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Synopsis In po l ymorp hic or ganism s, a sin gle g en om e is deployed to program num erous, m orph olog ica l ly dist inct b o dy plans 
wi thin a colo ny. This co mplex life history trait h a s evo l ved in depen dent ly wit hin a limi ted subset o f anima l taxa. Re const ruct ing 
th e un der lyin g g en etic, ce llula r, a n d deve lopm ental chan g es that drove th e em ergen ce of po l ymorp hic co lonies r epr esents 
a p ro misin g av enue fo r explo rin g div ersifyin g sele ct ion and resu lt ing imp acts o n develop mental gene regulatory networks. 
Do lio lids are the onl y po l ymorp hic c hordat e , deployin g a sin gle g en om e to program distin ct m o rphs specialized fo r loco motio n, 
fe e ding , asexu al, or sexu al r epr oduction. In this r e vie w, we provide a detai le d summary of do lio lid anato my, develop ment, 
taxo no my , ecology , life history , an d th e ce l lu lar b a si s for do lio lid po l ymorp hism. In order to frame the potent ia l evol u tio nary 
an d deve lopm en tal insigh ts tha t could be gained by stud ying do lio lids, we provide a broader overview of po l ymorp hism. We 
then di scu ss how com para tive studies of poly morphic cnid ari an s hav e begun to i l luminate the genetic ba si s of thi s unu sual 
a nd complex lif e his tory s trategy. We then provide a s umma ry of lif e history div er g en ce in th e ch ordates, p art icu lar ly am ong 
do lio lids and their po l ymorp hic cousins, the salps and pyrosomes. 
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verview of polymorphism 

o l ymorp hic co lonies are composed of indiv idu als,
erm ed m orphs, castes, o r zoo id s, th at exhib i t a n a rray
f distinct b o dy typ es. The b est-known r epr esen ta tives
 f such colo nies a re f oun d in th e s ocial ins ects. In thes e
olo nies, asexual rep rod uctio n p rod uces genet ica l ly
imil ar indiv idu al s th at take on distinctive cas te-s pecific
 orph ologies that are generally induced by environ-
en tal in p uts ( Abo uheif 2021 ). Po l ymorp hic co lonies

lso occur within a limited set of marine invert ebrat e
 axa, including t he cnidar ian s, bry ozoan s, and tunicates
 Harvell 1991 ; Hiebert et al. 2021 ). How ev er, marine
nvert ebrat e and social insect fo rms o f po l ymorp hism
 re funda menta l ly dist inct in relat ion to two cr iter ia.
irst, marine po l ymorp hic co lonies often consist of

ndiv idu al zooids that are physica l ly integ rate d. This
roperty is clearly i l lust rate d in bryozo ans, in which
igh ly dist inct ive zo oids sp e cia lize d f or f e e ding, de-

ense, o r rep rod uctio n fo rm b ranching o r s h e et-li ke
olo nies ( Simpso n et al . 2017 ; Sc hac k et al . 2019 ).
 dvance A ccess publicat ion Ju ly 11, 2024 
C Th e Auth or(s) 2024. Pu blis h ed by Oxford University Press on behalf of the
o r permissio ns, plea se e-m ai l: j ourna ls.permissio ns@ou p.co m 
econ d, th ese marin e colonies are produced through
sexual budding and ther efor e they ar e isogenic, mean-
ng that a single gen om e is shared by all of the distinct

orphs in a colo ny. Alo ng wi t h t he bry ozoan s, isog enic
o l ymorp hi sm i s fre quently observe d in a subset of
nid ari an taxa, including Hydroida and Siph on oph ora
 Be klemis h ev et a l. 1969 ; Harvel l 1994 ). O u tside o f
nid ari an s and bry ozoan s, isog enic po l ymorp hism is
xtrem e ly ra re. Rema rkab l y, o ne o f these rare ex ception s
s found in an invert ebrat e c hordat e c lade , the do lio lids
 Gi bson an d Paffenhöffer 2002 ; Piette and Lemaire
015 ). 

xploration of iso g enic polymorphism 

a y pro vide fundamental insights into 

evelopmental genetics and evolution 

nvest igat ions into the genet ic b a si s of isogenic po l y-
orphi sm h ave the potent ia l to revea l fun dam ental
 rinci ples o f develop menta l gene regu l atory net work
 Society for In tegra tive and Com para tiv e B iology. All rights reserved. 
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(GRN) structure and functio n. Mu tatio ns that impact
t he f unct iona l o utp ut of deve lopm ental GRNs are
t hought to dr ive trai t acquisi tio n, pa rticula rly in cases
that invo l ve major chan g es in m orph ology ( Figs. 1 A
an d B) ( Shu bin et al . 2009 ; Davidson 2010 ; Pet er
and Davidson 2011 ; Richardson 2022 ; Cutter 2023 ).
In contrast, the acquisi tio n o f isogenic po l ymorp hism
must include mu tatio ns that generate mu lt iple, a lt ernat e
funct iona l o utp uts of develo pmental GRNs ( Fig. 1 C),
alo ng wi th mu tatio ns that alt er GRN arc hit ecture , so
t hat t h ese distin ct deve lopm ental programs can be
deployed at the ap pro priat e life hist ory s ta ges or in
ap pro priate regions of the colony ( Harvell 1994 ; Lidgard
et al. 2012 ). Thus, the study of isogenic po l ymorp hism
h a s the potent ia l to address fun dam enta l quest ions
abou t archi te ctura l p rinci ples t hat dict ate GRN f unc-
tion, ro bus tnes s, and versat i lity. How are po l ymorp hic
gen e n etwor ks st ructure d to ensure ro bus t exe cut ion
of each deve lopm enta l prog ram whi le ma inta ining the
versat i lity re quire d for exe cut ion of mu lt iple prog rams?
Ar e ther e s pecific s t ructura l e lem en ts of GRNs tha t
ar e mor e versat i le, a l lowing them to be deployed
in mu lt iple, dist inct prog rams vs. other st ructura l
e lem en ts tha t ar e mor e const raine d, prevent ing them
fro m co ntribu ting to program re-deployment? 

Invest igat ions into the acquisi tio n o f isogenic po l y-
morphi sm al so h ave the potent ia l to i l l uminate p rinci-
p les of di v ersifyin g sele ct io n. In mo no mo rphic o rgan-
isms, a lterat ion s in dev e lopm enta l prog rams resu lt in
n ove l ph en ot ypes w it hin t he po p u lat ion that are sub-
j e cte d to sele ct ion. Int riguingl y, in po l ymorp hic organ-
isms mu lt iple, dist in ct ph en otypes (m o rphs) p resent in
each indiv idu a l are subj e cte d to sele ct ion. Thus, the
study of isogenic polymorphism has the potent ia l to
s h ed light o n antago nist ic sele ct ion betwe en morphs
(posit ive sele ct ion in r egar ds to on e m orph is countered
by potent ia l negat ive imp acts o n the fitness o f an oth er
mor ph) ( Goeder t and C alsb ee k 2019 ). Furth er studies
of isogenic po l ymorp hic or ganism s wi l l com plemen t
related studies of po l yp henic s ocial ins ects ( Stern 2000 ;
Lin ksvayer et a l. 2012 ; Bon a sio 2014 ; Py en son and
Rehan 2024 ) along with more widespread and better
c haract er ized inst an ces of dim orphism, in cluding sex-
ua l dimorphism ( Wi l lia ms a nd Ca rroll 2009 ; Herpin
a nd Scha rtl 2015 ) or life history dimorphism between
la rval a nd ad ul t fo r ms ( Aguir re et al. 2014 ; Truman
2019 ; Yamakawa et al. 2019 ). In tegra tio n o f these
efforts wi l l r epr esent a power f u l plat f orm f or exploring
the impact of anta gonis t ic sele ct ion on dimorphic or
po l ymorp hic t raits a long with associa ted im pacts on
th e ce l lu la r a n d gen etic m ech ani sms th at p rod uce these
traits. 
Studies of iso g enic polymorphism in the 

siphonophores 

To dat e , th e m ost pr ogr ess on un derstan ding po l ymor-
phic traits from a m orph olog ica l and genetic p ersp ec-
tive comes from work on siph on oph ores. Isogenic po l y-
mo rphism wi t hin t he si pho nopho res is st ri kingly rep-
r esented by Physal ia physal is , co mmo nly r eferr ed to as
the Ma n-O-Wa r ( Munro et al. 2019 ). These colo nial o r-
ganisms p rod uce s e ven distinct isogenic zooids through
asexu al budding . Th ese in clude a lar g e pn eumatoph ore
(the float) specialized for locomot ion, gast rozooids
a nd tentacula r p a l po ns spe cia lize d f or f e e ding and
pr ey captur e, r espe ct i vel y, a nd f our addi tio nal zoo ids
(gon oph ore, p a lpons, ne ctophores, and j el l y po l yps)
t hat for m a det achable r epr oduct ive st ructure (the
gon oden dron). How ev er, recent studies hav e focused
on other siph on oph ore species that are easier to col le ct
and cu lture ( D unn and Wag ner 2006 ). Int r iguingly, t he
deve lopm ental m ech ani sm s g eneratin g po l ymorp hic
si pho nopho re colo nies are highl y di verse (C. Carre
1967 ; Carre 1969 ; Ca rre a nd Ca rre 1991 ; D. Carre
1967 ; S iebert et al . 2015 ). Th us, com para tive studies
wi thin si pho nopho res have the potent ia l to revea l
con serv ed , pot entially ancestral mech ani sm s drivin g
th e em er g ence of po l ymorp hi sm in thi s clade along
wi th el ucidating h ow th ese m ech ani sms h av e div er g ed.
A number of studies have examined micro-anatomical
differences b etween zo oid s u sing modern t ec hniques
but this approach h a s only been applied to a limited
subset of po l ymorp hic sip h on oph ore species ( Mackie
1960 ; C arre 1969 ; B ardi and Marques 2007 ; Church et
al . 2015 ; S iebert et al . 2015 ). Addi tio nally, so me insights
have be en gaine d r egar ding the identit y, loc ation, and
pot ency of st em ce ll lin e ages t ha t genera te differen t
zooid s ( Sie bert et al. 2015 ). Mor e r ecent work h a s lever-
age d RNA se quencing (RNA-se q) to invest igate po l y-
m orphism in th ese lin eag es. Exten siv e RNA sequencin g
o f si pho nopho re transcri pto mes h a s generated a ro bus t
un derstan din g of phylog en etic re lations hips in this
clade ( Munro et al. 2018 ). Furt her mo re, studies o f RNA-
seq data have begun to illuminate differences in gene
exp ressio n that may un der lie ph en otypic differen ces
b etween zo oids, laying th e groun dwor k for deciphering
the regulatory mech ani sms th a t dicta te zo oid-sp ecific
exp ressio n patt erns ( S iebert et al . 2011 ; Plac hetzki et
al . 2014 ; Sander s et al. 2014 ; Macrander et al. 2015 ;
Sa nders a nd Ca rt w righ t 2015 ). Most recen tly, Munro
an d colleagues con ducted a lar g e-sca le comp arat ive
RNA-se q ana lysis inco rpo rating zoo id-spe cific t ran-
scri pto mes fro m seven si pho nopho r e species ( Munr o
et a l. 2022 ). Crit ica l ly, th ey refin ed th eir com para tive



Acquisition of polymorphism in doliolids 1257 

Fig. 1 Acquisition of non-polymorphic traits vs. polymorphic traits. ( A ) Chordate phylogeny. ( B ) Schematic depicting the acquisition of 
divergent phenotypes in two species (B and C ) that share a recent common ancestor (A, see text). (C) Top: Schematic depicting the 
acquisition of polymorphism from a nonpolymorphic ancestor D (also r epr esented in panel A) along with multiple morph-specific 
phenotypes (P’ vs. P’’ vs. P’’’). On the bottom of this figure panel, a doliolid colony is used to illustrate different morphs. 
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n alysi s approac h t o allow them to normalize expres-
ion across these transcri pto m es, e limina ting poten t ia l
o ise resul ting fro m differences in sequencing depth
nd overa l l d ata qu alit y. The y als o inco rpo rated a
 ove l appro ach, spe cies branch filtering, for en hance d

den tifica tio n o f o rtholog ous g en e sets. Th ese co mb ined
ppro aches a l lowe d them to ident ify zo oid-sp ecific
xp ressio n patterns in each species and p rod ucti vel y
ompare these patterns across species. Through this
n alysi s, they identified 349 zooid/tis s ue-as sociated
 enes that w ere enrich ed for a su bset o f p resump-
 ive funct io ns, incl uding emb ryo nic develop ment and
 orph ogen esis. Th ese gen es in cl uded o rthologs to

ig na ling and t ranscript ion fact or s (suc h as WNT3A ,
GF20 , SOX21 , and FOXL1 ) that were uniquely and
o nsistently exp resse d in spe cific types of zooids
cross a l l o r most o f t he species t hat were exam-
n ed. Th e y als o identified shifts in zo oid-asso ciated
ene exp ressio n patter ns t h at m ay h ave co ntribu ted
o evol u tio nary div er g ence o f zoo id develop mental
rograms. 

Th e deploym ent of single-ce l l RNA se quencing
s cRNA-s eq) p ro mises to p rovide tra nsf ormative
nsigh ts in to the evol u tio nary emer g ence and
iversificatio n o f isogenic po l ymorp hism within the
i pho nopho res and ot her t axa. Recent ly developed
pp roaches fo r cros s-s pe cies, phylogenet ica l ly
nfo rmed co m para ti ve anal ysis ( Liang et al. 2015 ;

usser et al. 2021 ; Tanay and Sebé-Pedrós 2021 ; Gilbert
t a l. 2022 ; Ma h and D unn 2024 ) wi l l be essent ia l in
 sing thi s t ec hnique t o investigat e GRN structure
n d fun ction in isogenic po l ymorp hic co lonies and
xp lore the evo lution of this complex and fa scin ating
ife history strategy. 
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Life history divergence in the chordates 

The p hylum Ch o rdat a includes the vert ebrat es and
tw o inv ert ebrat e line ages, t he cephaloc hordat es and
tunicates ( Figs. 1 A and 2 ). Cephaloch ordates an d m ost
vert ebrat es have a m on om orphic life history, with larval
or juvenile s ta ges that are m orph olog ica l ly simi lar to the
ad ul ts. In co n trast, tunica t es oft en employ a biph a sic
(dimo rphic) life histo ry strat egy in whic h fert i lize d
eggs develop into dist inct fre e-swimming tadpole-li ke
larvae , whic h subs equently s ettle an d m etam orph osize
into sessi le filter-fe e ding adu lts ( Ka ra isk ou et al. 2015 ).
Current p hylogenies p lace the cep haloc hordat es as
sist er t o a l l oth er ch ord ates w ith tunic at es sist er t o
the vert ebrat es ( Delsuc et al. 2006 ). According to cur-
rent m ode ls, tunicate m etam orph osis aros e s e condari ly
after div er g en ce from th e tunicat e/vert ebrat e shared
a ncestor ( Pa ris a nd La udet 2008 ; F odor et al. 2021 ).
Th us, tunica te larvae are no lon g er con sidered to be
h om ologous to eit her t he larvae or adults of other
c hordat es. 

The roughly 5,000 known tunicate species have
be en t radit iona l l y subdi vide d into thre e maj or clades
b ase d o n mo rp ho logy and life history: the Ascidiacea,
Thaliacea, an d Appen dicul ari a ( Fig . 2 ; DeBi asse et
al. 2020 ). Mo lecular p hylogen etic an d phylogen omic
studies h ave ch a l lenge d the validity of this a rra n g ement
a s Th aliace a, t h e pe lag ic g rou p that incl udes do lio lids,
i s consi stently r ecover e d as neste d wit hin t he bent hic
clade that cont ains Ascidiace a ( Fig. 2 ; Swa l la et a l. 2000 ;
Delsuc et al. 2018 ). 

Ascidia ns a re cha racterize d by pelag ic non-fe e ding
t adpole larvae t hat met amorphosize into s essile, vas e-
li ke, filter-fe e ding adu lts. Th e ascidians in clude both
solita ry a nd colonial f orms a n d in cl ude two majo r, phy-
logenet ica l ly dist inct taxa, Ph lebobra nchia a nd Stoli-
do branchia. P hylogenomic evidence h a s recently chal-
len g ed the monop hyl y of the solitary P hlebo branchia,
whic h appear s t o encompa ss Aplou sobranchia, a lin-
e age t h at i s a lmost ent irel y co lonia l ( Swa l la et a l.
2000 ; Delsuc et al. 2018 ; DeBia sse et al. 2020 ). Thi s
is p art icu larly im portan t a s Phle bobran chia in cludes
Cio na rob us t a , t he pr imary model tunicate species,
which h a s be en subj e cte d t o ext en siv e c haract erization,
incl uding co mp rehen siv e sin gle-cel l RNA se quencing
o f emb ryo nic s ta ges ( Cao et al. 2019 ; Zhang et al.
2020 ; Fiuza and Lemaire 2021 ; Bump and Lubeck
2023 ). 

Appendicul ari ans and thali acea ns a re ex clusiv ely
pe lagic. Th e Appen dicul ari an s hav e a b o d y p lan that
clos ely res embles the tadpole larvae of other tuni-
c ates. R ecent studies indicate that Appendicul ari ans
ar ose fr om a m etam orphic, ascidian-like an cestor
( Stac h et al . 2008 ; Onum a and Ni shida 2022 ) and have
under g one exten siv e g ene loss associated wit h t he loss
of th e an cest ra l, biph a sic life hi story ( Ferrandez-R old an
et a l. 2021 ; Mart i-Solans et a l. 2021 ). Tha liaceans are di-
vide d into thre e or ders: the pyr osom es ( Pyrosomati d a ),
s alps ( S al p i d a ), an d do lio lids ( Cy cl omy ari a ), a l l of which
fo rm colo nies fo r part o r a l l of their life cycle ( Fig.
3 ; Godeaux a nd Ha rb iso n 2003 ; Piette and Lemaire
2015 ). Sal ps fo rm chain-like colonies that p art icip ate
in a lternat ing, semi-in depen dent asexual an d sexual
g eneration s ( Fig. 3 A). A single asexua l ly r epr oductive
o ozo oid buds to p rod uce a lo ng chain o f sexua l ly
r epr oducti ve b last o zooid s. Thi s ch ain detac hes t o form
an in depen dent m on om orp hic co lony. Hermap hroditic
blast o zoo ids o f ten car r y a single embr yo, which wi l l
be re leased an d deve lop into an o ozo o id to reini tiate
the cyc le . Thus, salps can be considered dimorphic
a s they h ave di stinct a sexual and sexual zooids. Self-
fert i lizat io n wi t hin t he colo ny is facili tated by s ta ggered
gam etogen esi s, younger bla st o zooids fir st p rod ucing
eggs, which are fert i lize d by sperm p rod uced subse-
quently as blast o zooids mature ( La mbert 2005 ; P iette
a nd Lema ire 2015 ). 

Pyr osomes ar e sock-like colonies con sistin g of
man y ph ysica l ly lin ke d but p hysio log ica l ly in depen dent
zo oids ( Go deaux 1957 ; Alié et a l. 2021 ; Li l ly et a l. 2023 ).
Pyroso me colo nies ar e derived fr o m a cyathozoo id that
p rod uces a chain of four primary bud s (prim ary a scid-
iozo oids) b efore b eing resorb ed by t he for ming colony.
The prim ary a scidiozooid s produce chains of composite
bud s th at m ature into asexual or sexua l ly r epr oductive
s econdary as cidiozooid s th at co nsti tu te the bu l k of the
colony ( Fig. 3 B) ( Godea ux 1957 ). Th us, pyrosomes
can be con sidered isog enic po l ymorp h s, as a sin gle
indiv idu al produces thre e dist in ct m orphs. Secon dary
a scidiozooid s are h ermaphroditic an d exhi bit s ta ggered
gam etogen esis similar to that observed in salps ( Bone
1998 ). As detai le d below, do lio lid s h ave a mo re co mplex
and highl y po l ymorp hic life history con sistin g of four
m orph olog ica l ly dist inct adu lt forms ( Figs. 3 C and 4 A)
( Barroi s 1885 ; Neum ann 1906 ; Paffenhöfer and Köster
2011 ). 

Alt hough e ach t haliace an order i s ch aracterized
by many unique, taxon-specific traits, phylogenetic
analyses indicate that Thaliacea is m on ophyletic ( Stach
and Turbevi l le 2002 ; Tsagkoge orga et al. 2009 ; Delsuc
et al. 2018 ; Braun et al. 2020 ; DeBiasse et al. 2020 ).
Phylogenet ic ana lyses a l so indicate th at do lio lids are
sist er t o the rest of t he Thaliace a ( D eBiasse et al.
2020 ). How ev er, f urt h er sequen cing an d analyses will
be r equir ed t o generat e a ro bus t a nd deta i le d tha liacean
ph ylogen y. 
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Fig. 2 Model for major life history changes within the chordates. Lettered circles indicate hypothesized major gains or losses of life history 
traits as labeled on the lower right. 
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oliolid taxonomy and anatomy 

o lio lids are the only family ( Do lio li d a ) in the order
y cl omy ari a , a s origin ally described by Quoy and
a ima rd (1834) . They are c haract erized by a barrel-

hap ed b o dy encircled by a series of muscular hoops
Do lio lum: Lat in ba rrel) ( Fig. 4 ). The anterior end of
 his bar re l is an in current (buccal) siph on an d th e
osterior end is an excurrent (clo aca l) si pho n. The

nside of the barrel i s bi se cte d by a branchial septum
n which there are a number of ci liate d g i l l slits,
imilar in m orph ology an d fun ction to th e pharyn g eal
 i l l sli ts o f other tunicates (as i l lust rate d in the draw-
ngs of a phoro zooid , gono zooid , a nd ea rly nurse in
ig . 4 A). Cili ary flo w generated b y th ese s lits creates a

e e ding current and also propels them slowly f orwa rd.
ont ract ion of the cir cumfer ent ia l muscles a l lows them

o move rapidly a wa y from av ersiv e st imu li. Th e m ost
ecent cl assific ation pl aces doliolids into two suborders:
h e Doli oli dina with a regular ba rrel-lik e b o dy encir-
led by 8–9 muscle ba nds, a nd the Dolio psid i na with
ore globular b o dies containing only 5 muscle bands

 G odeaux 2003 ; G odeaux and Harb iso n 2003 ). Each of
h ese su b-orders is su bdiv ided into t wo families (the
t  
o lio li dina in clude Doli oli d ae an d Doli opsi di d ae , while
h e Doli opsi d i na include Dol i opsi d ae an d Parad oli opsi-
ae). E xcept ing th e Doli oli d ae, e ach of t hese families
o ntains o nly o n e genus an d three or les s s pecies. There
r e curr ently ∼75 known doliolid species an d m ost of
hese species are assig ne d to one of the four genera
it hin t h e Doli oli d ae ( Doli ol oi d es, Doli ol i na, Dol i ol etta ,

n d Doli ol u m ). 
Col le ct ion and ident ificat io n o f do lio lid species is

ha l leng ing be caus e the y are frag i le and li kely to be
amaged when collected from the plankt on. Indeed ,
any of these species (including a l l of the Do liops id i na

pecies ) ar e r epr esented by a single life history stage.
ddi tio n ally, becau se do lio lids ar e extr em e ly difficult

 o culture , species are often represented by free-living
ooid s th at canno t be rigoro usly categor ized ( Gode aux
 nd Ha rb iso n 2003 ). Mole cu lar se quencing can be
sed to bypass this is s ue, but cur rent ly t he broad-
st effo rt o nly incl ude d se quencing o f mi t oc h on drial
yt oc hrome oxidase 1 subunit f ragments f rom s e ven
o lio li d ae species ( Ga ric a nd Bat ist ic 2022 ). As pre-
icted by m orph olog ica l c haract er istics ( Gode aux 1998 ;
odeaux 2003 ), mole cu lar phylogenet ics su ppo rted

wo Do lio lum species and two Do lio lett a species as
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Fig. 3 Clade-specific life-history patterns in the thaliaceans. Simple schematics comparing life history patterns in ( A ) salps, ( B ) pyrosomes, 
and ( C ) doliolids. Asexual budding or sexual reproduction represented by labeled arrows. Buds and zooid types labeled on the bottom of 
the figure. See text for details. 
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m on ophylet ic g roups, whi le two Do lio lina species were
no t fo und to be monophyletic ( Fig. 5 ) ( Garic and
Bat ist ic 2022 ). Mit oc h on drial gen omic sequen cing was
per for med for Do lio lum natio nalis ( Yokobori et al.
2005 ), but no nuclear g enomes hav e been published for
any do lio lid species. 

Doliolid ecology 

Do lio lid s inh ab i t n ear ly a l l open-water marine envi-
ro nments ( Bo ne 1998 ; Deibel and Pa ffenhöf er 2009 ).
Although do lio lids a re pa rticula r ly abun dant in conti-
n ental s h e lf upwe llings or in sub-t ropica l and t ropica l
regio ns, so me species a re f ound in the Mediter rane an,
n orth Pacific, an d n ort h At lantic oce ans ( Bone 1998 ;
Gi bson an d Paffenhöfer 2000 ). W hi le the maj o ri ty o f
describ ed sp ecies inhab i t the eu photic surface wat er s of
the ep i pelagic zo ne, s e vera l spe cies have be en discov-
ered to occupy th e aph otic t w ilight zo ne ( Bo ne 1998 ;
Dei be l an d Pa ffenhöf er 2009 ). A r ecently discover ed,
putati vel y carni vo rous species o f do lio lid, Ps eudus a
bos ti grinus , was found at depths of over 1800 met er s
( Rob iso n et al. 2005 ). 

Do lio lids can under g o p lanktonic b looming to gener-
ate remarkab l y dense po p u lat io ns. Fo r example, Dolio-
l etta gegenb aur i sexual zo o ids (go nozoo id s) h ave been
r ecor ded at densities of up to 1000 indiv idu als/m 

−1

durin g fav ora b le b loom conditions ( Dei be l 1985 ; Dei be l
and Lowen 2012 ; Paffenhöfer 2013 ). Due to the abun-
dance of do lio lids and their pervasive dist ribut ion, they
make s ubs tant ia l cont ribut ions to plan ktonic fo o d webs
a nd ca rbon cy clin g in numerou s m arine ecosystems
( Gi bson an d Paffen höfer 2000 ; Ta ka h a shi et al. 2015 ;
Walt er s et al. 2019b ; Frischer et al. 2021 ). 

Doliolid development and larval 
morphology 

Do lio lids are also the only thaliacean order in which a
presumab l y ancest ra l tadpole-li k e la rval s ta ge h a s been
reta ined. Rema rkab l y, do lio lid deve lopm ent remains
very p o orly c haract erized . Ther e ar e only a handful
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Fig. 4 Doliolid polymorphism and larval diversity. (A) Illustration r epr esenting the life history of Dolioletta g eg enbauri ( Quoy and Gaimard 
1834 ) adapted from Walters et al. (2019b ). A mature nurse, lacking digestive organs, contains a cadophore with feeding zooids 
(trophozooids, in yellow) and developing carrier zooids (phorozooids, in green). Mature phorozooids are released, and host developing 
sexually r eproductiv e g onozooids (in blue). Herma phroditic g onozooids detach fr om the phor ozooid upon maturity. Once fertilized, a 
zygote develops into a tadpole-like larva, which undergoes metamorphosis into an oozooid/early nurse. (B) Drawings of diverse doliolid 
larvae, including early and metamorphosizing Doliolina mulleri larvae (left hand panels) along with early and metamorphosizing Doliolum 

denticulatum larvae (right hand panels), adapted from Godeaux 2003 ( Godeaux 2003 ). All r epr esentations in A and B lateral views, anterior 
to the left, cv indicates the caudal vesicle, and rs indicates the rostrum. 
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 f o rig ina l r eports r egar ding do lio lid la rvae a nd f ewer
escrib ing emb ryo nic develop ment fo r an extrem e ly

imi ted set o f species ( N eumann 1906 ; N eumann et al.
913 ; B raconnot 1964 ; B raconnot 1968 ; Godeaux 2003 ).
hu s, m any deve lopm ent al st ages and f undament al
r ocesses r em ain unch aract erized . On e of th e best-
tudied do lio lid species is Do lio lett a gegenba uri . I n D.
e genbauri , f ert i lizat ion was s ugges t ed t o occur ext er-
a l ly ( Braconnot 1968 ), whi le fert i lizat ion in Do lio lum
 ation al is and Dol iol u m den ticula t um was inf erred to
e internal ( Braconnot 1964 , 1977 ). The mode of

ert i lizat ion h a s no t been pro posed for other do lio lids.
ue to difficulty in culturing do lio lid emb ryos, o nly
 few emb ryo nic s ta ges have been observed, and
 hus cle avage patter ns remain p o orly c haract erized
 Braconnot 1971a , 1971b ; Godeaux 2003 ). Un li ke the
t her t haliace ans (s alps and pyrosomes), in which
mbry os dev elop directly into an ad ul t p rimary zoo id,
o lio lid embryos develop into tadpole-like larvae that
re m orph olog ica l ly simi l ar to ascidi an l arvae ( Fig .
 ) ( B raconnot 1964 ; B raconnot 1968 ). As in ascidian
arvae, do lio lid la rval ta ils conta in a not oc hord fla nk ed
y mu scle cell s, bu t they lack a do rsal nerve co rd
nd vent ra l endoderma l st rand ( Godea ux 1957 ). In ter-
stin gly, dev e lopm ent occurs in a fol licu lar envelope
h at i s init ia l ly wrappe d t ightly a gains t the embryo
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Fig. 5 Doliolid ph ylogeny. Ph ylogenetic tree of sequencing data 
from six doliolid species. Adapted from Garic and Batistic (2022 ). 
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but expands to varying deg re es as larva develops
( Fig. 4 B) ( Braconnot 1968 ). In contras t to mos t solitary
ascidians, do lio lid larvae initiate m etam orph osis prior
to tai l resorpt ion, le ading to t h e m orph ogen esis of an
ad ul t b o dy (o ozo oid) in the larva l t run k ( Braconnot
1964 ; Braconnot 1968 ). In this respect, do lio lid larvae
res emble thos e of many coloni al ascidi ans ( Chi a 1977 ;
Ka ra isk ou et al. 2015 ). Intr iguingly, t he atr ial chamber
is formed by bi latera l invag inat ions t hat f use to for m a
single aperture, similar to the process of at ria l siphon
fo rmatio n in phlebob ranch s. As dev elop ment p roce e ds,
this ad ul t rudim ent expan ds into th e barre l-s haped
primary o ozo oid b o dy, an d th e tai l beg ins to cont ract,
leading to highly inefficient larval loco motio n ( Lacalli
1999 ). Within a s h ort p erio d o f time (o f ten less t han
2 d ays), the l a rval ta i l is resorbe d, complet ing m etam or-
ph osis. Th e o ozo oid then hat c h es from th e fol licu lar
enve lope an d beg ins fe e ding ( Braconnot 1968 ). Do lio lid
larval m orph ology is highly vari able ( Fig . 4 B) ( Godeaux
2003 ). Some species have a c aud al vesicle between the
t run k and t he t ail (cv in Fig. 4 B, top lef t). Ot her species
exhib i t a n a nterio r p rotrusio n (rost rum) simi lar to the
stolon s that serv e as a sta l k for sessi le adu lt ascidians
af ter sett lem ent an d m etam orph osis (r s in Fig. 4 B, t op
right). 

Doliolid life history 

Do lio lid s h ave a highl y comp lex, po l ymorp hic life
history be ar ing some similar ities to that of other
t haliace a ns ( Figs. 3 C a nd 4 A). In addi tio n to a larval
s ta ge, do lio lid s h ave four distinct ad ul t mo rphs
(o ozo oids/nurses, trophozo o ids, pho rozoo ids, and
go nozoo id s). A f ter met amorphosi s i s complet e ,
the resu lt ing o ozo oid ma tures in to a n urse tha t is
spe cia lize d fo r loco motio n and asexual r epr oduction.
During nurse maturation, an asexually r epr oductive
st ructure ca l le d th e cadoph ore em er g es at t he dors al,
posterior end of the b o d y. B uds on this sta l k-li ke
struct ure mat ure into fe e ding zooids (t rophozooids)
and asexu al, “c ar r ier ” zoo ids (pho rozoo ids). As
trophozooid s m a ture, m uch of the nurse dig estiv e
syst em, inc luding the branchial septum, ventral
en dostyle, an d gut tu be degen erat e . Dur ing e arly st ages
of n urse ma tura tion, two rows of buds form on each
side of the cadophore and develop into trophozooids,
which are characterized by a simplified sp o on-shap ed
b o dy with a lar g e oral aperture an d num erous g i l l slits
f or f e e ding. Tr ophozooids ar e conne cte d to the colonia l
vasculature by a s h o rt ped uncular stalk, p resumab l y
a l lowing dist ribut ion of nut r ients to t h e nurse an d
oth er deve lop ing zoo ids. Later, t wo medi al rows of
buds begin to differen tia te in to pho rozoo ids, which
h ave the ch aracteri st ic b arre l-s haped do lio lid bod y and
are a lso attache d to th e cadoph o re by a ped uncular
sta l k. Cadophores can reach over 15 cm in length and
carry hundreds of mature troph ozooids an d immature
pho rozoo ids ( Pa ffenhöf er a nd Köster 2011 ). Once the
pho rozoo ids are fu l ly mature and beginning to fe e d,
the y s eparate fro m the colo ny an d n ouris h deve loping
go nozoo id buds on their pe duncu lar sta l ks ( Figs. 4 A
and 6 C). A sma l l colo ny i tself, the free-swimming
pho rozoo id may facili t ate t h e deve lopm ent of dozens
o f go nozoo id bud s, a s dicta ted by n utrien t availab ili ty
( Pa ffenhöf er a n d Gi bson 1999 ). Af ter t h e gon ozooids
hav e dev eloped a c haract eristic do lio lid ba rrel-lik e
m orph ology an d are th emse lves fe e ding, they are
released . Up t o eleven juvenile go nozoo ids can be
r eleased fr om a matur e phor ozooid in a single day
( Pa ffenhöf er a n d Gi bson 1999 ). As th e h ermaphroditic
go nozoo ids fe e d an d mature, th ey beg in to different iate
gonada l t is s ues. Mature go nozoo ids have been reported
t o disper se six eggs per d ay in l abo rato ry co ndi tio ns
( Walt er s et al. 2019a ). 

Thi s summ ary i s ba sed on a few species of do lio lids
in which a fu l l life history h a s been characterized.
How ev er, isolated s ta ges col le cte d from other, p o orly
c haract erized do lio lid species exhib i t div er g ent zooid
m orph ologies an d m ay al so participate in div er g ent life
his tory s t rateg ies ( Godeaux 2003 ). 

The cellular basis of doliolid 

polymorphism 

Do lio lid po l ymorp hism can be considered to consist of
tw o morph s p rod uce d dire ctly by a fert i lize d egg (larva
and o ozo o id/nurse) pl us three addi tio nal mo rphs that
ar e pr oduced thr o ugh asexual b udding (tro phozooids,
pho rozoo ids, and go nozoo ids). The o nly studies that
t ouc h on th e ce l lu lar orig ins of these budded zooids
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Fig. 6 Distinct probud lineages produce f eeding, car rier, and sexual 
zooids. ( A ) Depiction of a mature D. g eg enbaur i nurse , red box 
indicates the posterior trunk region as detailed in the next panel. 
( B ) Probuds produced by a ventral stolon migrate to the dorsal, 
posterior cadophore, adapted from Barrois (1885 ). Black box 
indicates the proximal end of the cadophore, as detailed in the 
next panel. ( C ) In the proximal end of the cadophor e, ther e ar e 
three spatially distinct lines of maturing probuds, including two 
lateral lines of maturing trophozooid buds (in y ellow), tw o medial 
lines of maturing phorozooid buds (in green), and a midline of 
gonozooid probuds (in blue). Boxed regions indicate the peduncle 
of a maturing phorozooid, as detailed in the last two panels. Note 
that gonozooid buds (blue) produced by the nurse stolon attach to 
this peduncle and then begin to mature once the phorozooid is 
released (last panel). 
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ere pu blis h ed ov er 100 y ears ag o a nd a re b ase d
o lel y on microscopy of fixed specimens ( Uljanin 1884 ;
arroi s 1885 ; Neum ann 1906 ; Sedgwick 1909 ). As
 ecor ded in these early p apers, a l l thre e of the budded
ooids can be t race d b ac k t o c lust er s of st em cells
r eferr ed to as probuds) that ar e pr oduced by the nur se .
n p art icu lar, these prob uds ap pear to arise by “s tro bila-
io n,” p inching o ff fro m th e en d of an e lo ngated o rgan
 eferr ed to as a stolon that is posi tio ned o n the ventral
ide of the nurse just post erior t o hear t. Mor p ho logi-
a l ly simi lar stolo n o r gan s are found in both pyrosome
yath ozooids an d prim ary a scidiozooid s along with salp
 ozo oids, and a l l of these or gan s p art icip ate in asexual
uddin g ( Fig. 3 ). How ev er, in Do lio lett a gegenbauri ,
he resu lt ing prob uds ap pear to under g o a remarka ble

ig rat ion aroun d th e nurse b o dy t o the dor sal side
n d th en posterior ly towards th e cadoph ore ( Fig. 6 A
nd B). This mig rat ion appear s t o be a ssi sted by cells
a l le d ph orocytes. On ce th ey ar r ive at t h e cadoph ore,
robuds separa te in to five dis tinct s treams ( Fig. 6 B
n d C). Th ese in clude t wo l atera l st re ams t h at m ature
nt o tropho zooids, t wo medi al stre ams t h at m ature
nt o phoro zooids, an d a midlin e stream o f p robuds
ha t a ttac h t o the dev elopin g peduncle of immature
ho rozoo ids and subsequen tly ma ture in t o gono zooids
 Fig . 6 C) ( Ulj a nin 1884 ; Ba rroi s 1885 ; Neum ann 1906 ;
edgwick 1909 ). The mech ani sm s dictatin g probud
ig rat ion have not been c haract erized and there is also

o data on when or how probuds become different ia l ly
pe cifie d to form distinct zooids. 

utlook 

he do lio lids r epr esent a pr omising m ode l fo r explo ring
un dam enta l quest ions r egar din g isog enic po l ymor-
hi sm. The m any potent ia l avenues o f explo ratio n can
 e group ed into two major categories of questions and
ssocia ted a pproaches. 

uestions regarding genetic and cellular 

echanisms underlying iso g enic 

olymorphism 

hich genes are expressed in a zo oid-sp ecific manner?
ow is zo oid-sp ecific gene exp ressio n regu late d? How
 ere dev e lopm ental gen e n etwor ks a ltere d to permit

edeployment of one geno me fo r mul ti ple develop-
enta l prog rams? Do so me zoo ids co ntain n ove l ce ll

ypes, tis s ues, o r o r gan s, o r are zoo id-s pecific s tructures
 rod uced by rem ode ling of an cest ra l st ructures? How
ere ancest ra l cel l lineages re deploye d to generate novel
orphs? At what point does the fate of stem cells used

or asexual budding of distinct morphs div er g e? What

ig na ls or cues drive this div er g ence? 
pproaches to address these questions 

tudies of isogenic po l ymorp hism in the siph on oph ores
 Dunn and Wagner 2006 ; Siebert et al. 2015 ; Munro et
 l. 2018 ; Ma h and Dunn 2024 ) provide a roadmap for
tudy ing rel ated processes in the do lio lids. In p art icu lar,
hylogenet ica l ly informe d ana lysis of RNA se quencing
 ata c an be use d to ident ify share d zo oid-sp ecific genes

n mu lt iple , relat ed p olymorphic sp e cies. These resu lts,
 art icu larly zo oid-sp e cific t ranscript ion or sig na ling

acto r gene exp ressio n, ca n guide efforts to identify
otent ia l regu latory p athways me diat ing zo oid-sp ecific
xp ressio n and to re const ruct un der lying gen e regula-
o ry netwo rks. These effo rts cou ld be g re at ly en hance d
y use of single-cell resol u tio n RNA sequencing o f

solate d cel ls or t is s ues, r eferr ed to as s cRNA-s eq or
p at ia l t ranscri pto mics, respe ct i vel y ( Klein et al. 2015 ;
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Cao et al. 2019 ; Rao et al. 2021 ; Jiang et al. 2024 ).
These efforts could be f urt h er enhan ced by deployment
of single-cell r esolution chr omatin pr ofiling assays
such as s cATAC-s e q ( Sin ha et a l. 2021 ; Grandi et a l.
2022 ). Th e presen ce of sp at ia l ly and tempora l ly dist inct
pro bud linea ges in th e nurse cadoph or e r epr esents an
extraordinary o p portunity to deploy th ese m eth ods.
In p art icu lar, single-cel l RNA se quencing of probuds
isolated fr om differ ent r eg ions a long the mig ratory
r oute fr om the stolon to the c adophore ( Fig . 6 B) or
in me dia l t o lat era l reg io ns o f th e cadoph ore ( Fig. 6 C)
would permit the re const ruct ion of gene expression tra-
j e ctor ies dr i ving di v er g en t specifica tio n o f trophozoo id
vs. pho rozoo id vs. go nozoo id buds. High-resol u tio n
sp at ia l t ranscri pto mics cou ld achieve a simi lar resu lt. 

Idea l ly, in-lab cu lturin g w ould be employ ed to
genera te sam ples r equir ed for sequencing analyses and
com para tiv e embry ology. Cur rent ly, Do lio lett a gegen-
b auri is th e onl y do lio lid species for which ro bus t in-
la b culturin g m eth od s h av e been dev elope d ( Wa lt er s
et al. 2019b ). Modiflying and refining these methods
to cul ture addi tio nal do lio lid species will be essential.
In the mean time, m u lt iple spe cies o f nurses wi th
sufficien tly in tact cadophores can be readily col le cte d
from the plankton and subj e cte d to RNA-seq or
s cRNA-s e q ana lys es. G enomic s equen cing to refin e
do lio lid taxo no mic relatio nshi ps and develop ment o f
ap pro priat e t ools t o an alyze thi s RNA-sequencing data
in relation to these phylogenetic data wi l l be essent ia l
to this effort ( Mah and Dunn 2024 ). We have initiated
this proj e c t throug h gen omic sequen cing an d zooid-
spe cific RNA-se quen cing in th e species Doli ol etta
gegenbauri . 

Questions regarding the evolutionary 

acquisition and divergence of isogenic 

polymorphism 

W hat fo rm o f po l ymorp hi sm wa s present in th e m ost
recent co mmo n ancesto r o f t he t haliace ans? How was
po l ymorp hism acquired in a presumab l y co lonial ascid-
ian to p rod uce this co mmo n ancesto r? How did a more
e laborate m ode of po l ymorp hi sm ari se in do lio lids (or
wa s thi s trait lost in the other thaliaceans)? How did
po l ymorp hism di v er g e wit hin t he do lio lids? How did
sele ct ion dr ive t he acquisi tio n and diversificatio n o f
po l ymorp hi sm? How h a s antagoni st ic sele ct ion be en
reso l ved in do lio lids and other t haliace ans? 

Approaches to address these questions 

Com para tiv e RNA-sequencin g, as detailed in the pre-
vious se ct ion wou ld provide a power f u l plat f orm f or
deci phering many o f thes e e vol u tio nary questio ns.
In order to fu l ly addres s ques tions r egar ding init ia l
emer g ence of po l ymorp hism in eit her t haliace ans or
do lio lid s, thi s effort w ould hav e to be extended to
incl ude mul ti ple sal p and pyroso me spe cies a lo ng wi th
at least one colonial phlebobranch species that can
serve to root these analyses in r egar ds to the pre-
sumpti ve, pre-po l ymorp hic ancestor of the thaliaceans.
Com para tive microana tomical observa tio ns o f budding
in colonial aplou sobranch a scidi ans, salps, py rosomes,
and do lio lid s indicate th at they share some potent ia l ly
h om ologous f eatures. In pa rticula r, a s summ arized by
Alié et al. (2021 ), they all appear to p rod uce asexua l ly
r epr oduct ive st rands by outp o ck eting of the pha rynx.
Thus, Alié et al. refer to this mode as “pharyn g eal bud-
ding ” and poin t out tha t alt hough t hese structures are
ca l le d “stolons” in the classic literature, they are distinct
fro m the stolo nic buddin g observ ed in other ascidian s.
Inst ead , as pr oposed numer ous times in the classic
lit erature , t haliace an budding may be derived from an
ancest ra l fo rm o f ep ic ardi al budding that is retained
in many colonial aplousobranch ascidians ( Bonnevie
1896 ; Brien 1928 ; Berri l l 1935 ; Godeaux 1957 ; Ivanova-
Kazas 1967 ). The placement of both aplousobranch
and t haliace ans wit hin a lar g e, po l yp hyletic clade of
phle bobranchs m ay r eflect the pr esence o f ep ic ardi al
budding in a colonial phlebobranch ancestor that was
s ubsequently los t in so litary p hlebobran ch lin eages
( Fig. 2 ). Explor ing t his m ode l wi l l re quire in-depth
com para tive studies of epic ardi al budding , including
high-resol u tio n de lin eatio n o f gene exp ressio n, cell
types, an d m ole cu lar p athways in a ran g e of t haliace ans
and co lonial p hlebob ranchs. In co nsider ing t h e em er-
gence of a more elab orate p o l ymorp hic life history in
the do lio lid s, it i s st ri king that a l l tha liacean s hav e both
s exual and as exua l adu lt morphs. Thu s, it m ay be th at
th e s h ared th aliacea n a n cestor had a re lative ly simple,
thre e-p a rt lif e hist ory, inc luding a tadpole larval s ta ge
(as seen in do lio lids and most tunicates), a primary
zooid that r epr oduces asexua l ly thr ough epicar dial bud-
ding (as seen in all t haliace a ns), a n d secon d ary sexu al
zooid s (a s se en in sa l ps). Acco rding to thi s scen ario,
t he s al ps and pyroso mes lost the tadpole larval s ta ge
an d th e pyrosom es a lso acquire d two addit iona l zooids,
a secondary asexual zooid and a tertiary co mposi te
(s exual/as exua l) zooid. In relat ion to do lio lid s, thi s
scenario r equir es the acquisi tio n o f three key div er g ent
traits: (1) a n ove l fe e ding zooid (the trophozooids),
(2) an addi tio nal n ove l zo oid sp e cia lize d f or ca rrying
and dispersing sexual buds (th e ph o rozoo ids), and
(3) a co mposi te mode o f stolo nic budding in which
t he pr imary zooid (t he nurs e) s erves as the origin
f or ca r r ier, fe e ding,and sexua l buds. The com para tive
gen omic an d RNA sequen cing effo rts ou tlined a bov e
would provide the ba si s for di stingui shing between
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hi s scen a rio a nd ma ny potent ia l a lternat ive m ode ls
 egar din g the div er g ence of po l ymorp hism wit hin t he
 haliace ans. 

D ecipher ing t he potent ia l role of anta gonis t ic sele c-
io n o n mo rph-specific trai t acquisi tio n w ould inv o l ve
om para tive microana to mical studies o f zoo id mo r-
 ho logy across mu lt ip le do lio lid spe cies (as ment ione d

n the previous se ct ion) a long with a more in-depth
n alysi s examining trait variation among indiv idu als.
om plemen tary sequencing studies could be used to

s ses s gen etic corre l ations bet we en t raits. These data
ould be used to begin testing p redictio ns r egar ding the
ossi ble influen ce o f antago nist ic sele ct io n o n genetic
o rrelatio n, pa rticula rly in rega rds to morph-specific
 raits ( Goe dert and Ca lsbe e k 2019 ). Th e deve lopm ent of
ig her throug hput in-lab culturin g w ould be r equir ed

or directly as ses sing potent ia l anta gonis t ic sele ct ion
ssoci ated w i th mo rph-spe cific t raits acros s a s uitab l y
igh number o f individ ua ls ( Goe dert and Ca lsbe ek
019 ). 

Do lio lids and their th aliacean cou sins are an enigma,
 fa scin atin g livin g puzzle that w e only now hav e the
 ools t o de cipher. E xplor ing t h e e laborate life history
f these frag i le and beaut ifu l anima ls has the potent ia l
o provide fun dam en tal insigh ts in t o the arc hit ecture of
h e gen e n etwor ks that program deve lopm ent an d h ow
h ese n etwor ks ar e r estructur ed to drive diversification
ithin our own c hordat e phyla. Unrav elin g this puzzle

lso p ro mises to i l luminate fun dam ent al pr inciples
 f antago nist ic sele ct ion tha t im pact a m uch broader
rou p o f o r ganism s w ith sexu al o r life histo ry dimo r-
hism. Addi tio na l ly, a de eper knowle dge of tha liacean

ife history wi l l infor m our underst anding of t he cr it ica l
ole these or ganism s play in marine ecology. It is not
lea r how ma ny of the highl y di verse do lio lid and
t her t haliace an species r ecor ded in the classic literature
ema in exta nt. So me o f these spe cies may a lready have
een lost due to glob a l warming and rapid deg radat ion
f marine environmen ts. Th u s, there i s an ur g ent
e e d to study and con serv e these obscure and unique
r ganism s before they are lost. 
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