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Synopsis Mela nin is a n essent ia l p rod uct that plays a n importa nt role in innate immunity in a variety of or ganism s across the 
animal kin g dom. Mel anin sy nthesi s i s per for med by ma ny orga nism s usin g the t y rosine metabolism p athway, a genera l p athway 
that ut i lizes a type-thre e co p per oxidase pro tein, ca l le d PO-c andid ates (ph en oloxid ase c andid ates). While mel anin sy nthesis 
i s well-ch a racterized in orga nisms lik e a rthrop o d s and hum ans, it i s not a s we ll-un der st o o d in n on-m ode l or ganism s such as 
cnid ari ans. Wit h t he r ising ant hropo mo rphic c limat e c han g e influence o n ma rine ecosystems, cnida ria ns, spe cifica l ly cora ls, are 
under an increased threat of bleaching and di sea se . Under standing innat e imm une pa thways, such as m e l anin sy nthesi s, i s vital 
f or ga inin g in sigh ts in to how coral s m ay be able to fight t hese t hre ats. In t hi s study, we u se com para tive b io info rma tic a pproaches 
to provide a compre h en siv e an alysi s of g enes inv olv ed in t y rosin e-m ediated m e l anin sy nthesis in cnid ari ans. Eighteen PO- 
c andid ates r epr esentin g fiv e phyla w ere studie d to ident ify their evol u tio nary relatio nshi p. Cnid ari an species were most similar 
t o c hordat es due t o do main p resents in th e amin o acid sequen ces. From th ere, fun ct iona l ly con serv ed domain s in coral proteins 
were ident ifie d in a cora l di sea se data set. Five stony corals exposed t o st o ny co ral tis s ue los s di sea se w ere lev erag ed to identify 
18 putative t y rosin e m eta bolism g enes, g enes wit h f unct iona l ly con serv ed domain s to their Ho mo sap iens counter par t. To put 
t his pat hway in t he co ntext o f co ra l hea l th, pu tativ e g enes w er e corr elat ed t o m e lanin con cen tra tio n fro m tis s ues of s tony 
cora l spe cies in t he dise ase exposure dataset. In this study, t y rosinase was ident ifie d in stony corals as correlated to m e lanin 

concen tra tions a nd lik el y p lays a key ro le in immunity as a resista nce tra i t. In addi tio n, sto ny co ral g enes w ere assig ne d to a l l 
mod ules wi t hin t he t y rosine met abolism pat hway, indicatin g an ev ol u tio nary co nservatio n o f this pathway across phyla. Overa l l, 
this study provides a compre h en siv e an alysi s of the genes invo l ved in t y rosin e-m ediated m e l anin sy nthesis in cnid ari ans. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Introduction 

Melanin is a highly con serv ed mul tifunctio nal p ig-
m ent best kn own f or roles in ma mmalia n skin and
hair pigmen ta tion ( D’Mello et al. 2016 ). In inver-
t ebrat es, m e lanin has many other fun ctions, in clud-
ing those related to innate immunity ( True 2003 ;
Christensen et al. 2005 ; Liu et al. 2016 ; Qiao et al.
2016 ; W hi tten and Coates 2017 ; Ehrlich and Zuk 2019 ).
F or exam ple, inse cts ut i lize m e lanin in emb ryo nic
deve lopm en t, colora t ion, and p a thogen enca psula tion
( Dimo po ulos 2003 ; Okada et al. 2006 ; Zou et al. 2008 ; 
A dvance A ccess publicat ion Ju ly 18, 2024 
C © Th e Auth or(s) 2024. Pu blis h ed by Oxford University Press on behalf of the
Access article dist ribute d under the terms of the Creative Co mmo ns Attribu t
per mits unrestr ict ed reuse , dist ribut ion, and r epr oduction in any medium, pr
Cór doba-A guilar et al. 2009 ; Lee et al. 2018 ). In ecologi-
ca l ly im portan t cnida ria ns, s uch a s to ny co rals, m e lanin
p rod uctio n i s a ssoci ated w ith woun d h ealing an d dis-
e ase, but t h e m ech ani sms by which these or ganism s
p rod uce th ese ph en otypes ar e unr eso l v ed ( Zhuan g et
al. 2009 ; Fuess et al. 2018 ; Bailey et al. 2019 ; Ricci et al.
2019 ; Aziz et al. 2021 ). An un derstan ding of th e m e lanin
c asc ade in b asa l metazo ans, such as cnid ari ans, is im-
po rtant as i t wi l l provide better insigh t in to the evolu-
tio n o f t hese pat h ways across ph yl a and w i l l h e lp us bet-
t er under sta nd cnida ria n’s s tres s and di sea se responses.
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The pathways of melanin synthesis such as
 e lan ogen esis an d t y rosin e m eta bolism are w ell

 haract erized in or ganism s like Ho mo sap i ens an d
rosophil a mel anogas t er. The co re co mpo nents o f

h ese m e l anin sy n thesis pa thways include upstream
el l sig na ling p a thways such as Wn t or MAPK, the
 ranscript ion factor MITF (Me lan ocyte In ducing
ranscri ptio n Facto r o r M icrop htalmi a-Associ ated
ranscri ptio n Facto r), and rate limi ting ph en olox-

d ase (PO) enzy m es. Me l anin sy nthesi s i s init iate d
y the presence of t y rosine, indic ating a conserved
 y rosin e-m e diate d m e lanin synth esis p rocess ( Napp i
nd Christensen 2005 ; D’Mello et al. 2016 ; Bailey et
 l. 2019 ; Koi k e a nd Ya m a sa ki 2020 ; Yu et a l. 2021 ).
 variety of studies in s e vera l spe cies indicate that in
 e l anin sy nt hesis, t he rate limiting enzymatic reactions

n d n on-enzymat ic react ions are e qua l ly im portan t in
re ating t h e m e lanin p rod uct. The rate limi ting en-
ymes per for m t he cat a lyzat ion and hydroxylation
 f mo nop heno ls into dip heno ls and quinone inter-
ediates through an enzymatic process ( Hoeger and
ar r is 2020 ). Acco rdingly, no n-enzymat ic react ions

n quin on e-radical interm ediat es creat e the melanin
 rod uct. There are a variety of enzymes that c an c at-
 lyze the rate-limit ing step of m e l anin sy nthesis. While
iffer ent pr otein fami lies ma ke up these rate limiting
nzymes, a l l are cap able o f p rod ucing m e lanin. 

Due to the diversity in protein families that can per-
or m t he rat e-limiting st ep acr oss phyla, we br o ad ly cat-
gor ize t h ese enzym es as PO-can didat es, prot eins that
re ei ther PO o r PO-like ( Hoeger and Har r is 2020 ;
ava n et al. 2020 ). PO-ca ndidates a re a l l mu lt ico p per
xidase proteins that can have two to six co p per atoms
t their activ e sites. Hemocyanin s, t y rosin a ses (TYRs),
nd cat ec holoxid ases are t ype-three co p per pro teins en-
ymes that perform this rate limiting step and only have
wo co p per a toms a t their active sit e . Laccases are a gen-
ra l mu lt ico p per oxida se th at per for m t h e m e lanin rate-
imiting step and have more than two co p per a toms a t
he active site ( Janusz et al. 2020 ; Pavan et al. 2020 ). Lac-
 ase PO-c andid a tes are annota ted in s e veral pathways
hat p rod uce a m e lanin p rod uct, incl udin g melanog en-
sis an d gen eric ann otatio ns o f m e l anin sy n thesis pa th-
ays in literatur e ( D’ Mello et al. 2016 ; Liu et al. 2016 ;
 hi tten and Coates 2017 ). 
Studies in H. sapiens and arthrop o d s h av e driv en the

r ogr ess in m e la nin resea rch as they ha ve pla yed im-
ortant roles in life s ta ges, colo ratio n, and immuni ty. In
hese or ganism s, the variety of PO-ca ndidates a re due
o the roles they play in that o rganism. Fo r examples,
um ans h ave PO-c andid ates TYR and l acc a se th at are
sed for radiation def ense a nd infla mm ation ( Ga sque
 nd Ja ffa r-Ba ndj e e 2015 ; Koi k e a nd Ya m a saki 2020 ).
ow ev er, in sects hav e a variety o f p roph en oloxidases
O-c andid at es c haract erized by their hemocyanin
omains, which enc apsul ate different t ypes of
athog en s, includin g bacter ia, f ungi, and viruses
 Christensen et al. 2005 ; Wang et al. 2017 , 2018 ).
rthrop o ds have the cap abi lity of expressing a l l PO-
 andid at es, inc luding hemocya nin, TYR-lik e a nd
 acc ase-lik e, a nd have b een rep orted the exp ressio n
f a variety of these PO-c andid a tes during pa thogen
r s tres s challen g es ( A l ad aileh et al. 2007 ; Yu et al.
014 ; Ta ssan a kaj on et al. 2018 ). The H. sapiens and
 he art hrop o d pathway differ in th e types an d uses of
O-c andid a tes a t the ra t e limiting st eps. Building of the

nfo rmatio n o f PO-c andid ates in model or ganism s, the
n derstan ding of m e l anin sy nthesi s h a s exp ande d in
 on-m ode l or ganism s through com para tive imm unol-
gy approaches on m ode l to n on-m ode l or ganism s
 Esposito et al. 2012 ; Bailey et al. 2019 ). 

Cnid ari ans sy nth esize an d use m e la nin as a pa rt of
heir inna te imm une system ( Anct i l 2009 ; Zaragoza et
 l. 2014 ; Parisi et a l. 2020 ). Melanin p rod uctio n oc-
urs as a reaction to s tres s, woun d h e aling, pat hogen or
a thogen associa ted molecular pa tterns (PAMPs) expo-
ure , and coral bleac hing ( Pa lmer et a l. 2010 ; Myd larz
n d Palm er 2011 ; Palm er et a l. 2011 ; Pa lmer et a l. 2011 ;
an de Water et al. 2015 ; Fuess et a l. 2018 ; Pa lmer
 nd Ba ird 2018 ; Ba i ley et a l. 2019 ; Ricci et a l. 2019 ;
arisi et al. 2020 ). Melanin can appear as a visible
h en otype , whic h h a s been seen in the purpling of
ea fa ns a n d black spot deve lopm ent on Eunicea dur-
ng di sea se events ( Mydlarz and Harvell 2007 ; Fuess
t al. 2018 ; Ricci et al. 2019 ). Gene exp ressio n stud-
es provide f urt her support of PO-c andid ates in the
ora l p athog en respon se, w ith differenti al exp ressio n
 f so m e PO-can didates in di sea se exposure, high ex-
 ressio n o f PO-c andid ates being lin ke d to di sea se re-
ista nce, a nd TYR being c haract eristic of immune cell
 ypes ( Mydl a rz a n d Palm er 2011 ; Vida l-D u p iol et al.
014 ; van de Water et al. 2015 ; Conn e lly et al. 2020 ; Levy
t al. 2021 ; MacKnight et al. 2022 ). Un derstan ding an
mm une pa t hway in cnidar ians is vit a l now, as cora l dis-
a se i s a ri sing t hre at to re efs. Cora l di sea se poses an ex-
stent ia l t hre at to Car ibbe an cora l re efs, as se en in the
to ny co ra ls afflicte d by sto ny co ra l t is s ue los s di sea se
SCTLD), which h a s resu lte d in high morta lity rates and
oss o ver o vera l l cora l cov erag e on r eefs ( Alvar e z-Fi lip et
l. 2022 ). 

In this study, PO-c andid ates and melanin synthesis
 asc ades in cnid ari an s w ere surv ey ed usin g phylog e-
etic protein family co mpariso ns an d ann otatio n o f
pecific genes in t he pat hways. Thi s study h ad two m ain
o a ls: (i) to put the coral m e lanin pathway in compar-
tiv e ev ol u tio nary co ntext using p rotein sequence
ata and b io info rm atic tool s, and (ii) to use an existing
 ataset w ith active di sea se (SCTLD) to identify m e lanin
ynth esis an d PO-can dida tes tha t may be im portan t to
o ral’s ab ili t y to surv ive di sea se. To accompli s h th e first
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go a l , prot ein sequences of PO-c andid ates from a variety
of species were comp are d using se quence a lig nment
software to elucidate the evolutionary re lations hip in
this protein family. In the second go a l, t he ort holo-
g ous tran scri pto mic dataset fro m t he active dise ase
SCTLD study was lev erag ed to un derstan d th e con-
ne ct ion betwe en m e l anin sy nth esis an d PO-can didate
genes. This study quant ifie d m e lanin con cen tra tion in
s amples from t hi s active di sea se data set t o correlat e
to the putative o rthogrou ps that rep resent a m e lanin
syn thesis pa thway. Sin ce th ere is n ot on e universal gene
respo nsible fo r mel anin sy nt hesis and t he pat hway
is not under st o o d in cnid ari ans, ut i lizing this study
tha t encom pas ses five s to ny co ra l spe cies provides in-
sigh t in to evol u tio n o f inna te imm uni ty and p rocesses
im portan t to coral’s ability to survive di sea se. 

Materials and methods 

Annotation of melanin production pathways 

Mel anin sy n thesis encom passes m ul ti ple pathways
across a variety of species. The two ma jor pa th-
ways annotated on the Kyoto Encyclopedia of Genes
an d Gen om es (KEGG) ( Kan e hisa an d Goto 2000 ;
Kan e hisa 2019 ; Kan e hisa et al. 2021 ) are m e lan o-
gen esis [KEGG:04916] an d t y rosin e m etabolism
[KEGG:00350]. Th e gen era lize d t y rosin e m etabolism
pa thway encom passes a wide variety of enzymes that
per for m m e l anin sy nthesis r egar dles s of s pe cia lizat ion
within species ( Vavricka et a l. 2014 ), whi le m e lan o-
genesi s i s exclu sive t o c hordat es with m e lan osom es
( D’Mel lo et a l. 2016 ), so t y rosin e m etaboli sm wa s
chosen for this study. For the t y rosine metabolism
pat hways annot ated on KEGG, f ull pat hways for t he
spe cies were down lo ade d an d th e co rrespo n ding NCB I
gene , nuc le ot ide , and prot ein ID s w ere catalog ed
( Sayer s et al . 2022 ). Prot ein domain s w ere confirmed
using HMMER v3.4 ( Eddy 2008 , 2009 , 2011 ). Mod-
u les assig ne d in KEGG’s t y rosin e m et abolism pat hway
were also identified. A full list of all species and their
KEGG t y rosin e m et abolism pat hways are listed in
Supplemen tary ma terial 1 . 

In this paper, we ar e r efer r ing to t h e m e lanin
synthesi s a s depicted by t he KEGG pat hway t y ro-
sin e m etabolism [KEGG:00350]. We sep arate d out
KEGG t y rosin e m et abolism pat hway into four mod-
u les. Thre e of th ese m odu les are fu l ly define d by KEGG:
Cat ec h olamin e biosynth esis [M00042], Thyroid hor-
m on e biosynth esis [M00043], an d Tyrosin e degrada-
tion [M00044]. The fourth module, melanin synthe-
si s, we h ave sy nthesized/ad apted from KEGG and addi-
t iona l publicat ions on t y rosin e m etabolism ( D’Me llo et
a l. 2016 ; Liu et a l. 2016 ; W hi tten and Coates 2017 ). This
pathway includes mu lt iple PO-c andid at es, for whic h
this paper only refer s t o one group of PO-c andid ates:
type-3 co p per oxidases (pro ph en ol oxidases, h em o-
cya nins, a nd TYRs). 

Ev olutionary r elationships of PO-candidates 

Evol u tio na ry a na lyses of type-thre e co p per oxidase pro-
teins (proph en ol oxidases, h em ocya nins, a nd TYRs),
were co nd ucte d in MEGA X ( Kumar et a l. 2018 ;
St ec her et al. 2020 ). Nucle ot ide se quences were a lig ne d
wi th Cl usta lW ’s ( Tho mpso n et a l. 1994 ) defau lt p a-
ramet er s within the MEGAX system. The evol u tio n-
ar y histor y wa s inferred by u sing th e n eighbo r-jo ining
m eth od ( Sa itou a n d Nei 1987 ), th e associated taxa
were c lust ered using a b o ots trap tes t (1000 replicates),
and evol u tio n ary di stance wa s co mpu ted using Po is-
so n co rre ct ion m eth od ( Z uck erka ndl a nd Pauling 1965 ;
Fe lsenstein 1985 ). Th e t re e is draw n to sc ale, w ith
branch len gth s measured in the number of s ubs ti tu tio ns
per sit e . Se quences use d t o creat e this t re e ca n be f ound
in Supplemen tary ma terial 4 . 

SCTLD experiment 

The SCTLD transmission experiment used in this study
was car r ied out at t he Universi ty o f th e Virgin Is lan ds
(UVI) in April 2019, and its detai le d experimenta l de-
sign and r esults ar e pu blis h ed in Meiling et al. (2021) .
Th e su bse quent t ranscri pto mic dataset and experimen-
ta l ana lysis was pu blis h ed in Beavers et al. (2023) .
Br iefly, t his exper iment obt aine d frag ments from five
species of stony coral ( Co l pop hyllia nat ans , Mo nt as-
tra ea c avern osa , Orbic e lla a n n ular is , Por ites astreoi d es ,
an d Pseu d o di p lo ria s tri gosa ) from the reef and split
them into two sma l ler frag ments. One frag ment was
placed into a control mesocosm equidistant from a cen-
t ra l hea lthy Di p lo ria lab yi nthif o rmis do no r co ral colo ny,
while the co rrespo n ding fragm ent was placed into an
exper iment al mesocosm in the same m anner a s the con-
trol, bu t wi th a SCTLD-infe cte d D. lab yri nthif o rmis . A
total of eight genets of he alt hy and eight SCTLD in-
fe cte d D. lab yri nthif o rmis were used for this p aire d de-
sign. In this study, corals in the mesocosm with SCTLD-
infe cte d D. lab yri nthif o rmis w ere categ o rized d uring
the eight-day experiment b ase d on the phenotype of
SCTLD appe ar ing on the sample. If a coral obtained a
lesio n d ur ing t he study, t hey wer e r emoved fr om the
mes ocosm as s oon as there was 30% tis s ue los s. If a coral
did not obtain a lesio n d uring the eight-day experiment,
it wa s cla ssified a s exposed to SCTLD. Al l cora l s in thi s
study wer e flash-fr o zen and st o red at –80 

◦C fo r RNA
sequencing. Af ter t he exper imen t, rela tive ri sk wa s cal-
cu late d to r epr esent a species risk of dev elopin g a le-
sion after exposure to SCTLD wit h e ach species hav-
ing a unique re lative ris k associ ated w i th i t. Th e re lative
ri sk al so r epr esents the species’ suscept ibi lity to SCTLD,
wit h incre ase d relat ive risk values associ ated w ith high

https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icae115#supplementary-data
https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icae115#supplementary-data
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uscept ibi lity to SCTLD. This study provides an exper-
m ental un derstan ding of SCTLD in a diverse group of
to ny co ral s th at vary in their evol u tio nary div er g ence
n d th eir kn own suscepti b ili ty to this pa rticula r di sea se,
hich makes it advantageous for the study of m e lanin

s an immune response in stony corals. The full relevant
h en otypes of the experiment such as dis eas e status and
e lative ris k ca n be f o und in Sup plemen tary ma terial 2 . 

elanin concentration extraction of SCTLD 

xperiment samples 

 Paa sche airbru sh fil le d wi th a buffer sol u tio n (50 mM
RIS pH 7.8 with 0.05 mM dit hiot hreitol) wa s u sed to

emove cora l t is s ue from th e s ke leton. Tis s ue slurry
as h om ogenized, an d ce l ls were lyse d usin g a Pow er-
en 125 tis s ue h om ogenizer with a medium saw tooth

en erator (Fis h er Scientific). 1 mL of h om ogen ate wa s
as h-frozen an d reserved for m e la nin a n alysi s. Melanin
rotein an alysi s wa s u sed a s a p hysical p h en otype to
 epr esent the product for t y rosin e m etabolism. 

The po rtio n o f ext ract reserve d for m e la nin a naly-
i s wa s vacuum-dried u sing a Savant AES 1000 Au-
o matic Enviro nmenta l Spe e dVac overnigh t. F ollowing
a ter eva pora tion, t he tot a l dry t is s ue weight in the 1-
L aliquot was det ermined . Then, tis s ue was disrupted

y v ortexin g with a sp atu l a of gl a ss bead s ( ∼200 µL
n vol ume). Next, 300 µL o f 10 M NaOH was added
n d th e tu bes w ere v ortex ed f or a n oth er 30 s. To extract
 e lanin, tu bes were in cu b ate d for 48 h at ro om temp er-

ture in th e dar k. Following in cu bation, th e tu bes were
entr if uged for 12 min at room tem pera ture a t 1500
PM. The super nat ant (40 µL) was tra nsf erred to two

eplicate ½ wel l UV plates. Absorb ance was r ecor ded
t 410 nm and a sta nda rd curve of m e lanin disso l ved
n 10 M NaOH was used to conv ert a bsorbance to m g
 e l anin ( Mydl arz an d Palm er 2011 ; Fuess et al. 2016 ).
 eplic ate m e lanin con cent rat ion va lues w ere av erag ed
cross the two plates. Results are presented as µg of
 e lanin per mg of tis s ue. Final m e lanin con cen tra tions

rom a l l di sea se states and species were then analyzed
 or significa nce u sing a Kru ska l–Wa l li s test ( Kru skal
nd Wa l lis 1952 ) to comp are m e lanin con cen tra tion to
pecies and di sea ses statu s. A Dunn (1964) Kru skal–

a l lis mu lt iple comp ari son wa s u se d to comp are be-
ween the five species and three di sea ses statues ( Dinno
015 ). P -values were adjusted with the Holm method. 

xpression of tyrosine metabolism in SCTLD 

nfected corals 

n the transcri pto mic experiment of the SCTLD expo-
 ure s tud y, samp les from a l l five spe cies were se quence d
s detai le d in Beavers et a l . (2023) , inc luding the
rtholog ous g ene coun t ma tr ix. Br iefly, t he count ma-
 rix was generate d by ident ifyin g ortholog ous g enes
ro m a p rog ram ca l le d Orth ofin der, an d th en n or-
a lize d accordingly to the experim ent. Orth ofin der,

 program used to provide phylogenetic inferences
 f o rthologs, wa s u se d to ident ify g rou ps o f o rtholo-
 ous g enes acr oss pr e dicte d prote omes of a l l five cora l
pecies, which is r eferr ed to as “o rthogrou ps” o r “o r-
h ologs” ( Emms an d Ke ll y 2015 ; Traylor-K nowles et
l. 2021 ). Th e orth ogro ups co un t ma trices w ere g en-
rated for each species using Tximport ( Soneson et al.
016 ), an d th en m er g e d b ase d on orthogr oups ID acr oss
 l l five cora l spe cies. Th e counts were th en r log n or-
a lize d in DESe q2 ( Love et a l. 2015 ) using the desig n
spe cies + t reat m ent, rem oving orth ogroups th at h ad a

log exp ressio n av erag e of < 10. For t his study, t he com-
ariso n o f th e r log-tra nsf o rmed exp ressio n o f the o r-
hologs across a l l the cora l spe cies for the purpose of
n ding orth ologous gen es across divergent sto ny co rals
 o creat e a co hesi v e understandin g of g enes affiliate d
ith m e lanin p rod uctio n. The f ull exper iment al re-

ul ts fo r t his transcr i pto mic exper iment al study are pre-
ented in Beavers et al. (2023) and the orthologous gene
xp ressio n can be found in Supplemen tary ma terial 2 . 

To identify orthologous gen es corre lat ed t o m e lanin
oncen tra tio n, o rtholog ous g ene exp ressio n fro m
eavers et. al (2023) ’s SCTLD exposure study was
bta ined a nd filtere d for t y rosin e m et abolism pat h-
ay genes. After norma lizat ion, the human t y rosine
et abolism pat hway in KEGG wa s u sed a s a r efer ence

o identify orthologs annotating as b eing asso ciated
ith m e lanin synth esis. To confirm ann otatio n o f these
 rthogrou ps was co rrect, the co rrespo nding p rotein
 equences were s ea rched f or P fa m doma in s usin g
MMER ( Eddy 2008 , 2009 , 2011 ), wit h a t hres h old
 f e-val ue < 0.01. Co ral o rthogrou p do main co mposi-
ion was then comp are d to huma n, a n d orth ogroups
 acking c ata lyt ic domain s w ere ex cl uded fro m f urt her
n alysi s. Ort hogroups t h at pa ssed thi s filtering were
 hen cor relat ed t o melanin concen tra tio n using Pearso n
o rrelatio n an alysi s. If there were mu lt iple orthog roups
 hat were bot h cor relat ed t o m e lanin p rod uctio n and
ont ained t he s ame cat a lyt ic do mains, a rep resen ta tive
 rthogrou p was sele cte d by determinin g ov era l l p attern
 f co rrelatio n (majo ri ty negative o r majo ri ty posi tive)
f a l l orthog roups wit h t he cat a lyt ic doma ins, a n d th e
 rthogrou p wi th the highest R-value was sele cte d as the
 epr esen ta tive. 

odules of tyrosine metabolism pathway 

nnotation in stony corals 

EGG defines pathway modules as a mole cu lar
at hway wit hin t y rosin e m etabolism, which in clude
hyro id ho rmo ne b iosy nthesis, c at ec hol amine biosy n-
h esis, an d t y rosine degrad ation. In this study, we adapt
he KEGG t y rosine metabolism pathway to include

https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icae115#supplementary-data
https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icae115#supplementary-data
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m e l anin sy nthesi s, which i s in cluded in th e t y ro-
sin e m et abolism pat hway b ut no t assig ne d a modu le
number. Orthogrou ps wi th pu tati ve ro les in m e lanin
synth esis an d corre lations to m e lanin con cen tra tion
w ere ov erlay ed on to the ada pted tyrosin e m etabolism
pathway. This p resence o f o rthogrou ps and co rrelatio n
dire ct ion to m e lanin con cen tra tion was used to deter-
min e completen es s of s tony coral m e l anin sy nthesis
p athway b ase d o n the evol u tio na ry simila rities a nd
potent ia l invest ments in cnid ari an spe cies comp are d
to the human counter par t. All genes are available in
Supplemen tary ma terial 3 . 

Results 

Ev olutionary r elationships of PO-candidates 

Evol u tio na ry a na lysis of type-thre e co p per oxidase PO-
c andid ates was co nd ucted in MEGAX ( Kumar et al.
2018 ; St ec her et al . 2020 ), whic h result ed in a phy-
logenet ic t re e t hat descr ibes t heir evol u tio nary re-
latio nshi ps. The o p t ima l t re e had a sum o f b ranch
length = 11.0307. The percentage of replicate t re es
in which the associated taxa clustered together in the
b o ots trap tes t (1000 replicates) are s h own n ext to th e
bran ch es ( Fe lsenstein 1985 ). Th e evol u tio n ary di stances
were co mpu ted using the Po isso n co rre ct ion m eth od
( Z uck erka ndl a nd Pauling 1965 ) and are in the units of
the number of amino acid s ubs ti tu tio ns per si t e . This
an alysi s inv olv ed 18 amino acid se quences. Al l am-
b iguous posi tio n s w er e r emoved for each se quence p air
(p airwise delet ion o p tion). There was a total of 965 posi-
tions in the final dataset. The ident ifie d P fa ms doma ins
fo r each o f th e sequen ces are displayed n ext to th eir evo-
l u tio nary tree brand and each domain’s color is coor-
dinate d b ase d on P fa m doma in e-value associated with
each sequence if mul ti ple do main s w ere significant to a
sequence. 

Ther e ar e two major bran ch es of the t re e gener-
ated ( Fig. 1 ). The first major branch consists of rep-
resen ta ti ves from p hyl a Chord ata, Cnid ari a, and Mol-
lusca. Th e Ch ordata bran ch w ith t wo Cnid ari a species;
Stylop ho ra p is ti l l ata an d Acrop o ra di gitif era . Cnid ari an
species; Den dron e phthy a gigantea , Hy dra vulgaris , Po cil-
l op ora d ami c ornis , Nem atostell a v ec tensi s an d th e pre-
dicte d TYR orthog r oup fr om M. c avern osa a l l g roup to-
geth er. Th e m ol luscan spe cies a re a n o utgro up of this
fir st branc h. The seco nd b ranc h inc ludes member s from
phyla Anthrop o da a nd Porif era. The porif era n species
Amp himedo n queens land ica acts as an o utgro up of the
arthrop o dan sp ecies. 

In th e phylogen et ic t re e, we a ls o s e e branching b ase d
on P fa m doma in composition. There is a total of nine
P fa m s that w ere assig ne d at a sig nificant e-va lue ( < 0.01)
to the tar g et sequen ces ( Supplem en tary ma terial 4 ).
C hordate’s a l l two of t he s a me P fa m doma ins: TYR
(PF00264.24) a nd La minin_EGF (PF00053.28). Ma m-
ma lian spe cies Mu s mu sculu s an d H. sapi ens have ad-
di tio nal two P fa m doma ins: LapA_dom (PF07974.17)
and Nu p188_S H3-like (PF21094.1). Cnid ari ans that
grou ps wi t h t h e ch ordates al so h ad P fa m doma in
Laminin_EGF. The rest of the cnid ari ans only had Pfam
domain TYR. In the Mollusca branch, both species have
the TYR P fa m. Only Cras sos trea gi gas h a s P fa m do-
main TIL (PF01826.21). The second branch which con-
sisted of the porif era a nd a rthrop o ds a l l have P fa m do-
ma ins Hemocya nin_M (PF00372.23), Hemocya nin_C
(PF03723.18), and TYR. All arthrop o d s al so h ave the
Hemocya nin_N (PF03722.18) doma in. Overa l l, spe cies
evol u tio n wi thin phyla a nd P fa m doma in assignment
dr ive t h e phylogen et ic t re e. 

Cnidarian melanin synthesis in active disease 

dataset 

While m e lanin con cen tra tion did not significantly
chan g e betw een dis eas e states (Kruska l–Wa l lis
chi-squared = 4.1406, df = 2, P -value = 0.1261,
Table 1 ), there was significant difference in between
spe cies (Kruska l–Wa l lis chi-square d = 19.061, df = 4,
P -value = 0.0007647, Table 2 ), an d th eir associated
re lative ris k, as seen in Fig. 2 . There was an inverse
re lations hip of relative risk of di sea se and melanin
concen tra tion. Species tha t are high ly suscept ible to
SCTLD, like O. an n ularis , had significantly lower
m e lanin con cen tra tio n co mpared to mo re di sea se
resis tant s pe cies li ke M. c avern osa and P. as t ero i d es 

A total of 313 orthogroups were ident ifie d by HM-
MER as putative t y rosin e m et abolism ort hogroups in
the five stony cora l spe cies. O ut of these 313 or-
thogro ups, a to tal of 109 orthog roups sig nificantly cor-
relat ed t o melanin concen tra tio n ( P -val ue < 0.05), that
r epr esent 19 genes from the t y rosine met abolism pat h-
way. Furt her mo re, ou t o f th ese 19 gen es, 11 gen es are
n ot assign ed to a KEGG module ( Fig. 3 , Table 3 ). The
11 gen es n ot assign ed to th e KEGG m od ule were spli t
b etween p ositive and negative co rrelatio n. 

The remaining eight o rthogrou ps were assig ne d to
the f our different mod ules dep icted in Fig. 4 and Table 4 :
thyro id ho rmo ne b iosy nthesis, c at ec hol amine biosy n-
th esis, m e l anin sy nth esis, an d t y rosine degrad ation.
There is one assig ne d cora l orthog r oup, thyr oid per oxi-
dase (TPO), in t he t hyro id ho rmo ne b iosynthesis mod-
ule , whic h is positi vel y correlated to m e lanin con cen-
t rat ion. In the cat ec h olamin e biosynth esis p athway, a l l
five putati ve o rthogrou ps were found in the stony corals.
Three of the five orthogroups correlated to m e lanin
concen tra tio n, wi th TYR and p henylethano lamine N-
methyltra nsf era se (PNMT) h aving a n egative ly corre-

https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icae115#supplementary-data
https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icae115#supplementary-data
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Fig. 1 Neighbor-joining tree of type-three copper oxidase proteins. The phylogenetic tree depicted was created in MEGAX using the 
neighbor-joining method. The tree has a sum branch of 11.0307. The percentage of replicate trees in which the associated taxa clustered 
together are shown next to the branches. There was a total of 965 position in the final dataset. Phyla of each taxa are highlighted on the 
branches of the tree, showing branching based on phyla. Pfam domains significant in HMMER search for the PO-candidates. Domains 
include TYR (PF00264.24), LapA - LapA_dom (PF07974.17), Nup188_SH3 - Nup188_SH3-like (PF21094.1), Laminin_EGF (PF00053.28), 
Hemo_M - Hemocyanin_M (PF00372.23), Hemo_C - Hemocyanin_C (PF03723.18), Hemo_N - Hemocyanin_N (PF03722.18), and TIL 
(PF01826.21). If multiple Pfam domains w er e associated with one protein sequence, color assignment was based on top and subsequent 
Pfam domain hit in HMMER based on e-value per sequence. 

Table 1 Dunn (1964) Kruskal–Wallis multiple comparison P -values 
with the Holm method melanin concentration to disease status. 

Comparison Z P.unadj P.adj 

Control - exposed − 1 .574376 0 .11540060 0 .2308012 

Control - infected − 1 .689263 0 .09116895 0 .2735069 

Exposed - infected 0 .430470 0 .66685377 0 .6668538 

This table depicts the Dunn (1964) test on the Kruskal–Wallis multiple 
comparison of melanin concentration to disease status using a P -value 
adjustment with the Holm method. In this study, no comparison has a 
significant difference in melanin concentration, demonstrating that no 
difference in melanin concentration based on SCTLD exposure or in- 
fection. 

l  

a  

t  

g  

p  

Table 2 Dunn (1964) Kruskal–Wallis multiple comparison P -values 
with the Holm method melanin concentration to species. 

Comparison Z P.unadj P.adj 

cnat - mcav − 1 .9172247 0 .0552093949 0 .276046974 

cnat - oann 1 .1232832 0 .2613172238 1 .000000000 

mcav - oann 3 .1423822 0 .0016757916 0 .015082124 

cnat - past − 2 .3622522 0 .0181642821 0 .127149975 

mcav - past − 0 .5500672 0 .5822732513 1 .000000000 

oann - past − 3 .5411254 0 .0003984242 0 .003984242 

cnat - pstr 0 .5747049 0 .5654908976 1 .000000000 

mcav - pstr 2 .3215646 0 .0202563896 0 .121538337 

oann - pstr − 0 .4293336 0 .6676804964 0 .667680496 

past - pstr 2 .7184138 0 .0065595745 0 .052476596 

This table depicts the Dunn (1964) test on the Kruskal–Wallis multiple 
comparison of melanin concentration to species using a P -value adjust- 
ment with the Holm method.In this study,there was significant difference 
in melanin concentration in species.The comparisons with significant dif- 
ference after p-adjustment were Mcav-Oann and Oann-Past. 
ation and dopamine beta-hydroxylase (DBH) having
 positive correlat ed t o melanin concen tra tion. Or-
hogroup OG0002134 was found to be a significant
ene in the melanin synthesis module. In the human
at hway, t her e ar e thr e e TYR-li ke proteins: t y rosine-
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Fig. 2 Melanin concentration by disease status and species. In this study, Kruskal–Wallis test was used to test melanin concentration 
differences based on disease status and species. There is no significant difference in melanin concentration between status, but there is 
significant difference between species (chi-squared = 19.061, df = 4, P -value = 0.0007647). Dunn (1964) test on Kruskal–Wallis multiple 
comparison P -values adjusted with the Holm method are available in Tables 1 and 2 . Overall concentration of melanin by species had an 
inv erse r elationship to r elativ e risk, with low-susceptible species such as M. cavernosa having a higher concentration of melanin while 
high-susceptible species such as O. annularis had lower concentrations of melanin. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

r elated-pr otein 1 (TYRP1), dopachrome tautomerase
(DCT), and TYR. Orthogroup OG0002134 mat c hed
to t hese t hre e TYR-li k e proteins a n d was positive ly
correlat ed t o m e lanin con cen tra tion. F or this mod-
ule, w e con sider o rthogrou p OG0002134 to be a TYR-
li ke protein (TYR-li ke), as TYRP1, DCT, and TYR a l l
h ave function al P fa m doma in TYR in huma ns. How-
ever, there is a unique domain associ ated w ith DCT,
whic h eliminat es this g ene from bein g an o rthogrou p
found in this study. In the t y rosine degrad ation mod-
ule, four of the five coral orthogroups are correlated to
m e lanin con cen tra tio n wi th 4-h ydroxyphen ylpyruvate
dioxygen a se (HPD) and gl u t at hione S-tra nsf erase zeta
1 (GSZT1) are positi vel y correlat ed t o m e lanin con cen-
t rat ion and t y rosine a minotra nsf erase (TAT) a nd ho-
mogen tisa te 1,2-dioxygen a se (HGD) are n egative ly cor-
relat ed t o m e lanin con cen tra tio n. Ul timate ly, th e m od-
u les define d by t y rosin e m eta bolism are mix ed when it
comes to correlation to the melanin p rod uct. 

Discussion 

This study provides a compre h en siv e an alysi s of the
g enes inv o l ved in t y rosin e-m e diate d m e lanin synth e-
sis in cnid ari ans. Th e study m et its first go a l by gen-
eratin g a phylog enetic tree that explain ed th e phyloge-
n etic re lations hip of protein family type-three co p per
oxidase proteins. The se cond go a l resu lte d in putative
sto ny co ral g enes bein g correlat ed t o m e lanin con cen-
t rat ion an d th e iden tifica tio n o f an ad aptive t y rosine
met abolism pat h way in ston y coral s. We h ave s e veral
k ey findings: cnida ria n s hav e TYR p rotein do ma ins a nd
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Fig. 3 Tyrosine metabolism genes unassigned to a module Pearson correlation plots in this figure, Pearson correlation of rlog expression 
of 11 tyrosine metabolism genes to melanin concentration are visualized. Melanin concentration is established on the x -axis, and rlog 
expression on the y-axis. The five stony coral species cnat ( C. natan ), mcav ( M. cavernosa ), oann ( O. annularis ), past ( P. asteroides ), and pstr ( P. 
strigosa ) are colored on the graphs. All genes have a positive correlation (increased expression of gene with increased melanin 
concentration) except ADH1A, ADH1B, ADH1C, ADH4, and MA O A with negativ e corr elation (decr eased melanin concentration with 
decreased rlog expression). 
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Table 3 Non-module membered tyrosine metabolism pathway genes with significant Pearson correlation to melanin concentration. 

Gene Name Gene description Orthogroup Pearson correlation P -value 

ADH1A Alcohol dehydrogenase 1A (class I), alpha polypeptide OG0004227 − 0 .3868996 0 .00602846 

ADH1B Alcohol dehydrogenase 1B (class I), beta OG0003914 − 0 .4565233 0 .00097698 

ADH1C Alcohol dehydrogenase 1C (class I), gamma polypeptide OG0005371 − 0 .3808345 0 .0069426 

ADH4 Alcohol dehydrogenase 4 (class II), pi polypeptide OG0010654 − 0 .2903729 0 .04297246 

ADH5 Alcohol dehydrogenase 5 (class III), chi OG0007001 0 .3875348 0 .00593908 

ALDH1A3 Aldeh yde deh ydrogenase 1 family member A3 OG0004406 0 .29366773 0 .0405594 

ALDH3A1 Aldeh yde deh ydrogenase 3 family member A1 OG0002905 0 .32896483 0 .02100162 

ALDH3B1 Aldeh yde deh ydrogenase 3 family member B1 OG0008949 0 .30488644 0 .03316219 

COMT Catechol-O-methyltransferase OG0001002 0 .45817774 0 .00093114 

GOT2 Glutamic-oxaloacetic transaminase 2 OG0002600 0 .39805816 0 .00461761 

MA O A Monoamine oxidase A OG0004777 − 0 .42236 0 .00250248 

In this table, genes part of the tyrosine metabolism pathway that w er e not associated with a module within the pathway w er e identified as correlated 
to melanin concentration. The gene name, gene description, the corresponding orthogroup number, and the Pearson correlation and P -value ( P < 

0.05) are reported. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

grou p wi th huma ns while PO-ca ndidates with h em o-
cya nin doma ins exi st m ain ly in inse ct g rou ps, sto ny
coral s h ave corr elated expr ession of m e lanin product to
TYR in a di sea se su scept ibi lity cont ext, and st ony coral
hav e an ev ol u tio nary co n serv ed t y rosin e m etabolism
pathway ( Fig. 5 ). 

Ev olutionary r elationships of TYR 

The st ructura l and evol u tio n ary an alysi s of PO-
c andid ates across 18 species indicates a divide of type-
three co p per oxidase pro teins b ase d o n p rotein do-
main s. Interestin gly, cnid ari ans PO-c andid ates consis-
tently group with evolutionary distant H. sapiens com-
p are d to m ore close ly re lated arthrop o d sp ecies. Many
coral immune genes are a lso simi lar to the human genes
tha t are im portan t for human system deve lopm ent,
cel l sig na ling, o r immune respo nse ( Mi l ler et a l. 2005 ;
Watanabe et al . 2009 ; St eele et al . 2011 ; Mansfield et al .
2017 ; Wi l lia ms a n d Gilm ore 2020 ). Th e PO-can didates
invo l ved in m e l anin sy nthesi s m ay reflect an oth er con-
ser ved histor y betw een human s a nd cnida ria ns. While
this study found a l l PO-c andid a tes con tain a TYR Pfam
do main, the excl usivi ty o f TYR do ma ins in cnida ria ns
an d ch ordates an d th e lack of h em ocya nin doma ins may
be driving this simil arit y. Th e prin ciples of phylogenetic
studies and evol u tio nary p rocesses t hat dr i ve bio log ica l
diversification ar e r elevan t a t both gen e an d species lev-
els ( Herrada et al. 2011 ). From a protein family p ersp ec-
tive, t he type-t hree co p per oxidas e e vol u tio nary studies
may su ppo rt TYR being a co n serv e d funct iona l domain
that evo l ved from basal metazoan s. Ev ol u tio nary stud-
ies of the diversity of type-three co p per pro tein s hav e
indic ated t w o ancient g ene d u plicatio n events, as well
as different ia l loss and exp an sion s within specific phyla
that could su ppo rt the evol u tio nary relatio nshi ps iden-
t ifie d in this study ( Aguilera et al . 2013 ). Aft er these
d u plicatio n events and different ia l loss and expan sion s,
arthrop o d s m ay h av e dev eloped deriv ed traits associ-
ated wit h t heir specifici ty in PO p roteins t hat dr ive t he
evol u tio n ary di stance bet ween cnid ari ans and arthro-
p o ds ( Wang et al. 2017 , 2018 ). From a species perspec-
tive, the unique evol u tio n ary hi sto ry o f insects may con-
tinue to separate them from humans and cnid ari ans. In-
s ects s eem to have an exten siv e inv estm ent in m e lanin
as a primary immune response as evident from their
high ly spe cia lize d PO-candida tes tha t can be ph en otyp-
ica l ly unique to specific pathog en s or specific immune
respon ses ( B in gg eli et a l. 2014 ; D udzic et a l. 2015 ). This
not on ly ma kes comp a rison to cnida ria ns a nd huma ns
difficul t bu t a lso ident ifies a ke y e vol u tio n ary event th at
could be driving th ese re lations hips ident ifie d in this
study. Overa l l the type-three co p per oxidase protein
fami ly is heavi ly influence d by the p rotein do m ains a s-
sig ne d to each species. 

The c haract erizatio n o f co ral PO-c andid ates h a s re-
main ed e l usive d ue to the im plica tio ns o f mul ti ple PO-
c andid ates in prev ious coral m e lanin p recurso r stud-
ies ( Mydla rz a n d Palm er 2011 ). Th ere is th e possi bil-
i ty o f a l acc ase being a co ntender fo r th e PO-can didate
th at can ch aracterize coral m e l anization, as l acc ase has
been found in coral gene exp ressio n and p roteo mic
datasets ( Palmer et al. 2012 ; Vidal-Du p iol et al. 2014 ;
Ricci et al. 2019 ; Conn e lly et al. 2020 ), an d is a con-
serve d mu lt ico p per oxidase in a l l anima ls ( Janusz et
al . 2020 ). This gene , how ev er, is not annotated to
KEGG’s t y rosin e m et abolism pat hway an d m ost like ly
wi l l rem ain th a t way un t i l cl arit y on l acc ase’s role in
m e l anin sy nthesi s i s f ound ( Ha nsak on et a l. 2020 ; Bajp ai
et al. 2023 ). Increasing the number of ident ifie d and
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Fig. 4 Tyrosine metabolism module membered genes Pearson correlation plots. In this figure, Pearson correlation of rlog expression of 
eight r epr esentativ e tyrosine metabolism genes to melanin concentration ar e visualized. Genes ar e categorized into KEGG module 
membership (Thyroid Hormone Biosynthesis, Catecholamine Biosynthesis, Melanin Synthesis, and Tyrosine degradation). Melanin 
concentration is established on the x -axis, and rlog expression on the y-axis. The five stony coral species cnat ( C. natan ), mcav ( M. 
cavernosa ), oann ( O. annularis ), past ( P. asteroides ), and pstr ( P. strigosa ) ar e color ed on the graphs. Genes in modules hav e a mixed positiv e 
and negative correlation relationship to melanin concentration. Positive correlations include TPO, DBH, TYR-like, HPD, and GSTZ1. 
Negativ e corr elations include PNMT, T A T, and HGD. 
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Table 4 Module membered tyrosine metabolism pathway genes with significant Pearson correlation to melanin concentration. 

Gene name Gene description Orthogroup 
Pearson 

correlation P -value Module membership 

DBH Dopamine beta-hydroxylase OG0000903 0 .50545755 0 .00021183 Catecholamine biosynthesis 

GSTZ1 Glutathione S-transferase zeta 1 OG0000629 0 .43246004 0 .00191403 Tyrosine degradation 

HGD Homogentisate 1,2-dioxygenase OG0008694 − 0 .3731272 0 .00827644 Tyrosine degradation 

HPD 4-h ydroxyphenylp yruvate dioxygenase OG0012367 0 .29395785 0 .04035235 Tyrosine degradation 

PNMT Phenylethanolamine 
N-methyltransferase 

OG0010759 − 0 .5605623 2 .80E-05 Catecholamine biosynthesis 

T A T Tyrosine aminotransferase OG0001485 − 0 .4665614 0 .00072717 Tyrosine degradation 

TPO Thyr oid per oxidase OG0004407 0 .49266186 0 .00032306 Thyroid hormone biosynthesis 

TYR-like Tyrosinase-like OG0002314 0 .33284132 0 .01944932 Melanin synthesis and catecholamine 
biosynthesis 

In this table, genes part of the tyrosine metabolism pathway that w er e associated with a module within the pathway w er e identified as correlated 
to melanin concentration. Gene name, gene description, the corresponding orthogroup number, and the correlation and P -value ( P < 0.05), and 
associated module are reported. 

(A)

(B) (C) (D) (E)

Fig. 5 Adapted tyrosine metabolism pathway in stony corals. The tyrosine metabolism was adapted from KEGG from H. sapiens , the 
species with the closest evolutionary relationship to the PO-candidates found in cnidarians. Overlayed are the orthogroups correlation to 
melanin concentration (bolded as eumelanin/melanin on the tyrosine metabolism adapted pathway). Orthogroups are colored based on 
their correlation to melanin concentration; positive (red), negative (blue), no correlation but present in the orthologs genes (yellow), not 
present in stony coral (gray). TH, DDC, and FAH were present as orthologous genes in the stony coral expression but were not correlated 
to melanin concentration. TYRP1 and DCT w er e consider ed not found in the orthogroups as they hav e uniquely ev olv ed in humans. 
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nn otated gen es for l acc ases in th e KEGG ann otation
f t y rosin e m etaboli sm, a s well a s increa sing the limited
 umber of annota ted PO-c andid ates, w i l l pr ovide r eso-
 u tio n fo r l acc ases role in m e lanin p rod uctio n. How ev er,
his does not negate the very im portan t role tha t TYR
lays in cnida ria ns. 

TYR is su ppo rted as the p rima ry PO-ca ndidate in
o ral immuni ty as i t’s associ ated w ith immun e ce lls
dent ifie d in sto ny co ra ls. Single-cel l se quencing found
 putative immun e ce ll type that was enriched with TYR
 Levy et al. 2021 ). As such, this cell was assig ne d as
 ne o f o nly two immun e ce l ls in cora ls, wit h f urt her
unct iona l studies confirming the presence of two dis-
inct types of immune cells in cnid ari an species ( Snyder
t al. 2021 ). Th ese ce l ls b are a simi l arit y to H. s api-
ns m e lan ocyt es, whic h p rod uce m e la nin ( Gasque a nd
a ffa r-Ba ndj e e 2015 ) due to their unique and spe cia lize d
 roteins, functio nali ty, an d th eir location in the ep i the-

i al l ayer ( Pa lmer et a l. 2011 ; Fuess et a l. 2018 ; Ricci et
 l. 2019 ). In addit ion, histolog ica l studies and v isu aliza-
ion have im plica ted m e la nin ba r r iers in t h e m esoglea
h at i s wh ere th e puta tive imm un e ce ll s prim arily re-
ide ( Varga s-Ángel et al. 2007 ; Tracy et al. 2021 ). The
 resence o f TYR in relatio n to SCTLD susceptib ili ty
lso offers a unique p ersp e ct ive on how immune cell
ypes may be ut i lize d for prevent ive immune responses
n cnid ari ans ( Netea et al. 2019 ; Pr igot-Maur ice et al.
022 ). It could b e hyp ot hesized t h at TYR a ssociation
ith an immune cell type may employ melanin prod-
ct as a prev entiv e measure at the beginning of a dis eas e
vent to mitigate the infe ct io n. In co ncl usio n, the evol u-
io nary co n serv ed p resence o f TYR as a PO-c andid ate
e ads to t h e un derstan ding of h ow immun e resp onse o c-
urs within cnida ria n spe cies b ase d on th e ce ll types it
 s origin ating from. 

yrosine metabolism genes and melanin 

oncentration r ev eals immune r esponses and 

omeostasis mechanisms in stony corals 

he t y rosine metabolism pathway is divided into four
od ules: (i) thyro id ho rmo ne b iosy nthesis, (ii) c ate-

h olamin e biosynth esis, (iii) m e lanin synth esis, an d (iv)
 y rosine degrad atio n. Mod ules are identified based on
h e en ding p rod ucts, such as t y rosine to tr iiodot hy-
 onine/thyr oxine in the thyro id ho rmo ne b iosynthesis
odule, t y r osine to adr enaline in the cat ec holamine

iosynth esis m odule, t y rosine to m e lanin p rod uct in
 e l anin sy nth esis, an d t y rosin e to a h om ogen tisa te

n t y rosine degrad a tion. Using these pa thways, gene
xp ressio n fro m five sto ny co rals in an exper iment al
CTLD expos ure s tudy was levera ged to look for asso-
i ations bet ween th e gen es wit hin t h ese m odules an d
 e lanin con cen tra tion. 
Me lanin con cen tra tion did not vary between dis-
 ase st ates, wit h no a pparen t u p regu lat io n o f m e lanin
oncen tra tion in response to SCTLD, s ugges ting that
 e lanin is not t he pr imary immune response in this

i sea se. Melanin h a s b een do cumented a s a prim ary
mmune response in other coral di sea ses, such a s Sea
an—asperg i l losis system and Eunicea Black Band Dis-
ase ( Mydlarz and Harvell 2007 ; Fuess et al. 2018 ; Ricci
t al. 2019 ). While t he caus ativ e ag ent of SCTLD is un-
nown, it appears that the a lga l symb io nt is afflicted
uring infe ct ion an d oth er h ost immun e r esponses ar e

nit iate d ( Landsberg et al. 2020 ; Beavers et al. 2023 ).
ow ev er, t he import a nce of mela nin in SCTLD im-
une response may be in prev entin g di sea se signs in

ertain coral species. 
Me lanin con cen tra tion varied significantly between

pecies within the s tudy, s ugges ting a cons ti tu ti ve ro le of
 e lanin in immunity to SCTLD. The melanin concen-

 rat ion inverse ly re lat ed t o re lative ris k or suscepti bil-
ty to SCTLD, with more resistant species having higher
vera l l concent rat io ns o f m e lanin while m ore suscep-
 ible spe cies had overa l l lower m e lanin con cen tra tions,
n dicating th e potent ia l role m e l anin pl ays a s resi stance
mmun e trait. Th e PO-can didate TYR h a s previou sly
een found as a resistance train in an oth er tis s ue los s
i sea se , whit e plague , wit h t h e gen e being ident ifie d as

inea ge s pecific, a gene that varied by species but not by
i sea se sta te ( MacKnigh t et al. 2022 ). This su ppo rts the

m portan t role m e lanin may play in the p reventio n o f
esions in stony corals by acting in a resistance role. 

Even though melanin concen tra tion was not signif-
cant in di sea se states, we can st i l l use the phenotypic
ata of m e lanin con cen tra tion to h e lp contextualize the
ene exp ressio n data. By co rrelating co ral gene exp res-
ion data to m e lanin con cen tra tion, we can iden tify
 ey genes a nd pathways relevant to melanin p rod uc-
io n in sto ny co rals. Most impo rt ant ly, t his study identi-
ed ortholog ous g enes of the five cnid ari an species that
ere found to have P fa m doma in mat c hing the H. sapi-

ns t y rosin e m et abolism pat hway gen es, groun ding th e
 eth od of com para tive imm unology of stony corals to

umans. 
The un a ssig ne d t y rosine metabolism and positive

hyro id ho rmo ne b iosynthesis pu tative o rthogrou ps
a y pla y a role in oxidative s tres s in sto ny co rals.
el anin sy nt hesis incre ases t he r isk oxidat ive st ress

n tis s ues fo r two majo r reaso ns: (i) the p ro-oxidant
tate in m e l anin sy nth esis, an d (ii) the a ntioxida nt state
 hat nor ma l ly occurs with p atholog ica l co ndi tio ns when
 e l anin sy nthesi s i s act ivate d ( Denat et al. 2014 ). The
ajo ri ty o f the un a ssig ne d putat ive orthog r oups ar e al-

o ho l dehy drog en a ses and other a mine neurotra nsmit-
 er s. Alco ho l dehy drog en a ses h ave been a ssoci ated w ith
educing injury during a di sea se , suc h as mit igat ing
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liv er damag e ( Hou et al. 2019 ), and have a posi tive co r-
relation in melanin p rod uct in co ra ls, indicat ing a sim-
i lar mit igat ion role. In addition to this, amine neuro-
transmitter MAOA in this study had a negative corre-
lation to m e lanin con cen tra tion. Increased MAOA ex-
p ressio n h a s be en correlate d to th e deve lopm ent o f p ig-
men ta tio n diso rders ( Enkhta iva n a n d Lee 2021 ). Th e
n egative corre latio n o f MAOA to m e lanin in corals
cou ld be mit igat in g the adv erse effects of m e lanin pro-
d uctio n in cnid ari ans. The thy ro id ho rmo ne b iosyn-
th esis m od ule o nly h a s on e enzym e; TPO, which is an
enzyme invo l ved in peroxidase activ it y and response
to oxidat ive st ress in a variety of vert ebrat e and inver-
t ebrat es ( Taurog 1999 ). While tradi tio n ally a ssociated
wit h t hyro id ho rmo ne synthesis in humans ( Ruf and
Carayon 2006 ), the protein itself h a s peroxida se enzy-
ma tic ca pab ili ty that is im portan t to oxidative s tres s.
Peroxid ase activ it y has been s h own to b e an imp ortant
immune response in corals during a variety of s tres sors
such as infe ct io ns, injury, o r heat s tres s ( Mydla rz a nd
Ha rvell 2007 ; va n de Wat er et al . 2015 ; Fuess et al . 2016 ).
Th e re lations hip of TPO being positive to m e lanin con-
cen tra tion in this study indicates an ab ili ty to response
to oxidat ive st ress u sing thi s spe cific p athway. In addi-
tio n, TPO’s co rrelatio n to m e lanin p rod uct indicates a
potent ia l dua l funct ion, the role of t y rosin e m etabolism
an d th e ab ili ty to perfo rm a ntioxida nt activ it y. 

The sto ny co ra l cate ch olamin e biosynth esis m odule
h a s a putative orthogroups positi vel y and negati vel y
correlat ed t o melanin concen tra tion. Ca t ec h olamin e is
associ ated w i th neurotransmissio n, as i t is classified as
a s low n eurotransmitt er. S low transmitt er s an d oth er
neurolog ica l ly relevant p rod ucts such as adrenaline
have be en ident ifie d in cnid ari an species in some capac-
i ty, bu t mech ani sms for their production rem ain elu sive
( K ass-Simo n a nd P ier obon 2007 ). Curr ently, it is indi-
ca ted tha t cnida ria n gen om es do n ot cont ain t he spe-
cific rate-limiting enzymes invo l ve d in cate ch olamin e
biosynthesi s ba sed o n co m para tive a pproach es, an d
instead many have unique cnid ari a specific enzymes
p resent to perfo rm this pathway ( Moroz et al. 2021 ).
In this study, we have found orthologous genes of five
sto ny co ral s th at h ave P fa m doma ins th at m ay function
in cat ec h olamin e biosynth esi s. Thi s can be used in fu-
ture com para tive studies to identify neurotransmitter
p rod uctio n in cnid ari ans. 

In the search for the PO-c andid ates responsible for
m e l anin sy nthesis in sto ny co ral s, thi s study found
o ne o f 14 TYR do main co ntaining o rthogrou ps to be
correlat ed t o mel anin sy nthesi s. Thi s posi tive co rre-
l ation indic ates biologic al signific ance of this partic-
u lar orthog roup as the amount of melanin p rod uct
fol lows orthog r oup expr ession. Ther e wer e a total of
13 o rthogrou ps wi th TYR P fa m doma in s that w ere
not significantly correlat ed t o melanin p rod uct, indi-
catin g a div ersi ty o f TYR-like genes in co ral s. It h a s
b een prop osed that a diversi ty o f TYR-like genes in
cnid ari an species may indicate an organism’s ab ili ty to
laun ch eith er s pecific res po nses o r stro n g er respon ses to
p athogen cha l lenges and p ro moting di sea se resi stance
( Bai ley et a l. 2019 ), and mu lt iple copies have been found
in Exai pt as i a p alli d a an d N. v ect ens is and Po rit es aus-
trali ensis ( An ct i l 2009 ; Bai ley et al . 2019 ; S hinzat o et al .
2021 ). The lack o f co rrelatio ns to melanin in the SCTLD
data set m ay po int to the u t i lity and spe cifici ty o f these
o rthogrou ps in other immune cap acit ies. Simi lar to the
expansio n o f oth er immun e gen es in cnid ari ans ( Emery
et al. 2021 ), the expansion of TYRs could contribute to
grea ter imm une s pecificity, es pe cia l ly to overcome the
lack of an adaptive immune system. 

The number of cnid ari ans o rthogrou ps m ay al so
refle ct the exp ansio n o f TYR-like p roteins similar
to huma n TYR-lik e protein expa n sion s. In human s,
there have been mul ti p le evo l u tio nary events in TYRs
that resu lte d in DCT an d oth er TYR-re lat ed-prot eins
(TYRPs1) within m e lanin synth esis pathways ( Budd
and Jackson 1995 ; Sturm et al. 1995 ; Camach o-Hübn er
et al. 2002 ) and have specific functions and implica-
tions in di sea se path ogen esis. W hile i t is possible that
sto ny co ra ls cou ld use TYR-li ke p roteins, i t is not ex-
pe cte d t hat t he ort hogro ups fo und is a TYR related pro-
tein or DCT gene due to this evolutionary event. How-
ever, the iden tifica tio n o f mul ti ple o rthogrou ps that
h ave TYR dom ains wi th o nly o ne o rthogrou p having
significant to m e lanin con cen tra tion in this exposure
s tudy provides s upport to the theory of the expansion
of immune genes in cnid ari ans for greater immune
specificity. 

The iden tifica tio n and exp ressio n o f a l l putat ive or-
thogroups in the t y rosine degrad atio n mod ule in the
sto ny co ral SCTLD d ataset, indic ates an evol u tio nary-
con serv ed inv estment in this pat hway. Bas al met azoan,
like the stony corals in this study, have an op en-b o dy
plan, which i s su sceptible to disru ptio ns in cell ular
h om eosta si s. While m e l anin sy nthesis c a n be a n im-
porta nt a n d n ecessary co mpo nent o f th e immun e re-
sponse, t y rosin e isom er accum ula tio n d uring t y rosine
metaboli sm h a s a p atholog ica l associat io n wi th free
radical s th at lead to oxidat ive st ress a nd infla mma-
tion ( Molnár et al. 2016 ; Ipson et al. 2019 ), disrupting
cel lu lar home osta si s. B y degradin g t y r osine fr om the
cell, a n orga nism ca n effe ct i vel y def end aga inst oxida-
t ive st ress associate d with m e lanin synth esis ( Nguyen
et a l. 2020 ). Oxidat ive st ress leads to tis s ue dam-
age ( Palmer et al. 2011 ), an d th e dysb iosis o f a lga l
symb io nts ( Weis 2019 ), and is crit ica l to h om eosta si s
of a cnid ari an ce ll. Th e posi tive co rrelatio n o f genes
HPD and GSTZ1: This module indicates the home-
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sta tic main tena nce f o r the sto ny co ral’s op en b o dy
la n. Huma ns, with m e lan ocytes, have mu lt iple p ath-
ays and regu lat io ns set u p to avo id ROS s tres s within
 e lan ocytes an d can keep the s tres s localized ( Denat

t al. 2014 ). Cnid ari ans may rely on s e vera l p athways
it hin t h eir immun e respon se to activ ely decrease ty-

osine build u p to avo id tis s ue dama ge due to unreg-
 late d ROS st ress. The cnid ari an t y rosine degrad ation
odule is likel y highl y con serv ed due to the same rea-

on s. Ov era l l, the ident ificat io n o f pu tative o rthogrou ps
n sto ny co rals p rovides tar g ets for f urt h er un derstan d-
ng the t y rosine metabolism pathway in the context
f di sea se and provides the first look at genes in-
o l ved in m e lanin p rod uctio n and its role in di sea se re-
ponse. 

onclusions 

n derstan ding cnid ari an t y rosin e m et abolism pat h-
ay can h e lp cognize th e evol u tio n ary events th at in-
uen ced m e l anin sy n thesis pa t hway and t h e m echa-
isms they use to ma inta in cel lu lar integ r ity. In t his
tudy, cnid ari an and coral melanin synthesis are asso-
i ated w ith PO-c andid ate TYR, grou p ing wi th cho r-
at es suc h as humans in phylogenetic studies due to
 rotein do m ain a ssignment. TYR wa s al so found to
ave mu lt iple copies in stony corals. The pattern of
uma n simila rity to huma n e lem en ts of imm unity
old true for PO-c andid ates, as seen in other im-
un e fun ctions in cnid ari ans. Pattern re cog nit ion re-

ept or s suc h as nod-like recept or s and t oll-like recep-
 or s ar e mor e similar to human genes t han ot her in-
ert ebrat es and even have expansion in these recep-
 or s suc h a s dom ain combin ations no t fo und within
heir h uman coun ter par ts ( Dimos et al. 2019 ; Emery
t al. 2021 ). The co mb inatio n o f these studies wi th our
tudy, w e demon stra te tha t downstream imm une cas-
ades follow this pattern of evolut ionary simi l arit y and
ncr eased r epertoir e o f functio nali ty as in cnida ria n
ecept or s. 

It is n ow m o re impo rt ant t ha n ever to identify k ey
at hways in cnidar ian immune systems as coral dis-
a se i s a ri sing t hre at to re ef e cosys tems. This s tudy
 rovides 18 pu tative o rthogrou ps fro m five sto ny co rals
hat define t y rosine metabolism, a path way in vo l ved in
 e l anin sy nthesis, oxid at ive st r ess r esponse, and t y ro-

ine deg radat ion as eviden ce by th e corre lation of or-
holog ous g ene exp ressio n to m e lanin con cen tra tion.

elanin is ident ifie d in this study as a potent ia l im-
un e resistan ce t rain in t is s ue los s di sea ses th at h e lps

 o under s tand how s to ny co ral s m ay figh t pa thog en s.
h e m eth od s of thi s paper p rovide a bl uep rint fo r fu ture
om para tive studies to obtain other biolog ica l ly impor-
a nt cnida ria n immune pathways. 
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