pxmp2 HiC_scaffold_33 CP
Cranial Height rab11fip1 HiC_scaffold_33 CP
Cranial Height rab3c HiC_scaffold_39 CP
Cranial Height rabgef1 HiC_scaffold_33 CP
Cranial Height rasail HiC_scaffold_33 CP
Cranial Height rasl10b HiC_scaffold_33 CP
Cranial Height rasl10b HiC_scaffold_33 LL
Cranial Height rfesd HiC_scaffold_33 CP
Cranial Height rfina HiC_scaffold_33 CP
Cranial Height rgmb HiC_scaffold_33 CP
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Cranial Height rhbdd3 HiC_scaffold_33 CP
Cranial Height rhbdd3 HiC_scaffold_33 LL
Cranial Height rilpl1 HiC_scaffold_33 CP
Cranial Height rilpl1 HiC_scaffold_33 LL
Cranial Height rilpl2 HiC_scaffold_33 CP
Cranial Height rilpl2 HiC_scaffold_33 LL
Cranial Height rimbp2 HiC_scaffold_33 CP
Cranial Height riok2 HiC_scaffold_33 CP
Cranial Height rnf214 HiC_scaffold_33 CP
Cranial Height rnf223 HiC_scaffold_33 CP
Cranial Height rorb HiC_scaffold_33 CP
Cranial Height roh3a HiC_scaffold_33 CP
Cranial Height rsrc2 HiC_scaffold_33 CP
Cranial Height rtkn HiC_scaffold_33 CP
Cranial Height sart3 HiC_scaffold_33 CP
Cranial Height sds HiC_scaffold_33 CP
Cranial Height seca HiC_scaffold_33 CP
Cranial Height setbp1 HiC_scaffold_33 CP
Cranial Height sgsm1 HiC_scaffold_33 CP
Cranial Height slc15a4 HiC_scaffold_33 CP
Cranial Height slc25a37 HiC_scaffold_33 CP
Cranial Height slc2a11 HiC_scaffold_33 CP
Cranial Height slc2a8 HiC_scaffold_33 CP
Cranial Height slc6a4 HiC_scaffold_33 CP
Cranial Height slc7a4 HiC_scaffold_33 CP
Cranial Height slc8b1 HiC_scaffold_33 CP
Cranial Height slf1 HiC_scaffold_33 CP
Cranial Height smim15 HiC_scaffold_39 CP
Cranial Height smn1 HiC_scaffold_33 CP
Cranial Height smtn HiC_scaffold_33 CP
Cranial Height smtn HiC_scaffold_33 LL
Cranial Height smtnl1 HiC_scaffold_33 CP
Cranial Height smtnl1 HiC_scaffold_33 LL
Cranial Height smyd1 HiC_scaffold_39 CP
Cranial Height snrnp200 HiC_scaffold_33 CP
Cranial Height shx2 HiC_scaffold_33 CP
Cranial Height sorbs3 HiC_scaffold_33 CP
Cranial Height srrd HiC_scaffold_33 CP
Cranial Height ssbp2 HiC_scaffold_33 CP
Cranial Height ssh1 HiC_scaffold_33 CP
Cranial Height star HiC_scaffold_33 CP
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Cranial Height stx2 HiC_scaffold_33 CP
Cranial Height sv2c HiC_scaffold_33 CP
Cranial Height svop HiC_scaffold_33 CP
Cranial Height tacc1 HiC_scaffold_33 CP
Cranial Height tbx5 HiC_scaffold_33 CP
Cranial Height tcf71a HiC_scaffold_33 CP
Cranial Height tchp HiC_scaffold_33 CP
Cranial Height tcn2 HiC_scaffold_33 CP
Cranial Height tcn2 HiC_scaffold_33 LL
Cranial Height tctn2 HiC_scaffold_33 CP
Cranial Height tctn2 HiC_scaffold_33 LL
Cranial Height tent2 HiC_scaffold_33 CP
Cranial Height tfip11 HiC_scaffold_33 CP
Cranial Height thbs4b HiC_scaffold_33 CP
Cranial Height thoc5 HiC_scaffold_33 CP
Cranial Height tmem119 HiC_scaffold_33 CP
Cranial Height tmem127 HiC_scaffold_33 CP
Cranial Height tmem132c HiC_scaffold_33 CP
Cranial Height tmem132d HiC_scaffold_33 CP
Cranial Height tmem161b HiC_scaffold_33 CP
Cranial Height tmem167a HiC_scaffold_33 CP
Cranial Height tmem230 HiC_scaffold_33 CP
Cranial Height tmem248 HiC_scaffold_33 CP
Cranial Height tnks HiC_scaffold_33 CP
Cranial Height tpcen1 HiC_scaffold_33 CP
Cranial Height trafd1 HiC_scaffold_33 CP
Cranial Height trafd1 HiC_scaffold_33 LL
Cranial Height trpm3 HiC_scaffold_33 CP
Cranial Height trpom6 HiC_scaffold_33 CP
Cranial Height tspan36 HiC_scaffold_39 CP
Cranial Height ttc28 HiC_scaffold_33 CP
Cranial Height ttc37 HiC_scaffold_33 CP
Cranial Height tutl HiC_scaffold_33 CP
Cranial Height ube3db HiC_scaffold_33 CP
Cranial Height ubl4aa HiC_scaffold_33 CP
Cranial Height ulk1 HiC_scaffold_33 CP
Cranial Height unc45b HiC_scaffold_33 CP
Cranial Height usp30 HiC_scaffold_33 CP
Cranial Height usp39 HiC_scaffold_33 CP
Cranial Height usp39 HiC_scaffold_33 LL
Cranial Height vep HiC_scaffold_33 CP
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Cranial Height vegt HiC_scaffold_33 CP
Cranial Height vps13c HiC_scaffold_33 CP
Cranial Height vps33a HiC_scaffold_33 CP
Cranial Height wdr31 HiC_scaffold_33 CP
Cranial Height wdr31 HiC_scaffold_33 LL
Cranial Height wdr66 HiC_scaffold_33 CP
Cranial Height wscd2 HiC_scaffold_33 CP
Cranial Height xrccd HiC_scaffold_33 CP
Cranial Height zfand5 HiC_scaffold_33 CP
Cranial Height znf180 HiC_scaffold_33 CP
Cranial Height znf366 HiC_scaffold_39 CP
Cranial Height znf608 HiC_scaffold_33 CP
Dentigerous Arm Depth abca4 HiC_scaffold_11 CP
Dentigerous Arm Depth abhd10 HiC_scaffold_11 CP
Dentigerous Arm Depth abi1 HiC_scaffold_11 CP
Dentigerous Arm Depth acad11 HiC_scaffold_11 CP
Dentigerous Arm Depth acbdb5a HiC_scaffold_11 CP
Dentigerous Arm Depth ackr4 HiC_scaffold_11 CP
Dentigerous Arm Depth adamts12 HiC_scaffold_5 LL
Dentigerous Arm Depth adamts7 HiC_scaffold_5 LL
Dentigerous Arm Depth adgrg4 HiC_scaffold_11 CP
Dentigerous Arm Depth agrp HiC_scaffold_11 CP
Dentigerous Arm Depth agtr1 HiC_scaffold_11 CP
Dentigerous Arm Depth ahrr HiC_scaffold_11 CP
Dentigerous Arm Depth akap13 HiC_scaffold_5 LL
Dentigerous Arm Depth amer2 HiC_scaffold_11 CP
Dentigerous Arm Depth ankh HiC_scaffold_11 CP
Dentigerous Arm Depth ankrd33b HiC_scaffold_11 CP
Dentigerous Arm Depth ano9 HiC_scaffold_5 LL
Dentigerous Arm Depth ap2a2 HiC_scaffold_5 LL
Dentigerous Arm Depth apod HiC_scaffold_11 CP
Dentigerous Arm Depth arfgef1 HiC_scaffold_11 CP
Dentigerous Arm Depth arhgap21 HiC_scaffold_11 CP
Dentigerous Arm Depth arhgap29 HiC_scaffold_11 CP
Dentigerous Arm Depth armc1 HiC_scaffold_11 CP
Dentigerous Arm Depth arpp19 HiC_scaffold_5 LL
Dentigerous Arm Depth arx HiC_scaffold_11 CP
Dentigerous Arm Depth asap1 HiC_scaffold_11 CP
Dentigerous Arm Depth atp8a2 HiC_scaffold_11 CP
Dentigerous Arm Depth b2m HiC_scaffold_11 CP
Dentigerous Arm Depth b4galt1 HiC_scaffold_11 CP
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Dentigerous Arm Depth bbs4 HiC_scaffold_5 LL
Dentigerous Arm Depth bco1 HiC_scaffold_11 CP
Dentigerous Arm Depth bdh1 HiC_scaffold_11 CP
Dentigerous Arm Depth bhlhe22 HiC_scaffold_11 CP
Dentigerous Arm Depth bloc1s5 HiC_scaffold_11 CP
Dentigerous Arm Depth boc HiC_scaffold_11 CP
Dentigerous Arm Depth brpf3 HiC_scaffold_11 CP
Dentigerous Arm Depth c1qtnf9 HiC_scaffold_11 CP
Dentigerous Arm Depth c8g HiC_scaffold_11 CP
Dentigerous Arm Depth cal HiC_scaffold_11 CP
Dentigerous Arm Depth cacnb2 HiC_scaffold_11 CP
Dentigerous Arm Depth calml4 HiC_scaffold_5 LL
Dentigerous Arm Depth caprin2 HiC_scaffold_11 CP
Dentigerous Arm Depth cbin2 HiC_scaffold_11 CP
Dentigerous Arm Depth ccdc106 HiC_scaffold_11 CP
Dentigerous Arm Depth ccdc58 HiC_scaffold_11 CP
Dentigerous Arm Depth ccdc63 HiC_scaffold_11 CP
Dentigerous Arm Depth ccl20 HiC_scaffold_11 CP
Dentigerous Arm Depth ccne HiC_scaffold_5 LL
Dentigerous Arm Depth ccr HiC_scaffold_11 CP
Dentigerous Arm Depth cctb HiC_scaffold_11 CP
Dentigerous Arm Depth cd226 HiC_scaffold_11 CP
Dentigerous Arm Depth cd276 HiC_scaffold_5 LL
Dentigerous Arm Depth cd38 HiC_scaffold_11 CP
Dentigerous Arm Depth cd81 HiC_scaffold_5 LL
Dentigerous Arm Depth cdh10 HiC_scaffold_11 CP
Dentigerous Arm Depth cdh12 HiC_scaffold_11 CP
Dentigerous Arm Depth cdh18 HiC_scaffold_11 CP
Dentigerous Arm Depth cdh20 HiC_scaffold_11 CP
Dentigerous Arm Depth cdh6 HiC_scaffold_11 CP
Dentigerous Arm Depth cdh7 HiC_scaffold_11 CP
Dentigerous Arm Depth cdk13 HiC_scaffold_11 CP
Dentigerous Arm Depth cdk8 HiC_scaffold_11 CP
Dentigerous Arm Depth cdv3 HiC_scaffold_11 CP
Dentigerous Arm Depth cebpe HiC_scaffold_11 CP
Dentigerous Arm Depth cela2a HiC_scaffold_11 CP
Dentigerous Arm Depth chmp4c HiC_scaffold_11 CP
Dentigerous Arm Depth chmp5 HiC_scaffold_11 CP
Dentigerous Arm Depth chrna7 HiC_scaffold_5 LL
Dentigerous Arm Depth chst2 HiC_scaffold_11 CP
Dentigerous Arm Depth cldn15 HiC_scaffold_5 LL
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Dentigerous Arm Depth cln6 HiC_scaffold_5 LL
Dentigerous Arm Depth clul1 HiC_scaffold_11 CP
Dentigerous Arm Depth cmbl HiC_scaffold_11 CP
Dentigerous Arm Depth cngb3 HiC_scaffold_11 CP
Dentigerous Arm Depth col11a1 HiC_scaffold_11 CP
Dentigerous Arm Depth colec12 HiC_scaffold_11 CP
Dentigerous Arm Depth copsdS HiC_scaffold_11 CP
Dentigerous Arm Depth cpab HiC_scaffold_11 CP
Dentigerous Arm Depth cpb1 HiC_scaffold_11 CP
Dentigerous Arm Depth cpeb1 HiC_scaffold_5 LL
Dentigerous Arm Depth cpned HiC_scaffold_11 CP
Dentigerous Arm Depth crh HiC_scaffold_11 CP
Dentigerous Arm Depth crispld1 HiC_scaffold_11 CP
Dentigerous Arm Depth cry-dash HiC_scaffold_11 CP
Dentigerous Arm Depth csnk1g1 HiC_scaffold_5 LL
Dentigerous Arm Depth csrnp1 HiC_scaffold_11 CP
Dentigerous Arm Depth cstb HiC_scaffold_11 CP
Dentigerous Arm Depth dcaf11 HiC_scaffold_11 CP
Dentigerous Arm Depth dhcr7 HiC_scaffold_5 LL
Dentigerous Arm Depth dlec1 HiC_scaffold_11 CP
Dentigerous Arm Depth dnajb6 HiC_scaffold_11 CP
Dentigerous Arm Depth dnajc13 HiC_scaffold_11 CP
Dentigerous Arm Depth dok6 HiC_scaffold_11 CP
Dentigerous Arm Depth dph2 HiC_scaffold_11 CP
Dentigerous Arm Depth dpp6 HiC_scaffold_11 CP
Dentigerous Arm Depth drd3 HiC_scaffold_11 CP
Dentigerous Arm Depth drosha HiC_scaffold_11 CP
Dentigerous Arm Depth dsel HiC_scaffold_11 CP
Dentigerous Arm Depth dusp28 HiC_scaffold_5 LL
Dentigerous Arm Depth eefle1 HiC_scaffold_11 CP
Dentigerous Arm Depth ell2 HiC_scaffold_5 LL
Dentigerous Arm Depth eloc HiC_scaffold_11 CP
Dentigerous Arm Depth emc9 HiC_scaffold_11 CP
Dentigerous Arm Depth emilin2 HiC_scaffold_11 CP
Dentigerous Arm Depth emp3 HiC_scaffold_11 CP
Dentigerous Arm Depth erya HiC_scaffold_11 CP
Dentigerous Arm Depth esyt2 HiC_scaffold_11 CP
Dentigerous Arm Depth eyal HiC_scaffold_11 CP
Dentigerous Arm Depth f13a1 HiC_scaffold_11 CP
Dentigerous Arm Depth f13e€9.13 HiC_scaffold_5 LL
Dentigerous Arm Depth fam168b HiC_scaffold_11 CP
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Dentigerous Arm Depth fam214a HiC_scaffold_5 LL
Dentigerous Arm Depth fam49b HiC_scaffold_11 CP
Dentigerous Arm Depth fam83e HiC_scaffold_11 CP
Dentigerous Arm Depth fastkd3 HiC_scaffold_11 CP
Dentigerous Arm Depth foxI7 HiC_scaffold_11 CP
Dentigerous Arm Depth fen1 HiC_scaffold_11 CP
Dentigerous Arm Depth fitm1 HiC_scaffold_11 CP
Dentigerous Arm Depth flt3 HiC_scaffold_11 CP
Dentigerous Arm Depth foxh1 HiC_scaffold_11 CP
Dentigerous Arm Depth foxj3 HiC_scaffold_11 CP
Dentigerous Arm Depth gabarapl2 HiC_scaffold_5 LL
Dentigerous Arm Depth gad2 HiC_scaffold_11 CP
Dentigerous Arm Depth garem1 HiC_scaffold_11 CP
Dentigerous Arm Depth gars HiC_scaffold_11 CP
Dentigerous Arm Depth gdap1 HiC_scaffold_11 CP
Dentigerous Arm Depth ggh HiC_scaffold_11 CP
Dentigerous Arm Depth gimap4 HiC_scaffold_11 CP
Dentigerous Arm Depth gli3 HiC_scaffold_11 CP
Dentigerous Arm Depth glyctk HiC_scaffold_11 CP
Dentigerous Arm Depth gnb5b HiC_scaffold_5 LL
Dentigerous Arm Depth gnrhr2 HiC_scaffold_5 LL
Dentigerous Arm Depth gorasp1 HiC_scaffold_11 CP
Dentigerous Arm Depth gpri12 HiC_scaffold_11 CP
Dentigerous Arm Depth gpr141 HiC_scaffold_11 CP
Dentigerous Arm Depth apri17 HiC_scaffold_11 CP
Dentigerous Arm Depth gpt2l HiC_scaffold_11 CP
Dentigerous Arm Depth gramdic HiC_scaffold_11 CP
Dentigerous Arm Depth gramd2a HiC_scaffold_5 LL
Dentigerous Arm Depth gtf3a HiC_scaffold_11 CP
Dentigerous Arm Depth hacd1 HiC_scaffold_11 CP
Dentigerous Arm Depth hbp1 HiC_scaffold_11 CP
Dentigerous Arm Depth hgd HiC_scaffold_11 CP
Dentigerous Arm Depth hhatl HiC_scaffold_11 CP
Dentigerous Arm Depth hmcn2 HiC_scaffold_11 CP
Dentigerous Arm Depth hnf4g HiC_scaffold_11 CP
Dentigerous Arm Depth idh2 HiC_scaffold_5 LL
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Maxillary Head Protrusion yqjl HiC_scaffold_53 LL
Maxillary Head Protrusion yrdc HiC_scaffold_53 LL
Maxillary Head Protrusion zadh2 HiC_scaffold_53 LL
Maxillary Head Protrusion zbtb7b HiC_scaffold_53 LL
Maxillary Head Protrusion zc3h12a HiC_scaffold_53 LL
Maxillary Head Protrusion zdhhc11 HiC_scaffold_53 LL
Maxillary Head Protrusion zdhhc18 HiC_scaffold_53 LL
Maxillary Head Protrusion zhx2 HiC_scaffold_53 LL
Maxillary Head Protrusion znf208 HiC_scaffold_53 LL
Maxillary Head Protrusion znf226 HiC_scaffold_53 LL
Maxillary Head Protrusion znf236 HiC_scaffold_53 LL
Maxillary Head Protrusion znf282 HiC_scaffold_53 LL
Maxillary Head Protrusion znf385d HiC_scaffold_53 LL
Maxillary Head Protrusion znf436 HiC_scaffold_53 LL
Maxillary Head Protrusion znf516 HiC_scaffold_53 LL
Maxillary Head Protrusion znf524 HiC_scaffold_53 LL
Maxillary Head Protrusion znf574 HiC_scaffold_53 LL
Maxillary Head Protrusion znf585b HiC_scaffold_53 LL
Maxillary Head Protrusion znf628 HiC_scaffold_53 LL
Maxillary Head Protrusion znf687a HiC_scaffold_53 LL
Maxillary Head Protrusion znf737 HiC_scaffold_53 LL
Maxillary Head Protrusion znf79 HiC_scaffold_53 LL
Maxillary Head Protrusion znf865 HiC_scaffold_53 LL
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Supplemental figures

Figure S1.
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Figure S1 Principal component analysis depicting phenotypic variation across 28 size
corrected skeletal traits for Crescent Pond F2 hybrids (red circles) and Little Lake F2
hybrids (blue triangles). Skeletal traits were calculated as the mean from two lateral
photographs from each individual. There was no significant difference between
Crescent Pond and Little Lake individuals (MANOVA, df = 28, approximate F-value=

0.34, P=1).
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Figure S2.
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Supplemental Figure S2 Correlation matrices depicting the relationship between

phenotypic traits in Little Lake and Crescent Pond. Visualized pie charts represent

relationships that are significant at the P < 0.05 level. Red pie charts represent negative

relationships and blue pie charts represent positive relationships.
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Dissertation Conclusion

My dissertation work explores the multivariate nature of evolutionary novelty using the
pupfish system and suggests that shifts in behavioral phenotypes are necessary for
occupying novel ecological niches. The unique integration of behavioral, morphological,
and genomic data in my work has revealed a new pattern— that for some ecological
niches, shifts in behavioral phenotypes are sufficient for a successful transition, but for
other potentially rarer niches, shifts across multiple phenotypic axes are crucial.
Additionally, this work provides empirical data to further inform hypotheses and
predictions regarding the origins of evolutionary novelty.

The ecological opportunity hypothesis predicts that novel phenotypes should be
adaptive for performance in an organism’s ecological niche. In line with this hypothesis,
in Chapter One | showed a relationship between increased aggression and specialist
niches, which may suggest that increased aggression is needed for consuming snails
and scales. It should be noted, however, that this chapter did not directly measure
whether increased aggression improves an individual's feeding performance and future
work is needed to directly assess whether increased aggression is adaptive for snail-
and scale-eating. Chapter Two provides a more direct line of support for the ecological
opportunity hypothesis by linking novel traits to feeding performance. Scale-eating
pupfish exhibit novel morphologies, such as their extremely large jaws, and novel
behaviors, such as their unique feeding kinematics, and this research directly ties these
novelties to increased bite performance.

The third chapter of my dissertation, however, shows that new ecological
opportunity is not always sufficient for explaining the evolution of novelty. Instead, the
novel nasal protrusion— which is unique to the snail-eating pupfish species—does not
provide an additional advantage for consuming more or larger snails. Furthermore,
intermediate snail-eating hybrids and even generalist pupfish species from San
Salvador Island consumed statistically similar numbers of snails. In the context of the
ecological opportunity hypothesis, these results suggest that novelties need not be
directly tied to performance in an organism’s ecological niche. Together, these chapters
suggest that shifts in behavioral phenotypes may be sufficient for moving into new
ecological niches, that morphological novelty may refine performance in said niche, or
that some examples of novelty may be unrelated to an organism’s ecological niche.

Alternatively, other hypotheses focus on the underlying developmental and genetic
process that may produce novelty, predicting that only new mechanisms can produce
novel phenotypes. My dissertation provides mixed support for this hypothesis.

In chapter one | found that 30% of differentially expressed genes in aggression related
pathways were shared between snail-eaters and scale-eaters, suggesting that a single
genetic mechanism could be responsible for several instances of novelty. On the other
hand, scale-eaters showed additional and unique differential expression patterns that
were not observed in the snail-eater suggesting that perhaps these additional and
unique differential expression patterns are what is responsible for scale-eating novelty.
Similarly, chapter four shows that many of the genomic regions associated with
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adaptive phenotypes for both snail- and scale-eating are frequently reused to produce
variation in several different traits. This may suggest that a single genomic region can
contribute to several phenotypic novelties. On the other hand, the nature of this this
QTL study required regions of interested to be alternatively fixed between parental
populations (i.e., snail-eaters and scale-eaters) meaning that this data may be better
suited to comparing the effects of unique alleles instead of unique genes or genomic
regions.

While the allelic differences in this study are unique to either snail- or scale-
eaters in our QTL mapping population, many of these alleles exist in pupfish
populations outside of San Salvador Island. In fact, genomic regions associated with
adaptive phenotypes for snail- and scale-eating contained more introgressed single
nucleotide polymorphisms than expected by chance indicating that introgression from
other pupfish populations may have facilitated the evolution of novelty on San Salvador
Island. Ultimately, results from my dissertation research highlight that predictions about
the genetic mechanisms that produce novelty may be highly dependent on the
biological level being examined.

Finally, hypotheses considering evolutionary novelty from the viewpoint of movement
across a fitness landscape predict that novel peaks are far from the ancestral peak and
that there must be a steep fitness valley separating the two. However, my dissertation
research shows that these predictions may be dependent on the degree of novelty
being examined. For example, scale-eating hybrids and non-scale-eating pupfish
species exhibited low bite performance, implying that they would, likely fall into the
predicted fitness valley between peaks. This pattern, however, was not present for the
snail-feeding niche. Instead, snail-eating hybrids and even some generalist pupfish
populations were able to easily consume snails. This may suggest that the snail-eater
fithess peak is close to the ancestral peak, as hybrids and generalists with ongoing
gene flow with snail-eaters are able to avoid the predicted fithess valley. Theory also
predicts that jumping between fitness peaks, especially if they are quite distant are likely
to involve few large effect loci, however, results from chapter four show that genomic
regions associated with both snail-eating and scale-eating phenotypes have small or
moderate effects. Results from this thesis suggest that novelty does not necessarily
require large movements across the fitness valley.

In conclusion, my chapters highlight the need to examine evolutionary novelty across
many biological levels including behavior, morphology, and genomics. The data
generated from this research suggests that evolutionary novelty is multivariate, yet
current hypotheses only consider variation along a single axis, limiting our ability to
accurately predict the processes that produce novelty or the processes that lead to the
success of evolutionary novelty. Future research into the complex relationships between
biological levels may provide this necessary insight and ultimately improve our
understanding of diversification.
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