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Synopsis In many species o f b ir ds, r ed car oteno id colo ratio n serves as an ho nest sig na l o f individ ua l qua li ty, bu t the mecha- 
ni sms th at link caroteno id colo ratio n to a nimal perf orma nce rema in p o or ly un der st o o d. Most bird s th at di spl ay red c arotenoid 
colo ratio n o f fe at hers, bi l ls, or legs in g est y e llow caroten oids an d m etabolica l ly convert the yellow pigments to r ed. Her e, we 
re vie w two lines of invest igat ion th at h ave rapidly advan ced un derstan ding of the production of red caroteno id colo ratio n in 
birds, potent ia l ly providing a n expla nation f or how re d colorat ion serves as a sig na l of qu alit y: the identific atio n o f th e gen es that 
en able bird s to be red an d th e co nfirmatio n o f links between p rod uctio n o f red p igm ents an d core ce l lu lar funct ion. CYP2J19 
an d B DH1L were ident ifie d as key enzymes that catalyze the co nversio n o f ye llow caroten oids to red carotenoids both in the 
retin a s of birds for en hance d color vision and in the fe at hers and bi l l s of bird s for or nament ation. This CYP2J19 and BDH1L 
pathway was s h own to be th e m ech ani sm fo r p rod uctio n o f red colo ratio n in diverse species o f b irds and turt les. In ot her studies, 
it was s h own that male House Fin ch es ( Ha em orh ous m exic anus ) have high concen tra tio ns o f r ed car oteno ids wi thin liver mito- 
ch on dria an d that redn ess is positive ly associ ated w i th mi t oc h on dr ial f un ction. Th es e obs ervation s sugg ested t hat t he CYP2J19 
an d B DH1L pa thway migh t be tigh tly associa ted wi th mi t oc h on dr ial f unction. How ev er, it was subsequently discovered that 
m ale Hou se Fin ch es do n ot use th e CYP2J19 an d B DH1L pathway to p rod uce red p igm ents an d t hat bot h CYP2J19 an d B DH1L 
localize in the endoplasmic ret icu l um, not the mi t oc hondria. Thu s, we h ave th e m ost detai le d un derstan ding of links between 
cel lu lar funct ion and re dness in a bird species for which the enzymes to convert yellow to red pigments remain unknown, 
while we have the best understanding of the enzymatic pathways to red in species for which links to cellular function are lar g ely 
unstudie d. De ducing wh eth er an d h ow sig na ls of qua lity arise from th ese distin ct m ech ani sms o f o r nament a l colorat ion is a 
current cha l len g e for scien tists in t erest ed in the evol u tio n o f ho nest sig na ling. 
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m ong th e array o f o r nament a l t raits displaye d by
nim al s, red colo ratio n p rod uced by carotenoid pig-
ents h a s be en a p art icu lar focus of study by scien-

is ts interes te d in sig na ling in the co ntext o f mat e c hoice
 Hi l l 2002a ; Blount and McGraw 2008 ; Svensson and
ong 2011 ). In m any fish ( Houde 1997 ), birds ( Hi l l
006a ), a nd liza rds ( Kw i atkowski et a l. 2002 ; Su l livan
nd Kw i at kowski 2007 ), rese arch h a s s h own that fe-

a les are att racte d to ma les wi th mo re sa tura ted and F  
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e d-shifte d c arotenoid displ ays. Moreover, in studies
f diverse vert ebrat e taxa, redder indiv idu als per for m
etter th an m ales wi th drabber colo ratio n ( Hill 2006b ;
 imonset al . 2012 ; Weaver et al. 2018 ). More specif-
ca l ly, re dness pre dicts imm unocom petence with red-
er indiv idu al s both resi st ing p athog en s more effec-
i vel y ( Fo lstad et a l. 1994 ; Brawner et a l. 2000 ; Hi l l et
 l. 2004 ) and re cov erin g from infe ct ion faster ( Hi l l and
a rmer 2005 ). Inf e ct ion by a p at hogen, or exper iment al
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imm une stim ula tion, al so decrea ses exp ressio n o f red
caroteno id colo ratio n ( Tho mpso n et al. 1997 ; Faivre et
a l. 2003 ; Hi l l et al. 2004 ; Johansen et a l. 2019 ). Re dder
indiv idu als surv ive at a higher rate ( Hi l l 1991 ; Pi ke et al.
2007 ; S imonset al . 2012 ; S imons et al. 2016 ; Ca nta r er o et
a l. 2019 ; Fernánde z-Eslava et al. 2022 ; Romer o-Har o et
a l. 2024 ), and re dder ma les s h o w lo w er lev els of s tres s
h orm on e ( Duckworth et al. 2001 ; A lonso-A lvarez et
al. 2008 ; Fitze et al. 2009 ) and less oxidative damage
( A lonso-A lva rez a nd Galva n 2011 ; Simonset al. 2012 )
than less re d ma les. Re d carotenoid-b ase d colorat ion
h a s ther efor e emer g ed as a n exa mple of a n h on est sig na l
o f individ ua l qua lity use d in courtshi p co mm unica tion.

The question that has perplexed generatio ns o f evo-
l u tio nary b iologi sts i s: h ow can such h on est sig na ling
wo rk ( Hamil to n and Zuk 1982 ; Smith 1991 )? The in-
tense pres s ures of sexual sele ct ion shou ld favor the de-
cou pling o f quali ty and o r nament ation and drive all
ma les to uniform ly exaggerate d re d colorat ion, yet re d
colo r exp ressio n rema ins va ri able w ithin po p u lat ions
and across the life of indiv idu al s ( Biern a skie et al. 2014 ;
Higham 2014 ; Weaver et al. 2017 ). Discoveries related
to the biochemical and cel lu lar processes that under-
lie the p rod uctio n and display of red carotenoid pig-
ments are g eneratin g new testa ble hypotheses r egar d-
ing t he f undament al nature o f ho nest sig na ling v i a red
caroteno id p igments ( Toews et al. 2017 ; Weaver et al.
2017 ). Many quest ions relate d to color sig na ling re-
main to be an sw ered, and at present, invest igat ions into
th e m ech ani sms o f caroteno id sig na lin g are turnin g up
m ore un expe cte d outcomes than clea r a n sw ers ( Hi l l
2022 ; L inds ay et al. 2022 ). Nevert heless, a pat h toward
a n ew un derstan ding of h ow r ed car oteno id colo ratio n
provides an h on est sig na l of indiv idu al qu alit y is taking
sh ape. In thi s re vie w, we synt hesize t he latest discover ies
relat ed t o honest sig na ling v i a red c aroteno id colo ratio n
an d outlin e th e key da ta tha t are ne e de d to push inves-
t igat io ns fo rward. 

The CYP2J19/BDH1L pathway 

With very few except ions, anima ls cannot synthesize
caroteno id p igments de no vo ; car oteno id p ig ments use d
in color displays must be in g ested ( Maoka 2020 ). Thus,
acquisi tio n o f caroteno ids in diet is a key co mpo nent o f
the p rod uctio n o f caroteno id-b ase d co lor disp lays ( Hi l l
et al. 1994 ; McGraw et al. 2001 ). Th e m ost comm on
an d abun d ant c arotenoid s th at a re ava ilable in the di-
ets of most ter restr ial anim al s are t he s am e caroten oids
that a re pa rt o f a typ ical huma n diet: β-ca rot ene , l u tein,
ze axant hin, and β-cryptoxant hin ( Hi l l and Johnson
2012a ; La f ounta in et al. 2015 ). Th ese caroten oid types
are essent ia l co mpo nents o f th e ph ot osyst ems of g re en
pla nts ( Sa ndma nn 2021 ) a n d th er efor e r eadi ly avai lable
in any ecosystem with abundant g re en plants. Each of
t hese diet ary p igments typ ica l ly p rod uces a yellow o r
oran gish-y ellow hue when deposited in in tegumen tary
s tructures s uch as skin, sca les, bi l l s h e at hs, or fe at h-
ers ( Saks et al. 2003 ; Lim et al. 2024 ). Few anim al s in-
gest signific ant qu ant it ies of r ed car oten oids; th er efor e,
most anim al s mu st o xidize yello w dieta ry ca rotenoids
int o red C4-ket ocarot enoids t o produce sa tura te d re d
colo ratio n ( Brush 1990 ; Mcgraw 2006 ; Toomey et al.
2022 ). The oxidation of yellow precursor carotenoids
t o C4-ket ocarot en oids length ens th e chain of dou ble
bo nds wi th whic h phot ons int eract an d s hif ts t he hue
of th e m ole cu les towar d r ed ( Bri tto n 1995 ). The enzy-
matic co nversio n o f yellow dietary p ig ments to re d pig-
ments used in display is the cent ra l process determining
the qu alit y of red or nament atio n ( Alo nso-Alvare z et a l.
2022 ; Toomey et al. 2022 ). More over, in some spe cies,
as the rate and efficiency o f caroteno id metabolism de-
cr eases, mor e yel low pig ments are co-deposite d with
re d pig men ts, ca using a s hift to less red (m o re o ran g e)
colo ratio n ( Hill et al. 2019 ; Hudon et al. 2025 ). Such a
shift in colo ratio n is likely to impact the r epr oductive
s ucces s of males in species where females hav e matin g
pr efer ences for males with sa tura te d re d colorat ion (re-
viewed in Hill 2006a ). 
A br eak thr ough in un derstan ding th e m ech ani sm

un der lying th e p rod uctio n o f red colo ratio n c ame w ith
the discovery of cyt oc hrome P450 2J19 (CYP2J19), a
key enzyme that is r equir ed fo r p rod uctio n o f red keto-
caroteno id p igments in many birds and turtles. In stud-
ies of re d-plumage d and yel low-plumage d Co mmo n
Ca na r ies ( S erinus c an ari a ) an d re d-bi l le d an d ye llow-
bi l le d Zebra Fin ch es ( Taeni opygi a cas t anotis ), genetic
chan g es at the CYP2J19 locus were strongly associated
wit h t he co lor p h en otyp e ( L op es et al. 2016 ; Mundy et
al. 2016 ). In the ca na ry, the version of CYP2J19 that en-
ables p rod uctio n o f r ed car otenoids fr om yellow dietary
pigmen ts was in tr ogr essed fr om th e Red Sis kin ( Spi-
nus cucu l lata ) into do mestic Co mmo n Ca na ries v i a hy-
b ridizatio n ( Bir kh ead 2003 ). Research ers were th en able
to identify the int rog resse d siskin version of CYP2J19 in
t he ot herw ise c a na ry genet ic b ackg ro und ( Lo pes et al.
2016 ). In the Zebra Finch, the yel low-bi l le d condit ion,
which was fixed in a breed of domestic bir ds, r esu lte d
from a single nucle ot ide po l ymorp hism in CYP2J19 that
caused loss of functio n o f i ts caroteno id-meta bolizin g
enzyme p rod uct ( Mundy et al. 2016 ). 
When first discovered, CYP2J19 was hypothesized to

cat alyze t he co nversio n o f yellow dieta ry ca rotenoids
such as l u tein a nd zeaxa nthin to red C4-k etoca rotenoids
such as α-doradexanthin and ast axant hin, t hus serv-
ing as a stan d-alon e e lem ent n ecessa ry f o r p rod uc-
tio n o f red colo ratio n in b irds ( B arsh 2016 ; L op es
et al. 2016 ; Mundy et al. 2016 ). How ev er, wh en th e
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nzymat ic act ivi ty o f CYP2J19 was t est ed with yel-
ow p recurso r caroteno id s ubs trates, it did not cat-
lyze the p rod uctio n o f red C4-k etoca rotenoids. In-
t ead , CYP2J19 yie lded m odified ye llow caroten oids
hat are not t ypic al fe at h er pigm ents in birds ( Toomey
t a l. 2022 ). Invest igat ion revea le d that CYP2J19 was
 necessary but not sufficient enzyme for production
f red k etoca roteno ids fro m yellow dietary p recurso rs.
 secon d enzym e, 3-hydroxybut y rate dehy drog en a se 1-
ik e (BD H1L), i s al so r equir ed fo r b irds to co nv ert y el-
ow dietary carotenoids to red k etoca roten oids. B DH1L
at alyzes f urt her oxidatio n o f th e ye llow interm edi-
 te pigmen ts p rod uce d by CYP2J19 into the re d C4-
 etoca rotenoid s th at are u sed to p rod uce red integu-
entary displays ( Toomey et al. 2022 ). G iv en the dis-
overy of BD H1L a nd the observation that CYP2J19
lon e does n ot cat alyze t he p rod uctio n o f red p igments,
ny species in which CYP2J19 activ it y rel at ed t o red pig-
en ta tion h a s b een describ ed is likely using the two-
nzym e CYP2J19/B DH1L system. 

lternative pathways to red 

h e CYP2J19/B DH1L pa thway a ppear s t o be the exc lu-
ive p athway use d by b irds to p rod uce k etoca rotenoids
o r colo red o il dr oplets that ar e u sed a s spe ct ra l fil-
 er s in the retina and that are n ear ly u b iqui tous in vi-
 ual sys tems acros s Aves ( Em er ling 2018 ; Twyman et
 l. 2018 ). It was hypothesize d—and su ppo rted in evo-
 u tio nary reco nstructio ns—t hat t his pat hway or iginally
vo l ved to convert dietary yellow carot enoids t o red
 etoca roten oids in th e ret ina to en h ance color vi sion
n vert ebrat es and th at it wa s subsequently co-o p ted
o p rod uce red colo ratio n in in tegumen tary structures
 Twyman et al. 2016 ). A pat hway requir ing CYP2J19
 a s be en confirme d t o be a rout e t o r ed car otenoid col-
 ratio n in s e veral species of bird s—a s well a s turtles—
ith red coloration ( Twyman et a l. 2018 ; Kha li l et al.
020 ; Kir sc h e l et a l. 2020 ; Agui l lon et a l. 2021 ; Ho op er
t al. 2024 ). The im plica tio n fro m these studies i s th at
YP2J19/BDH1L could be as s umed to be the enzymatic
athway for production of red coloration in birds that
se k etoca rotenoid s a s colorants (e.g., Hi l l et a l. 2019 ;
a nta r er o et al. 2020 ). 
Q uest ions r egar ding the ub iqui ty o f the
YP2J19/BD H1L pathway a rose in f ollow-up stud-
es of the House Finch ( Ha em orh ous m exic anus ), the
ost inten siv ely studied bird with red carotenoid
olo ratio n ( Hill 2002a ). Unlike species in which the
YP2J19/BDH1L pathway h a s be en confirme d and
h at u se a st axant hin o r α-do radexanthin as p rimary
ed colorants (e.g., Khalil et al. 2020 ; L inds ay et al.
022 ), m ale Hou se Fin ch es appe ar to use t he diet ary
aro tenoid β-cryp toxanthin to p rod uce their p rimary
e d pig ment, 3-hydroxy-e chin en on e ( In ouye et al.
001 ; McG raw et al. 2006 ). How ev er, assays of CYP2J19
n d B DH1L prov ided w it h β-cryptoxant hin as sub-
trate did not p rod uce 3-hydroxy-echin en on e; rath er,
his s ubs t rate yielde d ast axant hin an d adoniru bin
 Koch et al. 2025 ). Moreo ver, this β-crypto xanthin
 o 3-hydroxy-ec hin en on e co nversio n invo l ves the
etabolism of ye llow caroten oid su bstra tes in to asym-
etric β , β-C4-k etoca r otenoids, a r eaction not t ypic a l ly
bserved in vert ebrat es ( Koc h et al. 2025 ). It is not a
ra nsf o rmatio n that seems likely to occur v i a in the
YP2J19/BDH1L pathway, which h a s been found to
onsisten tly ca talyze the oxida tio n o f a ny ava ilable
-ring ( Koch et al. 2025 ). Furt her rese arc h indicat ed
hat CYP2J19 is not expressed in the tis s ues as soci-
ted wi th o rnamenta l re d caroten oid m etabolism in
olt ing ma le House Fin ch es, desp i te a fu l ly funct iona l
YP2J19/BDH1L system p rod ucing red pigments
o r colo r visio n in Hou se Finch retin a s ( Koc h et al .
025 ). The investigat or s conc luded that CYP2J19 is
n li kely to cont ribut e t o the p rod uctio n o f red p ig-
ents used for or nament ation House Fin ch es. Thus,
ithin a single clade o f so ngb ird s (Hou se Finch versus
ed Siskin in family Fringillidae)—and even among
ifferent tis s ues within a single species (retin al ti s s ue
 ersus liv er a nd f ol licle t is s ues in House Fin ch es)—
irds appear to ut i lize at least two distinct enzyme
yst ems t o p rod uce r ed car otenoid-b ase d colorat ion:
h e CYP2J19/B D H1L pathway a nd a pathway cata lyze d
 y unkno w n enzy mes that converts β-crypt oxanthin t o
-hydroxy-echin en on e ( Fig. 1 ). 
At least one addit iona l p athway to re d carotenoid

olo ratio n h a s al so been documented in passerine
 irds. Al though i t h a s n ot been confirm ed wi th co n-
 rol le d fe e ding experimen ts ma t c hing precur sor s t o
 rod ucts, there is stro ng evidence that some birds
an en dogen ous ly p rod uce the b ri l liant re d/purple
aroten oid r h odoxanthin from ye llow dietary pig-
ents usin g y et-to-be-discov ered enzy mes ( Fig . 1 ).
o me b irds p rod uce reddish colo ratio n by directly
n g estin g the plant-p rod uced caroteno id r h odoxanthin
e.g., Wi tmer 1996 ; Hudo n and Mu lvi hi l l 2017 ), but
h ere is su bstant ia l evidence that other birds produce
 h odoxanthin from ye llow dietary p recurso rs. Such
n dogen ous p rod uctio n o f r h odoxanthin was first
roposed by Hudon et al. (2007) in a study of the
 in-ta i le d Mana kin ( Il icu ra mil itaris ) an d th en sup-
orted in a broader survey of birds in family Pi p ridae
 Hudon et al. 2012 ). Prum et al. (2012) als o propos ed
hat r h o doxanthin may b e en dogen ous ly p rod uced
 i a the same or simi lar p athway in some Cotingas
fami ly Cot ing idae , the sist er family t o Pi p ridae)
i th red o r purple fe at her s. Int erestin gly, amon g the
1 species of m an akins with red color as ses sed in
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Fig. 1 Three pathways from yellow dietary carotenoids to ornamental red ketocarotenoid that current data support are used by birds to 
cr eate r ed feather coloration. These pathways can cr eate r ed color displays with comparable spectral characteristics, but they differ 
fundamentally in the biochemical transformations they catalyze and in their associations with subcellular compartments and cellular 
processes. The top pathway r epr esents the CYP2J19/BDH1L pathway that is thought to produce many of the red ketocarotenoids across 
bird species, and uses a two-step enzymatic conversion to transform yellow dietary precursors, like zeaxanthin and lutein, into symmetric 
red β ,β-C4-k etocarotenoids, lik e astaxanthin and α-doradexanthin ( Toomey et al. 2022 ); these enzymes have been found to localize to the 
endomembrane system, likely the ER ( Koch et al. 2025 ). The middle pathway r epr esents the alternative pathway proposed to be used by 
species like the House Finch to convert yellow dietary precursors, like β-cryptoxanthin, into asymmetric red β ,β-C4-k etocarotenoids, lik e 
3-hydroxy-echinenone ( Koch et al. 2025 ); studies of the House Finch suggest that this pathway occurs at least in part in the mitochondria 
(e.g., Hill et al. 2019 ). The bottom pathway r epr esents the alternative pathway proposed to be used by species like manakins and cotingas 
to produce rhodoxanthin, a retrocarotenoid; BDH1L could be inv olv ed in an early step in this process, producing modified yellow canary 
xanthophylls from dietary precursors, but the enzymatic pathway itself to produce rhodoxanthin remains unknown ( Hudon et al. 2007 ; 
Hudon et al. 2012 ; Prum et al. 2012 ). Birds pictured use the red carotenoid products specific to each pathway in their ornamental 
coloration. Top species, clockwise from top left: Scarlet Tanager ( Piranga olivacea ), Zebra Finch, Red-backed Fairywren ( Malurus 
melanocephalus ), and Roseate Spoonbill ( Platalea ajaja ). Middle species, from left: Common Redpoll, House Finch, and Purple Finch 
( Haemorhous purpureus ). Bottom species: Pin-tailed Manakin (courtesy of João Vitor Perin Andriola). 
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Hudon et al . (2012) , eac h sp ecies app eared to
deposi t ei ther C4-k etoca roteno ids co nsistent wi th
th e CYP2J19/B DH1L pathway, or th e r etr ocar otenoid
r h odoxant hin; t his sug gests t hat a subset of m an akins
have dow nregul ated the CYP2J19/BDH1L system in
favo r o f an al terna tive pa t hway t hat p rod uces r h odox-
anthin. Addi tio nally, b irds p rod ucing r h odoxanthin
al so h ad n otable am ounts of m odified ye llow ε , ε -
ca rotenoids, lik e ca na ry xa nthophy lls, w hich have
b een hyp othesized to be the first step in the metabolic
pat hway le ading from a diet a ry ca rot enoid t o r h odox-
anthin ( Hudon et al. 2007 ). In th e absen ce of CYP2J19,
BDH1L cat alyzes t he met abolism of ε , ε -carotenoids
lik e ca na ry xa nt hophyll B from diet ary β , β-carotenoids
lik e zeaxa nthin ( Toomey et al. 2022 ). Consequently, it
i s plau sible th at BDH1L i s invo l ved in the beginning
of the enzymatic pathway leading to the p rod uctio n
of r h odoxanthin. House fin ch es, which use a different
a lternat ive p athway to p rod uce 3-hydroxy-echin en on e,
do exp ress BD H1L in growing fe at h er follicles an d
al so h ave some can ary xanthophyll s in their feathers.
Perh aps bird s u sing eit her t h e r h odoxan thin pa thway
or th e 3-hydroxy-echin en on e pathway dow nregul ate
CYP2J19 exp ressio n in tis s ues relat ed t o or nament al
p igment p rod uctio n bu t ma inta in BD H1L exp ressio n. 
Addi tio nal pathways to red colo ratio n that do not

invo l ve carotenoid pigments exist in Class Aves,
such as the recently discovered mech ani sms re-
spo nsible fo r th e m odificatio n o f en dogen ous ly
p rod uced psi ttaco fulvin p igments to red forms in
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arr ots ( Arbor e et al. 2024 ), but th e CYP2J19/B DH1L,
-hydroxy-echin en on e, an d r h odoxan thin pa thways
re the best document ed carot enoid-b ase d p athways to
at e . 

onsistent or variable hues 
or n ear ly a l l spe cies o f b ird s th at expres s s pecies-
 ypic a l re d caroteno id colo ratio n in the b i l l o r pl umage,
 l l indiv idu al s of the di spl ay in g sex(es) and ag e class
r e r e d. Yel low va ria nts a re so ra re t hat t hey can as-
umed to be loss-o f-functio n mu tatio n s ( McG raw et
 l. 2003 ; Hudon et a l. 2007 ). Wh en th ere is variation
mong males in these po p u lat io ns, i t lies p r imar ily in
 he s a tura tio n o f the red p igmen ta tio n ( Jo nes et al. 2010 ;
 inds ay et a l. 2011 ), a l though individ uals in so me red
pe cies a ls o vary s ome wha t in h ue ( Kir sc h e l et al. 2020 ).
or thi s m ajo ri ty o f red b irds, variatio n in hue i s sm a l l,
n d even extrem e colo r variatio n does not p rod uce a
 ue tha t a h uman would in terpret as yello w. Ho wever,
her e ar e r ev ealin g ex ception s to this colo r co nsistency. 
In at least four bird species that use 3-hydroxy-

chin en on e as th eir p rimary red p igm ent (House Fin ch,
e d Crossbi l l [ Loxia cu rvi r ostr a ], W hi te-win g ed Cross-
i l l [ Loxi a l eu co ptera ], a nd P ine Grosbeak [ Pini col a
nu cl eat o r ]), ye llow in div idu als are observed in most
o p u lat io ns, so m etim es co mp rising 25% o r mo re o f lo-
al po p ulations ( Hill 1993 ; del Val et al. 2014 ). This
oss of red coloration h a s been s h own to result n ot
rom a knockdown m uta tion but ra ther to be a re-
ul t p r imar ily o f enviro nmental co ndi tio ns an d in di-
 idu a l hea lth ( Hi l l 2002 ). It is in teresting tha t regu-
ar loss of red coloration seems to occur exclusi vel y in
pecies th at u se 3-hydroxy-echin en on e as th eir primary
e d pig m ents an d n ot in species that are kn own or like ly
o use the CYP2J19/BDH1L pat hway, sug g estin g that
ariab le co lo r exp ressio n mig ht be a charac teristic of
 he pat hway le adin g to 3-hy droxy-echin en on e. How-
ver, indiv idu als in many species that use 3-hydroxy-
chin en on e as th eir p rimary red p igment are as con-
istent in exp ressio n o f red pigmen ta tio n as b irds that
se th e CYP2J19/B DH1L pathway (e.g., Comm on Red-
o ll, Ac a nthis fla mmea , [ Seutin et al. 1992 ]; Scar-
et R osefinch, C arpodacus eryth rin us , [ Albre cht et a l.
009 ]). One explanation is t hat t her e ar e variations
n the pathway(s) from dietary yel low pig ments to 3-
ydroxy-echin en on e, wi th o ne resul tin g in varia ble ex-
 ressio n o f re dness whi le t he ot h er does n ot. Alter-
ati vel y, indi v idu als in these variable species might
arry a high m uta t iona l lo ad , leading t o mor e fr equent
etabo lic d ysfun ction an d loss o f colo ratio n, o r per-
aps the fact that 3-hydroxy-echin en on e (but not other
o mmo n o r nament al k etoca rotenoids, lik e astaxa nthin)
an be readily converted to vitamin A could a ffect pig-
ent use ( Hi l l and Johnson 2012 ; Koch et al. 2025 ).
ow ev er, these explanation s ar e pur ely spe cu lat ive, and
ddi tio n al study i s ne e de d to fu l ly un derstan d why
ome species comm only s h ow ye llow-to-red variation
hile many others do not. 

arotenoid metabolism and 

itochondrial respiration 

s re vie w ed a bov e, the r ed car oteno id p ig ments use d
s in tegumen ta ry colora n ts by vertebra tes are, with few
x ception s, k etoca roten oids; th er efor e , the conver sion
f yellow dietary carotenoids to red k etoca r otenoids r e-
uires tra nsf o rmatio n v i a oxid atio n reactio n s ( Prag er
t al. 2009 ; Prum et al. 2012 ; Ca nta r er o et al. 2025 ).
ett er under st anding t hese met a bolic conv ersion s h a s
pen ed up n ew avenues fo r explo r ing how t h e m ech-
nisms o f p rod ucing caroteno id-b ase d colorat ion may
elat e t o t he use of t hese or n aments a s h on est sig na ls of
u alit y. F or exam ple, it h a s b een prop osed that red ke-
 ocarot eno id p rod uctio n might occur within or in close
ssoci ation w it h t he mit oc h on drion because the pack-
ging o f li p ids and li p id-li ke mole cu les oft en occur s in
he mit oc ho ndrio n ( Hi l l and Johnson 2012 ), and the
nner mit oc ho ndrial memb rane p r esents a r edox envi-
onmen t tha t s h ould be con ducive to th e so rt o f oxida-
 ion react ions that produce k etoca roteno ids ( Johnso n
nd Hi l l 2013 ). Such an associat ion betwe en the pro-
 uctio n o f red p igm ents an d mit oc h on dria is intrigu-
ng because it might explain the links between the red
olo ratio n and aspects o f individ ua l qua lity th at m ay
lso be sen sitiv e to mit oc h on dr ial per for mance , suc h as
og nit ion, immun e fun ction, an d oxidative s tres s ( Hill
nd J ohnson 2012 ; J ohnson and Hi l l 2013 ; Hi l l 2014 ). If
he p rod uctio n o f red p igm ents re lies o n mi t oc h on drial
tat e , and mit oc hondria are also invo l ved in a number of
ent ra l systems and pathways that co ntribu t e t o an in-
iv idu a l’s overa l l qua lity, t hen t hi s mech ani stic relation-
hip could be key toward explaining h on est sig na ling in
 ed car oteno id-based o rnaments ( Koc h et al . 2017 ). 
As a first test for an association between mit oc hon-
ria and the p rod uctio n o f red p ig ments, Ge et a l. (2015)
solat ed mit oc h on dria from liver cells of molt ing ma le
ouse Fin ch es using centr if ugation and t est ed the mit o-
h on drial pe llets fo r p resence o f caroteno ids. These au-
ho rs p ropose d that dete ct io n o f k etoca roteno ids wi thin
he mit oc ho ndrio n would be empirical su ppo rt fo r a
in k betwe en p rod uctio n o f red p igm ents an d mito-
h on dr ial f unctio n. As p redict ed , unlike the t ypic al
 rown colo ratio n o f mi t oc h on dri a isol ated from most
ert ebrat es, the mit oc h on drial pe llets isolated from the
ivers of molting male House Fin ch es were bright red.
a rotenoid a n alysi s revea le d high concent rat io ns o f
 etoca rotenoids in the final mit oc hondria l pel let ( Ge
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et al. 2015 ). How ev er, th e pe llets at th e en d of this
isolatio n p r ocess wer e no t p ure mit oc h on dr ia; t hey
cont ained bot h mit oc h on dria an d m embran es boun d
to the mi tocho ndria. Thus, fro m this study, i t was not
possible to confirm that k etoca r otenoids wer e located
wit hin t he mit oc h on dria of House Fin ch es, as o p posed
to being located in m embran es adjacent to mit oc hon-
dria ( Ge et al. 2015 ). In a follow-up study, r esear c her s
t ook mit oc h on dri al isol ation a step farther, using high
spe e d cent r if ugation to s h e ar off t he ou ter mi tocho n-
drial m embran e, leaving a pellet co mp rising p rimar-
ily the inner mit oc ho ndrial memb ra ne a nd mit oc hon-
dria l mat rix ext racte d fro m mol t ing ma le House Finch
livers ( Hi l l et a l. 2019 ). Comp are d to m embran es that
were spun a wa y, th e pe llet of inner mit oc h on drial m em-
bra ne a nd m atrix h ad high concen tra tio ns o f keto-
carotenoids ( Hi l l et a l. 2019 ). Thes e obs ervatio ns su p-
port the hypothesis that red carotenoid metabolism in
House Fin ch es t akes place in t h e inn er mit oc h on drial
m embran e , in c los e ass oci ation w it h t h e e le ct ron t rans-
port chain of aerobic cel lu lar respirat ion. 

L o cating th e m etabolism of red c arotenoids w ithin
mit oc h on dria of House Fin ch es s ugges ted a func-
t iona l associat ion betwe en mit oc h on dria l respirat ion
a nd ca roteno id oxidatio n, bu t a direct test o f this hy-
pothesi s wa s ne e de d. The init ia l test of t he hypot he-
si s th at caroten oid m etabolism an d colo r exp ressio n are
dependent on mit oc h on dr ial per for m ance wa s a sim-
ple co rrelatio n al an alysi s co nd ucted wi th wild House
Fin ch es. Hi l l et al. (2019) measured the hue of grow-
ing fe at hers for a s ample of wi ld ma le House Fin ch es
an d th en quant ifie d different met rics o f mi t oc h on drial
per for man ce an d turn over rate in th ose sam e birds.
Th ey foun d th at m a les g rowing fe at hers wit h redder
hues, which is a refle ct io n o f higher co ncen tra tio n o f
red k etoca rotenoid s, h ad higher resp irato ry co ntrol ra-
tios for state 1 precur sor s (a comm on m easur e r elated
t o mit oc h on drial respiratory efficien cy), high inn er mi-
t oc h on drial m embran e potent ia ls (indicat ing efficient
oxidation p hosp ho rylatio n, o r OXPH OS, p rocesses),
and lower PGC-1 α (indicating less turnover of mito-
ch on dria) ( Hi l l et a l. 2019 ). Thes e obs ervations bol-
stered t he hypot hesis t hat red caroten oid m etaboli sm i s
closely t ie d to mi tocho ndr ia such t hat high qu alit y red
caroteno id o r nament atio n depends o n high perfo rming
mit oc h on dria. 

I n a follo w-up study, Koc h et al . (2024) a gain s tud-
ie d the associat ion betwe en mit oc h on dr ial f un ction an d
pluma ge rednes s in m ale Hou se Fin ch es, but rath er than
relying on natural variation among wild males, they
exper iment a l ly induce d an environmental challen g e in
o ne set o f b irds by h olding th em in cages d uring mol t
a nd compa red these captive males to free-living males.
Capt ive ma le House Fin ch es had a ltere d mit oc h on drial
per for mance comp are d to fre e-living ma les, an d th ey
p rod uced fewer red k etoca roteno ids fro m yellow pre-
cur sor s, a s mea sur ed in cir cu lat ing caroteno id co ncen-
t rat io ns; impo rt ant ly, bot h captive and free-living birds
circu late d the sam e con cen tra tio ns o f yellow p recur-
sors, indica ting tha t th e differen ce in k etoca rotenoid
level s wa s due to differen ces in m et abolism rat her t han
caroteno id access. Mo re over, capt ive birds that main-
t ained t he highest resp irato ry co nt rol rat ios in complex
2 of the ele ct ron t ra nsport cha in despit e c ha l len g e of be-
ing confined to cages also p rod uced th e m ost red keto-
carot enoids ( Koc h et al . 2024 ), consist ent wit h t he con-
ne ct ion s betw e en re d pig men ta tion and mit oc h on drial
metr ics t h at h ad be en found in wi ld House Fin ch es ( Hi l l
et al. 2019 ). 
These studies on carotenoids in mit oc h on dria an d

asso ciations b etween mito ch on dr ial f un ction an d red
c arotenoid accumul atio n p rovide exper iment al evi-
dence in su ppo rt o f t he hypot hesis t hat red keto-
caroten oid m etab olism o ccurs in the mi tocho ndria,
likely in close association with the ele ct ron t ransport
sys tem itself . The discovery of CYP2J19 se eme d to crack
open a key black box in our un derstan ding of red
k etoca roteno id p rod uctio n, identify ing a c arotenoid-
meta bolizin g enzyme that could p lausib l y act within the
inner mit oc ho ndrial memb rane ( Hi l l et a l. 2019 ). How-
ever, t he exper iments linking mit oc hondria t o red col-
o ratio n were co nd ucted wi t h t h e House Fin c h, whic h
h a s now been shown not to use CYP2J19 to pro-
d uce i ts o r nament a l re d pig ments ( Koch et a l. 2025 ).
More over, experiments t racking th e su bce l lu l ar loc al-
izatio ns o f CYP2J19 an d B DH1L hav e rev ea le d that nei-
t her of t hese enzymes localizes to the mit oc hondria;
inst ead , bo th ap pear to co-localize to the endomem-
bra ne system, lik ely the endoplasmic ret icu lum (ER)
itself ( Koch et al. 2025 ). Further su ppo rting a funda-
m ental differen ce bet ween c aroten oids m etabolized v i a
th e CYP2J19/B D H1L pathway a n d th e pathway lead-
ing to 3-hydroxy-echin en on e, th e mitoch on drial pe l-
lets o f mol t ing ma le Nort her n Cardin al s, a species th at
li kely ut i lizes the CYP2J19/BDH1L p athway to pro-
duce red fe at her s ( S in et al. 2020 ), ar e br own rather
tha n red a nd have only a trace of red k etoca rotenoids
(unpu blis h e d observat ions). Th e ce l lu l ar loc ation of
CYP2J19/BD H1L a nd the lack of red pigments within
th e h ep at ic mit oc h on dria of at least one species of bird
th at u ses thi s pat hway cre ate uncert ainty about wh eth er
re d colorat ion derive d from th e CYP2J19/B DH1L path-
way wi l l b e asso ci ated w i th mi t oc h on dr ial per for mance.
This series of discoveries col le ct ively p aint a new

p icture o f h ow, wh ere, an d why or nament al keto-
caroten oid m etaboli sm i s occur r ing, an d h ow th ese pro-
cesses may differ a mong taxa. On the one hand, we
h ave bird s th at h ave re d colorat ion use d as a sig na l
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n mat e c h oice an d that p rod uce red k etoca rotenoids
sing the CYP2J19/BDH1L enzymatic pathway. In
hese s pecies, s uch as t he Nort her n Cardinal, t he
etabolism of carotenoids is pre dicte d to take place
it hin t h e ER, n ot in th e mit oc h on dria—an d accord-
ngl y, iso lat ed mit oc h on dria from these species do
o t ap pe ar to cont a in ca roteno id p igm ents. On th e
th er han d, w e hav e birds such as the House Finch,
hich h a s a va riable red k etoca roteno id o rnament, high
evels of red k etoca rotenoid s a ssoci ated w it h t he in-
 er m embran e of h ep at ic mit oc h on dria, an d links be-
ween mit oc h on dr ial per for ma nce a nd p rod uctio n o f
 ed car otenoid car oten oids. Th e enzymatic system that
 rod uces o r nament a l re d pig men ta tion in this latter
rou p o f b ird s i s unknown. Thu s, we h ave the most ex-
en siv e un derstan ding of the conne ct ion s betw een mi-
 oc h on dr ial f un ction an d red k etoca roteno id colo ratio n
n the system for which the enzyme(s) catalyzing the
 rod uctio n o f red k etoca r otenoids fr om yellow pre-
ur sor s is unknown. Conver sely, we have the best un-
erstanding of the enzyme systems that p rod uce red
aroteno id colo ratio n fo r species in which p hysio logy
 f colo r exp ressio n i s less well ch aracterized. 

ffects of chemical treatments targeting 

itochondria on red color expression 

otent ia l differences betwe en bird s u sing the
YP2J19/BD H1L system a nd t he alter na tive pa th-
ay that p rod uces 3-hydroxy-echin en on e are cur rent ly
es t unders to o d from studies that experimenta l ly a lter
it oc h on dr ial st at es using c hemica l t reat men ts. F or
xa mple, Ca nta r er o and A lonso-A lvarez (2017) t est ed
 he hypot hesis t hat p rod uctio n o f r ed car otenoid s i s
in ke d t o mit oc h on dria by using chemical exposure to
lter the redox enviro nment o f the inner mit oc hondrial
 embran e of Zebra Fin ch es (family Estrildidae), a
pecies th at i s confirmed to u se th e CYP2J19/B DH1L
athway ( Mundy et al. 2016 ). The y expos ed Zebra
in ch es to on e of two ch emicals: eith er mitoquin on e
esylat e (mit oQ), a synth etic u biquin on e boun d to
e cyl-t ri phenyl p hosp ho ni um (dTPP 

+ ) that localizes
o the inner mit oc ho ndrial memb ra ne a nd that can at-
en ua te li p id peroxidatio n a nd ma inta in mit oc h on drial
 edox envir o nment ( Mao et al. 2022 ); o r, dTPP 

+ alo ne,
hich may inste ad decre ase mi tocho ndrial memb rane
otent ia l ( Trn ka et a l. 2015 ). Th ey foun d tha t a t the
igh est doses, mitoQ enhan ced bill colo ratio n rela-
ive to controls, while dTPP 

+ caused a loss of redness
 Ca nta r er o and A lonso-A l varez 2017 ). One exp lanation
o r these resul ts i s th a t, a t high doses, an an tioxidan t
ffect of the ub iquino ne po rtio n o f mi t oQ count eract ed
he effect of decreased mit oc h on drial m embran e po-
ent ia l by dTPP 
+ and increased rate of red carotenoid

eta bolism, providin g some of the stron g es t s upport
 o dat e for a lin k betwe en mit oc h on dri al dy na mics a nd
 rod uctio n o f red p igments used fo r o r nament ation in
 species using the CYP2J19/BDH1L system. With the
i scovery th at bot h of t h ese enzym es localize to th e
R rat her t han t he mit oc h on dria ( Koch et al. 2025 ),
he p hysio log ica l relat io nshi p between mi t oc h on drial
er for man ce an d ket ocarot eno id p rod uctio n in species
ike the Zebra Finch must be indirect, and r equir es
 urt her c haract erization. 
Similar experiments have been co nd ucted wi t h t he
e d Crossbi l l, a Fring i l lid finch that, li ke the House
inch, deposi ts p r imar i ly 3-hydroxy-e chin en on e as its
r nament a l re d pig m ent an d that like ly uses th e sam e
 lternat ive to the CYP2J19/BDH1L pigment pathway
 Koc h et al . 2025 ). In one such exp eriment, C a nta r er o
t al. (2020) dosed mol ting b irds wi th ei ther mi toQ
 r mi toTEMPO; mi toTEMPO is a syn thetic an tioxi-
ant (a superoxide di smuta se mimic) th at i s al so de-
ivered to the inner mit oc ho ndrial memb ra ne a nd h a s
een thought to hav e few er potent ia l negat ive side-
ffects tha n mitoQ ( Ca nta r er o et al. 2020 ). Th ey foun d
hat mi toQ red uced circulating dietary carotenoids in
he blo o d b ut did no t chan g e t he fe at h er redn ess of
irds ( Ca nta rero et al. 2020 ). The effects o f mi toTEMPO
 reat ment in crossbi l ls app ear to dep end on p hysio logi-
al st ate; incre ased circulating red k etoca roten oid leve ls
 ere observ ed in indiv idu al s th at h ad less-red plum age
t th e tim e of captur e fr om the wi ld, whi le increase d
luma ge rednes s was o bserve d on l y in indi v idu al s th at
 ad redder plum age at th e tim e of ca pture ( Can tar er o
t al. 2020 ). The au tho rs co nsidered th e possi b ili ty that
itoTEMPO incr eased r ed k etoca roteno id p rod uctio n

n a l l b irds, bu t t hat t he ra te a t whic h these carot enoids
 ere meta b olized and dep osi ted in o rna ments differed
et ween high-qu alit y (redder at sta rt) a nd lower-qu alit y
p a ler at start) indiv idu als. 
Col le ct ively, resu l ts o f studies u sing chemical m a-
ipu lat ion s demon stra te tha t chan gin g mi tocho ndrial
a ra met er s can c han g e p rod uctio n o f red p igments in
ird s th at u se eith er CYP2J19/B D H1L or a n alterna-
 ive enzymat ic p athway f or k etoca roten oid m etabolism.
n derstan ding th e spe cific effe cts of t reat ment in

 hese exper iments wi l l re q uire bet t er under standing of
aroten oid m etabolism in re lation to su bce l lu la r a nd
el lu lar funct io n. If the p rod uctio n o f k etoca rotenoids
s occur r ing in associ ation w it h t he ER in bird s u s-
ng the CYP2J19/BDH1L system, then conne ct ions be-
ween the ER and the mit oc hondria may explain how
 etoca roten oid leve ls in s uch s pe cies remain sensit ive
 o mit oc h on drial chan g es. 
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Concluding thoughts 
Caroteno id colo ratio n h a s lon g been view ed by re-
searc her s int erest ed in color signaling as a single
or nament a l t rait to w hich sing le explanations of evo-
l u tio n an d fun ction can be applied (e.g., Hill 2002 ;
Blount and McGraw 2008 ; Wi l lin k and Wu 2023 ). There
h a s been some consideration of fun dam ental differ-
ences in p hysio log ica l cont rol and sig na ling funct ions
o f caroteno id di splays ari sin g from unmeta bolized di-
etary pigments versus metabolize d pig ments ( Weaver
et al. 2018 ) as well as from modified yellow versus red
pig ments ( Hi l l and Johnson 2012 ; Delhey et al. 2023 ).
Or nament a l colorat ion arising from red carotenoids,
how ev er, h a s invariab l y be en viewe d as one trait (e.g.,
P rager a n d An der sson 2010 ; Power s and Hi l l 2021 ),
even as mu lt iple enzymat ic p athways to red carotenoid
colo ratio n were hypothesized ( Mcgraw 2006 ; Prum et
al. 2012 ; Badyaev et al . 2015 ). Here , we hig hlig h t tha t
differen t pa t hways t h at en a ble conv ersion of y ellow di-
eta ry ca rot enoids t o re d pig ments use d in or nament a-
tion are likely to have unique interactions with cel lu lar
processes an d th erefore to have different responses to
environmental chan g es. Usin g in sights from the study
of an d experim en ta tio n o n b ird s u sing one enzym atic
syst em t o ma ke pre dict ion s a bout coloration in other
bird species that arise through an a lternat ive enzy-
matic system is likely to result in confusion and to slow
pr ogr ess in fun dam ental un derstan ding of color sig na l-
ing. We propose that th e m ost p rod uct ive p ath f orwa rd
is to expand understanding of the enzymatic pathways
used by birds to p rod uce red colo ratio n and to then
co nd uct studies that compa re a nd contrast wh eth er an d
h ow con dition depen den cy ar ises from t h ese distin ct
mech ani sms of or nament a l colorat ion. 

Key unansw er ed questions 
� Why do different bird species em ploy differen t en-
zymat ic p athways from yel low to re d carotenoids?
Wh at i s th e ben efit o f th ese inn ovations? 

� Do associations between mit oc h on dria an d p rod uc-
tio n o f red p igm ents, docum ented in the House
Finc h syst em, extra pola t e t o species t hat der ive red
colo ratio n using the CYP2J19/BDH1L system? 

� Is the House Finch a model for a l l spe cies that pro-
duce red fe at her coloration using asymmetric β , β-
C4-k etoca rotenoids? 

� What are the implications for h on est sig na ling of the
CYP2J19/BDH1L system localizing in the ER? 

� W hy are so me b irds wi th k etoca roteno id-colo red
orna ments highly va riab le in co lo ratio n wi th fre-
quent ye llow in div idu als, while mos t s pecies are
not? 
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