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Synopsis Few anima l g roups c an cl aim th e leve l o f wo nder th at ceph alop o ds inst i l l in th e min ds of r esear c her s an d th e gen eral 
public. Much of cephalop o d biology, how ev er, remain s un explored: th e lar g est inv ert ebrat e b rain, difficul t husbandry co ndi- 
tio ns, and co mplex (m eta-)gen om es, am ong many other thin gs, hav e hindered progress in addressing key question s. How ev er, 
re cent te chnolog ica l advan cem ents in sequen cin g, imagin g, and g enet ic manipu lat ion have opened new avenues for exploring 
the biology of these extraordinary anim al s. The ceph alop o d molecular biology community i s thu s experiencing a large influx of 
r esear c her s, emer gin g from different fie lds, acce lerating th e pace of r esear c h in this c lade . In the fir s t pos t-pandemic even t a t the 
Cephalop o d In terna t iona l Advisory Counci l (CIAC) co nference in Ap ri l 2022, over 40 p art icip ants from a l l ov er the w orld met 
and di scu ssed key ch a l len g es and p ersp e ct i ves for current cep halop o d mole cu la r biology a nd evol u tio n. Our pa rticula r f ocus 
was on the fields of com para tive and regula to ry geno mics, gene mani pu lat ion, single-cel l t ranscri pto mics, m etagen omics, an d 

microbia l interact ions. This art icle is a resul t o f this jo int effo rt, summar izing t he latest insights from th ese em er gin g fields, 
t heir bott lenec ks, and pot ent ia l sol u tio ns. The article hig hlig hts the interdi sciplin ary n ature of the cephalop o d-omics commu- 
nity and provides an emph a si s on con tin uous consolida tion of efforts and col laborat ion in this rapidly ev olvin g field. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Introduction 

Cephalop o ds (squid, o cto p u s, cuttlefis h, an d naut i lus)
are a molluscan class that is subdivided into coleoid
cephalop o ds (squid, o cto p u s, and cuttlefish) and nau-
t i loids (e.g., Nautilus ). Ten years h ave pa ssed since the
publicatio n o f the first cephalop o d geno mics whi te pa-
p er ( Alb ert in et a l. 2012 ). W hile i t st i l l took a few
years unt i l the first cepha lop o d gen om e was re leased
( Albertin et al . 2015 ), c h eap sequen cing costs, an d im-
p rovement o f assemb l y algo ri thm s hav e since resu lte d
in an accelerated pace of cephalop o d genomics stud-
ies ( Al bertin an d Simakov 2020 ). Furth erm ore , t ec hno-
log ica l advances have a l lowe d for the deve lopm ent of
n ew fie ld s in ceph alop o d mole cu lar b iology, fro m un-
rav elin g aspects of gene regu lat ion ( Schmidb aur et al.
2022 ) to single cell transcri pto mics ( Duruz et al. 2022 ;
Gavriouch kina et a l. 2022 ; Son g co-Cas e y et al. 2022 ;
St y fhal s et al. 2022 ) to tar g eted g ene mani pulatio n
( Crawford et al. 2020 ). This summary of the state-of-
the-a rt a nd futur e dir e ct ion in cephalop o domics is a re-
sul t o f a collabo ratio n o f mo re than 40 au tho rs who met
at a wor ks h op at th e Cephalop o d In terna t iona l Advi-
sory Council (CIAC) conference in Portugal in 2022,
pre ce de d by on lin e m e et ings wit hin t he CephRes Vir-
tual Event in 2020. Our goal was to identify major de-
ve lopm ents in th e fie ld an d em er gin g bottlen ecks, an d
ou tline majo r o n g oin g dire ct ion s, as w e ll as possi ble so-
l u tio n s to arisin g problem s. We f ocused on f our ma-
jo r top ics th at were di scu ssed at the workshop, span-
ning com para tive and regulatory g enomics, tran sg en-
ics, gene exp ressio n an d single ce l l t ranscri pto mics, and
m etagen o mics, wi th the results and views of each of the
w orkin g gr oups pr esented be low ( Fig. 1) . Th ese top-
ics emer g e d from g roup di scu ssions focu sed o n ou t-
lining the current state of the field, as well as develop-
in g emer gin g and future approaches for use in studying
cephalop o d biology. Being a sma l l subset of the whole
co mmuni ty, and d ue to space limi tatio n s, w e cannot
cover a l l possible top ics o f cephalop o d mole cu lar re-
search or go in too much depth even in the sele cte d set
of r esear ch ar e as. We t h us a po logize to co lleagues whose
w ork w e co uld no t r epr esen t sufficien tly h ere, an d for
this we refer the reader to th e m ore spe cia lize d re vie w
articles. 

Resources and emerging new standards 

for cephalopod genomics 

Sequencing strategy proposal 

The diversity and qu alit y of pu blis h e d cepha lop o d
gen om e assemblies have increased con sidera b l y in the
7 years since th e pu blicatio n o f the first cephalo-
p o d gen om e, that of Oct op us b im a cul oi d es ( Al bertin
et al. 2015 ). Th e acce lerate d p ace o f chro moso mal-
s cale ass emb l y an d chrom os omal-le v el g eno mic co m-
p arisons a l lows for new t opics t o be explored . Ma-
j or emerg ing t opics inc lude: c hromos omal e volution
( Albert in et a l . 2022 ), fir st insigh ts in to regula tory re-
g ions ( Schmidb aur et a l . 2022 ), gene arc hit ecture and
n on-coding e lem ent evol u tio n ( McCoy and Fire 2020 ;
He at h-Heckma n a n d Nis higuchi 2021 ; Marin o et al.
2022 ), phylogen etics ( Tann er et al. 2017 ; San ch e z et a l.
2021 ), am ong oth ers. Th es e studies have s o far s h own
that coleo id geno mes are typ ica l ly lar g e , oft en span-
ning ∼3–6 Gb across 30 chro moso mes fo r octo p uses
a nd ∼46 f or squid s, while m any mollu scan gen om es
are less than 2 Gb (gen om esizes.com). While th e num-
ber of genes in ceph alopod s a re simila r to ma ny other

mailto:oleg.simakov@univie.ac.at
mailto:calbertin@mbl.edu
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Fig. 1 Research questions addressable with emerging technologies for cephalopods. Numbers in brackets refer to the numbers assigned to 
the different types of cephalopods. (1) Bobtail squid, (2) Loliginid squid, (3) Cuttlefish, and (4) Octopus (Created with BioRender.com). 
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nvert ebrat es, th e n on-codin g g en om e appears to be sig-
ific antly l ar g er ( Albertin et al. 2015 ; McCoy and Fire
020 ), wit h at le a st h alf of a t ypic a l cepha lop o d gen om e
o mposed o f repeti tive e lem ents ( Marin o et al. 2022 )
 nd a n increased number of miRNAs ( Zolotarov et al.
022 ). The lar g e and highly r epetitive natur e of these
en om es n ecessit ates r igoro us ap proaches in genome
ssemb l y a nd a nnotat ion, simi lar to what is r equir ed for
 any verte b rate geno mes. 
Many gen om e sequen cin g con sortia hav e dev eloped

ta nda r dized appr oac hes t o genome sequencing and as-
emb l y ( Rhie et al. 2021 ). The current “gold sta nda rd”
f cephalop o d genomics is long read (PacBio, Oxford
an opore) sequen cing of aroun d 25–40 × cov erag e us-
ng H iFi (H igh-Fideli ty) o r at least 50 × CLR (Con tin u-
u s Long Read s) ( McKenn a et al. 2021 ). The first ma-

o r co mmuni ty goal is thus to p rod uce chro moso me-
cale and ph a sed gen om e assemblies of cephalop o ds,
hich prov ides haplot ype info rmatio n to h e lp untan-
le re lations hips between DNA sequence and pheno-
 ype. R eso l ving the gen om es t o c hrom osom e-scale an d
h a sing the haplotypes addi tio nally r equir es chr omo-
o mal co nfo rmatio nal data (Hi-C), or preferab l y the
or e r ecen t deriva tive DNAse Hi-C ( Ma et al. 2015 ),

rom t he s ame indiv idu al from which the long reads
re derive d. Re cent a lgo ri thmic advan cem en ts in tegra te
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high-fidelity PacBio reads (HiFi), u lt ra-long nanopore
read s, and ph a sing inform ation from Hi-C libraries to
generat e t elomere-t o-t elomere assemblies and should
be considered for cephalop o ds ( Cheng et al. 2021 ; Nurk
et al . 2022 ). Alt ernati vel y, inbred indi v idu als could be
se quence d to de cre ase t he assemb l y grap h comp lex-
i ty introd uced by the frequent het ero zygous sit es in
cephalop o d gen om es ( Al bert in et a l. 2015 ). 

Towards high-quality genome annotations 

Th e secon d major goal is p rod ucing high-quali ty
gen om e ann ot ations. St a nda rd a nnotatio n p i pelines,
such as MAKER ( Ca nta rel et al. 2008 ), AUGUSTUS
( Hoff a nd Sta nk e 2019 ), or BRAKER ( Br ̊una et al.
2021 ), p rod uce sufficient quali ty gen e m ode l s for ba sic
orth ology an d evol u tio n ary studies. However, the u se
of sta nda rd Il lumina RNA-se q re ads can le ad to s e veral
problems in gen om e ann otations, in cluding th e lack
of 3 

′ and 5 

′ UTRs, frag mente d or fused gene models,
and p o or gene ca l lin g a b ili ty in repe at-r ich regions.
This can be p art icu larl y prob lematic for read mapping
in single-cell RNA-seq data, which is co mmo nly 3 

′ 

bias ed (s ee below). Con tem po rary geno me annota-
tio n p i pe lin es, such a s MAKER with ProtHint ( Br ̊un a
et al. 2020 ) inco rpo ratio n, can facili t ate t h e ann otation
process by using protein ort hology infor mation and
fu l l-length t rans cript s equences from PacBio Iso-Seq
o r Oxfo rd Nanopo re Te chnolog ies R2C2. How ev er, w e
expect t hat t he lar g e cephalop o d gen om es wi l l re quire
f urt her man ual cura tio n to co rrect inapp rop riately
fused or fragmented gene models. 

To facilitate gene annotatio n o f the many emer gin g
cephalop o d systems, the co mmuni ty go a l is to gener-
ate high-qu alit y a nnotations f or a pa rticula r subset of
species. Ther e ar e s e v eral con sideration s for sele ct ing
amo ng current coleo id cephalop o ds, includin g availa ble
r esour ces, indiv idu al communit y sizes, and long-term
ou tlook fo r tran sg enics. Ide ally, t hese efforts should be
dist ribute d across the two major clades of coleoids: the
Decap o diform es (th e clade including bobtails, squid,
an d cuttlefis h), such as Eu p rymn a sc ol op es an d Eu-
pr ymna berr yi , Se pi oteuthis l essi ona , an d th e Octop o di-
f ormes (va mpire squid , oct o p uses, an d th eir kin), such
as Oct op us vul garis and O. b im a culoides ( Albertin et al.
2020 ). This wi l l a l low the co mmuni ty to p rod uce a
high-qu alit y set of curated orthologs—which we pro-
pose to term CephUSC O (sing le copy o rthologs)—fo r
curatio n o f follow-u p m ode ls, simila r to effo rts co m-
pleted in other cl ades, e.g ., m ollus ks ( Caurce l et al.
2021 ). Addi tio nally, sta nda rdized gene naming is cru-
cial for effe ct ive comm unica tion a bout g enes ( B ruford
et al. 2020 ). Present ly, we sug gest t hat t he cephalop o d
co mmuni ty follow the namin g conv ent ion propose d for
human genes ( https://v ertebrate.genenames.or g/about
/ , th e HUGO Gen e Nom en clature Co mmi ttee (H GNC),
while efforts to character ize t he f unctio n o f cephalop o d
genes are o ngo ing. 

These recent advancements have made sequencing
and assembling cephalop o d gen om es t o c hro moso me-
scale, th en ann otating th em, easier for the growing
cephalop o d r esear ch co mmuni t y (e.g ., D est anovi ́c et al.
2023 ). Th e in creased am ount o f co mmuni ty geno mic
r esour ces wi l l h e l p wi t h t he con tin ued deve lopm ent of
n a scent m ode l systems for m ole cu la r resea rch (see be-
low) as well as the invest igat io n o f p o o rly studied o r rare
cephalop o d sp ecies ( McKenna et al . 2021 ; Vecc hione
et al. 2022 ). 

Towards cephalopod transgenics and 

regulatory genomics 

The historical success and persisting po p ul arit y of the
m ajor inverte brate m ode l or ganism s, C. e lega ns and D.
me la nogas t er , are due, in part, to th eir gen et ic t ractabi l-
it y. A genetic all y tractab le organism is a r esear ch organ-
i sm amen a ble to g en etic m odifications, i .e ., th e gen etic
makeu p o f the o rgani sm i s a ltere d to achieve a desired
ou tco m e. Gen et ic t ractabi lity is essent ia l as it a l lows
r esear c her s t o funct iona l ly test correlat iv e g enotype–
ph en otype observations and opens up the possib ili ty
of creat ing tools, li ke reporter lines, that wi l l enable
new areas of s tudy. Well-es t ablished met hods in ot her
m ode l or ganism s ena ble us to rem ove (kn ock-ou t) o r
insert (kno ck-in) sp e cific genomic reg io ns, o r cause a
dow nregul ation (knock-dow n) o r u p regu lat io n o f ex-
p ressio n (over-exp ressio n). Knocking ou t a gene of in-
terest and observing ph en otypic chan g es a l lows us to
un derstan d th e role that gene p lays. K nocking in fluo-
r escent pr oteins un der ce ll typ e sp ecific p ro mot er s en-
ables us to v isu alize exp ressio n patterns on a cellu-
lar o r p rot ein level . Fo r neurob iolog ica l studies, cel l-
typ e-sp ecific kno ck-in of neura l act iv it y report er s (e .g.,
fluo rescent calci um indicato rs like GCaMP) allows us
to mo ni to r the act ivat io n o f specific neuro n s ev en
whi le the anima l i s beh avin g ( B r oussar d et al. 2014 ).
Pr ogr ess app l ying these too ls in oth er em er gin g m ode l
or ganism s, such as t he cnidar ian Hydra vulgaris , t he
acoel Hofs t en ia m iam ia , the hemic hordat e Sa c c oglos s us
kow al evskii ( Min or et al. 2019 ), an d crust ace ans like
Parhy al e haw aii ensis , wa s m ade possi ble after sequen c-
ing br eak thr ough s and dev elop ment o f tran sg enic lines
( Pavlo po u los et a l. 2005 ; Bad hiwa la et a l. 2021 ; Ricci
et al. 2021 ). Dev elopin g a g enet ica l ly t racta ble or gan-
ism r equir es a species that can be easi ly cu lture d in the
lab, h a s high-quali ty geno mic a nd tra nscri pto mic data,
and h a s relia ble tran sg ene inj e ct ion te chniques. The fol-
lowing se ct ions wi l l di scu ss the pr ogr ess the cephalop o d

https://vertebrate.genenames.org/about/
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o mmuni ty h a s m ade in th ese respects an d wh at i s st i l l
 equir ed to enable a fully genetic tractable cephalop o d
pecies. 

oals and challenges for gene manipulation in 

ephalopods 

hile gene manipu lat ion tool s h av e been dev eloped
n a number of emer gin g m ode l systems in many ani-

al clades, th ese m eth od s h ave on ly re cently be coming
vailab le in cep halop o d s. Thu s far, CRISPR-mediated
nockou ts have o n ly be en demonst rate d for Do ryt euthis
 eal ei i ( Crawfor d et a l. 2020 ), and t ran sg enics hav e
et to be reported in any cephalop o d. How ev er, ef-
 orts a re underway to dev elop tran sg enics in a l l of
h e gen om e-enable d systems (se e above), in p art icu lar
 or the Japa nese bobta il Eu p r ymna berr yi ( A huj a et al.
023 ), the Hawa iia n bobta il sq uid Eu p rymn a sc ol op es ,
s well as the stumpy cuttlefish Se pi a b and ensis , al-
ho ugh o ther species may become readil y availab le in
 he f uture as wel l (se e belo w). I n genera l, maj or te ch-
ical o bs tac les t o ac hiev e tran sg en esis in clude intro-
ucin g reag en ts in t o a cell , identifying ro bus t and re-
 rod uci ble m eth ods for in tegra tin g ex og enous DNA,
nd driving tran sg ene exp ressio n (transiently o r in-
 egrat ed). These bar r iers have been overcome in s e v-
ral oth er em er gin g animal m ode ls ( Pavlo po u los et a l.
005 ; Minor et al. 2019 ; Badhiwala et al. 2021 ; Ricci
t al. 2021 ), and inco rpo ra ting a pproach es an d reagents
h at h ave been s ucces sf ul in t hese ot her species may
cce lerate th e deve lopm ent of th ese t ec hnologies in
ephalop o ds. 

elivery timing and injection techniques are 

pecies-specific 

 number of m eth od s h ave been establis h ed in oth er
 ode l or ganism s to intr oduce r eagen ts in t o a cell , in-

l uding micro inj e ct ion, ele ct roporat ion, t ra nsf e ct ion,
nd vira l ve ct or s. Thus far, th e only pu blis h ed m eth od
o r introd ucin g reag en ts in to cephalop o d cell s i s mi-
roinj e ct ion ( Crawford et al. 2020 ). This m eth od re-
uir es r outine access to early cleava ge-s ta g e embry os
n d m eans of accessing the early blastom eres. De livery
 ec hniques fo r CRIS PR guides vary depending o n the
pe cies. Natura l ly laid de cap o difo rm emb ryos typ ica l ly
ave a number of extraemb ryo nic structures p rote ct ing
h e deve lop ing emb ryo, incl uding a cho rio n, j el ly lay-
rs, a nd a n outer tunic. These structures differ between
iffer ent gr oups, and each presents a bar r ier to access-

n g embry onic cells. For exam ple, na tura l ly laid Dory-
 euthis em bry os hav e a t ough c ho rio n surrounded by
 el ly layers and an outer tunic that join s embry os into
fin g ers.” How ev er, in vit ro -f ert i lize d Do ryt euthis em-
ryos lack the outer j el ly layers and tunic ( Crawford
002 ; Crawford et a l. 2020 ), a l lowing t ime d experi-
ents. How ev er, they do hav e a thic k c ho rio n that ne e ds

o be cut in order to pass a microinj e ct ion ne e d le into
 he e arl y b lastomeres. 

Inj e ct ion te chniques have a lso be en develope d for
u lt iple Eu p rymna species using natura l ly laid em-
 ryos ( Ahu ja et al. 2023 ). The Eu p rymna cho rio n can
e pier ced dir ect ly wit h t he microp i pette o n ce th e je lly

ayers are manua l ly remove d. Whi le in vit ro f ert i lizat ion
s not cur rent ly est ablis h ed in Eu p rymna , the fir st c leav-
ge takes place 8 h after fert i lizat ion, g iving r esear c her s
 lar g e window in which these embryos can be in-
 e cte d. Attemp ts to develo p microinj e ct ion te chniques
 ave al so been extended to s e veral o ther cephalo p o d
lades. While squid and cuttlefish embry os hav e simi-
ar extraemb ryo nic structures (cho rio n, jelly layers, and
unic) ( Lee et al. 2009 ; Montague et al. 2021 ), s ugges t-
ng tha t microin j e ct ion s h ou ld be bro ad l y possib le in
 his group, t he extraemb ryo nic structures in octo p uses
 re quite different ( Shigeno et al. 2015 ). Octo p us em-
ryos lack th e je lly layers and tunic; inst ead , they have
 very tough, le at h ery ch o rio n, which may s ugges t that
 ther ap proaches might be ne e de d to deliver mole cu lar
eagen ts in to cell s in thi s group. 

RISPRopods: creating knockouts and 

ransgenics 

ecent advances in CRIS PR-based app roaches have
e en applie d in two different cephalop o ds ( D. p eal eii
n d E. b erryi ) t o creat e knoc kou t mu tatio n s. Tw o to
hree guides are desig ne d per tar g et usin g fre ely avai l-
 ble program s s uch as CRISP Rscan ( Moreno-Mateos
t al. 2015 ) or CHO PCHO P ( Labun et al. 2019 ), and in-
 e cte d into earl y b la stomeres, a s describ ed ab ove. When
nj e cte d into the first cell, > 95% of a l le les dem onstrate
 m uta tion in in j e cte d D. p eal eii h atchlings, a s s h own
 y lo w-co v erag e amplicon sequencin g ( Crawford et al.
020 ). G0 knockouts have been generated for species
i thou t a closed life cycle (e.g., Do ryt euthis p eal eii ),
hic h exc ludes th e possi b ili ty o f g eneratin g knockout

ines. How ev er, Eu p r ymna berr yi h a s been s h own to
av e g erm line t ra nsmission, a nd s e veral kn ockout lin es
ave been establis h ed ( A huj a et al. 2023 ). 

An im portan t advance for the study of many biolog-
ca l quest ions wi l l be th e gen eratio n o f tran sg enic or
kno ck-in” cephalop o ds, where a gene is int roduce d
nto the genome , suc h as a fluo r escent r eporter. Ther e
re s e veral m eth ods for in sertin g DNA into the g en om e
f a r esear c h organism, inc luding h om ology-dire cte d
epa ir (HD R) medi ated v i a CRISPR-Cas ( Sander et
 l. 2014 ), as wel l as random in tegra tion v i a rest rict ion
nzymes o r transposases. W hile HDR v i a CRISPR
 ffers p recisio n in tar g etin g the tran sg ene to a



6 T. Baden et al .

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

p art icu lar locus, and can enable the exogenous gene to
be expressed using the endogenous regulatory elements,
th e efficien cy of in tegra tio n is o ften low, a nd ca n be
gre at ly influenced by the size of the in sert. B y contrast,
in tegra tion v i a trans posases, s uch as t o l2 ( Kawakami
et al. 1999 ), or restriction enzymes such as I-SceI
m eganuclease ( Th erm es et al. 2002 ), can be fairly
efficient, but, as the integ rat io n o f these co nstructs is
ran dom, th e sequen ce fo r regulato ry e lem ents to drive
exp ressio n mu st al so be inc luded . The p rod uctio n o f
tran sg enic cephalop o d s i s a n a rea of active r esear ch
for s e v eral la bs usin g different species a n d approach es,
and wi l l surely usher in ex citin g new in sigh ts in to
cephalop o d biology. 

Target selection 

A key first step in th ese m ole cu lar appro aches is to iden-
tify tar g et sequences for genet ic manipu lat ion. Annota-
tio n o f p rotein-codin g sequences in g en om e assemblies
have provided a crucial first step, with r esour ces cur-
rently being developed to identify regulatory e lem ents.
Se veral res ources are now available to the cephalop o d
co mmuni ty to aid in this tas k, in cl uding lo ng-read tran-
scri pto m e sequen cing for UTR detection, as well as
ATAC-se q ( Buenrost ro et a l. 2015 ) a nd D NA methyla-
tion ( Fraga et al . 2002 ; de Mendo za et al . 2021 ; Macc hi
et al. 2022 ) m eth ods fo r pu tat ive regu latory reg ion an-
notat ion. Re cent studies a lso employe d HiC m eth ods to
detect gen om e t opology ( Sc hmidb aur et a l. 2022 ). On-
g oin g community efforts in clude deve lopm ent of ChIP-
seq m eth ods an d micr o-C high-r esol u tio n HiC p roto-
cols. Addi tio na l ly, s e veral co mpu tatio n al tool s a re ava il-
able to predict regulatory e lem ents b ase d on datab ases
o f transcri ptio n facto r (TF) b inding p ro files, such a s Ja s-
p ar ( Cast ro-Mo ndrago n et al. 2022 ). These cur rent ly do
n ot in clude m ollus ks or cephalop o ds, bu t co m para tive
genomic data combined with pu blis h e d ATAC-se q and
methyl ation d ata c an b e used to b eg in generat ing such
r esour ces. Further tools could be built to identify TF
b inding si tes fro m gene exp ressio n lists fo r cephalop o ds
(e.g., cistar g et, Herrmann et al. 2012 ). Desp i te the avail-
ab ili ty o f suc h t ools and dat a, t he bu l k o f the o n g oin g
a nalyses a re still perf o rmed o n a g ene-by-g ene ba si s,
invo l v ing manu a l curat ion a nd a nnotatio n. Co mb ined
RNA and ATACseq allows for iden tifica tio n o f specific
en hancers ( Gonzále z-Blas et a l. 2022 ) in spe cific t is s ues
or ce lls, an d s e veral m eth ods, in cluding s cATAC-s eq,
are bein g dev eloped for cephalop o ds. Addi tio n ally, u s-
ing high-resol u tio n topolog ica l informat ion (micro-C)
an d single-ce ll data resol u tio n, w e may be a ble to disen-
tan gle g ene regu lat ion and ident ify spe cific regu latory
region s—tar g et g ene association s. 
Advances in gene expression and single 

cell transcriptomics 

Transcri pto mics and sp at ia l exp ressio n p ro file m eth ods
have been s ucces sfull y app lied to numerous emer gin g
m ode l or ganism s an d h old gr eat pr omise for the iden-
t ificat io n o f geno mic determinants pu tati vel y invo l ved
(and testable v i a tran sg enics) in anatomical nov elties.
While these tools have proven to be in credi b l y power-
ful in some species, their tra nsf er to cephalop o d s h a s
often been nontriv i al. Below, we hig hlig ht the current
state of cephalop o d transcri pto mics, incl uding both
the use of expr ession pr ofiling, such as bu l k RNA
sequencin g, sin gle-cel l RNA se quencing, and expres-
sion v isu a lizat ion, such as in situ hybridization and
hyb ridizatio n chain reactio n (H CR). Togeth er, th ese
m eth ods provide a more compre h en siv e view of cell
types. 

Expression profiling 

With a growing number of r esour ces to explor e
cephalop o d gene exp ressio n and regulato ry e lem ents
( Crawford et al . 2020 ; Sc hmidbaur et al. 2022 ), un-
cov erin g the genetic bases un der lying a cephalop o d’s
unique biolog ica l funct ions be com es in creasingly
f easible. Tra nscri pto me sampling fro m diverse tis-
s ue types acros s cephalop o d taxa ran g es from neural
systems ( Albertin et al. 2015 , 2022 ; Alon et al. 2015 ;
Koenig et al . 2016 ; Liscovit c h-Brauer et al. 2017 ) to
micro be-as sociat ed , host-p rovided symb iotic o r gan s
( Caste llan os-Martín ez et al. 2014 ; Mo riano-Gu tierrez
et al . 2019 ; Koc h et al . 2020 ). Im portan tly, co mmo n
RNA qu alit y control metrics such as the RNA Integrity
Numb ers (RIN) cannot b e u sed to a s ses s cephalop o d
RNA qu alit y. Mollus ks (an d m os t protos tomes) pos ses s
a “hidden br eak,” wher e the 28S rRNA is c leaved int o
t wo simil ar-sized molec ules, w hic h leads t o p o o r au to-
mat ica l ly assig ne d RIN va lues and a misin terpreta tion
o f the quali ty o f the RNA ( Natsidis et al. 2019 ). Suf-
ficient cephalop o d RNA integrity for n ext-gen eration
sequen cing s h ould th er efor e be eva luate d b ase d on the
p resence o f clea r, na rrow peak(s) and the absence of
sme ar ing. 

Recent advances have enabled r esear c her s t o pro-
file the t ranscri pto mes o f individ ua l cel ls at a lar g e
scale . S ingle-ce ll RNA sequen cing (e.g., 10 × Genomics)
h a s the potent ia l to s h ed light on the mole cu lar pro-
files of cephalop o d cell types and to identify cell type-
specific ma rk ers. The ab ili ty to di stingui s h ce ll types
b ase d o n mo re t han t h eir m orph ology is an im portan t
step f orwa rd in th e fie ld an d wi l l faci lit ate t he cre ation
of spe cific t ran sg enic reporter lin es. Recently, ce ll type
diversity h a s b een describ ed in the emb ryo nic squid
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ead ( Duruz et al. 2022 ), the pa rala rval octo p us brain
 St y fhal s et al. 2022 ), the octo p u s vi s ual sys tem ( Son g co-
as e y et al. 2022 ), and the bobtail squid v isu al system

 Gavriouchkina et al. 2022 ). Th e comm on ly use d 10 ×
eno mics Chro mi um Single Cell 3 

′ Ki t, v3 chemistry, is
 

′ bia sed such th at the m ajo ri ty o f r eads ar e no t co unted
h en th e gen om e ann otation is subo p t ima l. I mpro v-

ng th e ann otatio n o f th e 3 

′ untrans late d reg io ns o f cur-
ent and future cephalop o d gen om es will lead to bet-
er ma pping sta t ist ics and higher est imate d numbers
f se quence d cel ls ( Lawson et a l. 2020 ; Son g co-Cas e y
t al. 2022 ; St y fhal s et al. 2022 ). Optimizing dissocia-
 ion and cu lturing condit ions for cephalop o d cells will
 e imp o rtant to imp rove cell v i ab ili t y and potenti ally li-
 rary p rep arat ion. Thi s i s espe cia l ly im portan t, a s m any
ingle-cel l se quencing protocol s h ave been developed
or ter restr ial an d fres hwater species, but do n o t acco unt
or the sensitiv it y of marine cells t o c han g es in salin-
ty. ScRNAseq studies in ot her mar ine or ganism s resus-
en d th e ce l ls in ca lcium/mag nesium-fre e art ificia l sea-
ater befo re p roce e ding to 10 × Genomics ( Cao et al.
019 ; Sh arm a et al. 2019 ; Paganos et al. 2021 ). To cir-
umven t poten t ia l pr oblems r el ating to dissoci ation, v i-
b ili ty, a nd sa mpling is s ues, single nuclei RNA sequenc-
ng provides a sound a lternat ive. 

xpression visualization 

he ab ili t y to loc a lize RNA and proteins in cepha lop o ds
s an im portan t tool in cephalop o d genomics. RNA
nd loca lizat ion in cepha lop o ds have b e en exe cute d
or de cades, beg inning wit h t he use of radiog raphica l
n situ hyb ridizatio n (IS H) ( Capano et al. 1987 ), and
 ater w ith w idespread use of color imetr ic ISH ut i liz-
n g anti-dig oxyg enin antib o dies lin ke d to enzymes that
le ave color imetr ic s ubs trat es (e .g., S higeno et al . 2015 ;
arazona et al. 2019 ). There has been a recent shift
o the use of hybridization chain reaction fluorescent
n situ hyb ridizatio n (H CR-FIS H) in cephalop o d sys-
 ems, inc luding the loca lizat io n o f neuro nal p recurso rs
 Deryckere et al. 2021 ; Elagoz et al. 2022 ) and local-
zatio n o f both h ost an d symb io nt facto rs in the bob-
ail squid light organ ( Krasity et a l. 2015 ; Ni kola ka kis et
l. 2015 ), am ong oth er promising studies ( Duruz et al.
022 ; Gavriouchkina et al. 2022 ; St y fhal s et al. 2022 ).
s H CR-FIS H u t i lizes self-amplifying fluo rescen t n u-

le ot ide hairpins, the te chnique a l lows for the cellu-
ar or su bce l lu l ar loc a lizat ion of transcripts ( Choi et al.
2020 ). 

Immuno cyto ch emistry (ICC) an d immun ohisto-
hemi stry (IHC) h ave al so long b een p ower f ul tools for
he cephalop o d co mmuni ty. Due to the div er g ence be-
ween m amm alia n a nd cephalop o d protein sequences,
 any ceph alop o d antib o d y studies emp loy custom
ntib o dies, which, whi le effe ct iv e, are expen siv e to pro-
uce and r equir e effort to ensure spe cificity ( Trol l et al.
009 ; He at h-Heckman et al. 2014 ; Li et al. 2019 ; Murata
t al. 2021 ). Ther efor e, mos t s tudies use commercial
ntib o dies on cephalop o d tis s ue that cros s-reacts to
 ell-con serv ed protein s, pept ides, or mole cu les ( Di
osmo et al. 2004 ; Sprin g er et al. 2005 ; Go o dson et al.
006 ; Wol lesen et a l. 2010 ; Altura et a l . 2011 ; S higeno
t a l. 2015 ; Ba ldascino et a l. 2017 ). W hile these p roto-
ol s h av e been w ell esta blis h ed, th er e ar e still frontiers,
uch as the o p t imizat io n o f d ual I CC/H CR p rotocols,
it her using est ablis h ed I CC p rot ocols ( Elago z et al .
022 ), or by new HCR–ICC t ec hniques ( Sc hwa rzk opf
t al. 2021 ). How ev er, the lack o f co mmercia l ly avai lable
ephalop o d-sp ecific antib o dies makes I CC ou t o f reach
o r so me r esear ch gr oups, and a cent ra lize d datab ase of
ommercia l ant ib o dies that do work in cephalop o d tis-
ue could be an im portan t r esour ce for this bur g eonin g
eld. 

teps to integrate gene expression and 

orphology 

 mu lt i-moda l appro ac h t o int egrat e gene exp ressio n
 isu a lizat ion an d single-ce ll o mics wi t h ot her t ec h-
iques p ro mises to s h ed n ew light on cephalop o d
 iology. By co mb ining s cRNAs eq datas ets with elec-
r on micr oscopy, we wi l l be able to lin k th e m ole cu lar
nfo rmatio n wi th th eir m orph ology an d location, as
as recently done for Platynereis ( Vergara et al. 2021 ).
p at ia l t ranscri pto mics al so hold s p ro mise to detangle
h e ce ll typ e comp osition of cephalop o ds. Mu lt i-ome
e quencing appro aches that can capture both gene
xp ressio n and chro matin accessib ili ty o f individ ual
el ls wi l l lead to a co mp re h en siv e data b ase of cel l-type-
pe cific en h ancers in ceph alop o d s and ch aracter ize t he
pigen etic lan dscape. 

Besides the interest in the development al st ages from
mb ryos to ad ul ts in areas such as evol u tio nary de-
e lopm ental biology (e vo-de vo) or marine ecology,
 pecies s uch as Oct op us vul garis or Sep iot euthis les so-
iana are highly att ract ive for human co nsumptio n
 nd a re a go o d c andid ate for aqu aculture diversific a-
io n. Transcri pto m e sequen cing of ear ly deve lopm en-
 al st ages cu lture d in different co ndi tio ns are h e l p ing
o the iden tifica tio n o f b io ma rk ers of growt h, he alt h,
n d we lfare in aq uacult ure ( Ga rcía-Fernánde z et a l.
019 ; P rado-Álva rez et al. 2022 ; Varó et al. 2022 ). The
den tifica tion an d se lectio n o f b io ma rk er genes wi l l
ead to the const ruct ion of specific q-PCR arrays as
 ools t o a nalyze a nd gua ra ntee welfa re in aq uacult ure
ractices. 
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Cephalopod meta g enomics and 

microbial interactions 

Yet an oth er co re aspect o f cephalop o d biology is how
bacteria influence the de velopment, e vol u tio n, a nd lif e
histo ry o f the anim al. Microbes h av e ev o l ve d a lo ng wi th
th eir m etazo an p art n ers sin ce th eir o rigin o n Earth,
and surv eyin g th eir presen ce ca n inf o rm us abou t host
he alt h (immunology and pathogen suscept ibi lity), pop-
u lat ion dyna mics, a n d th e ecology of th e association.
Previou s studies h av e demon st rate d how b acteria in-
fluen ce specific deve lopm ental an d be havioral features
of cephalop o ds, an d th e cross-ta l k betwe en p art ners
( Nyholm et al . 2004 , 2021 ; Visic k et al. 2021 ). Over the
p ast few de cades, much of the experim ental wor k on
cephalop o d microb io mes has been focused on m on o-
t ypic associ ation s, includin g the light organ symbio-
sis in sepiolid and loliginid squids, and complex mi-
crob io mes, such as the accessory nidamental glands
(ANGs) in t he D ecap o difo rmes ( K aufman et al. 1998 ;
Barbieri et al. 2001 ; Nyholm et al. 2021 ). Both of these
micro bial sys tem s hav e b een imp ortant mo dels for un-
derstan ding h ow bacteria influen ce deve lopm ent of th e
specific or gan s th ey are h ou sed in, a s well a s their ab ili ty
to p rod uce antimicrob ia l/ant ifunga l compo unds fo und
in newly laid egg m a sses ( Barbieri et al. 1997 ; Kerwin
et al. 2019 ). Microb ial co mmuni ties h ave al so been
c haract er ized in t he gu t o f cu tt lefish ( S e pi a ) an d wild
octo p us ( O. vulgaris ), b ut very little is known about
other co mmuni ties o f bacter ia t hat reside o n o r inside
cephalop o ds ( Roura et al. 2017 ; Lutz et al. 2019 ). Lastly,
hos t s pecificity, and the variation among environmen-
ta l ly t ransmitte d b acter ia t hro ugho ut po p u lat ions of
cephalop o ds has i l luminate d our co mp re h ensio n o f mi-
crob ial diversi ty, coevol u tio n between the pa rtners, a nd
micr obe-micr obe interactions prior to and during the
associatio n ( Jo nes et al. 2006 ; Guerr er o-Ferr eira et al.
2013 ; Coryell et al. 2018 ). 

Modes of microbial associations in cephalopods

The symbiotic relatio nshi p o f b iol uminescent Vibrio
fischeri and cephalop o ds have b e en studie d f or ma ny
decades ( Nyholm et al. 2021 ). Different molecula r tools
are used to exper iment all y anal yze the interaction of
the light organ in E. scolopes and V. fischeri . Further,
Vibr io -sp ecific 16S rRNA primers are available to iden-
tify different Vibrio species in different cephalop o ds
( Nishiguchi et al. 2003 ; Zamborsky et al. 2011 ; Howard
et al. 2015 ). The in terroga tio n o f bot h t he light or-
ga n a nd AN G in E. sc ol op es h a s the potent ia l to revea l
co mmo n and unique mech ani sms by which hosts reg-
ula te differen t microbial niches ( Nishiguchi et al. 2004 ;
Nyh olm an d McFa l l-Ngai 2021 ). We can use 16S rRNA
to ident ify b acteria in different species of cephalop o ds
and in different or gan s. The ANG microb io me ( Barb ieri
et al . 2001 ; Pic hon et al . 2005 ; Kerwin et al . 2017 , 2018 ;
Yang et a l. 2021 ), a lo ng wi t h t he microbiot a of g i l ls,
s kin, an d th e dig estiv e syst em ( Roura et al . 2017 ; Lutz
et al . 2019 ; Fart o et al . 2019 ; Hanlo n, Fo rsythe 1990 ),
h ave been ch aracterized in s ome s q uid, cut tlefis h, an d
octo p us ( Ro ura et a l. 2017 ; Lutz et a l. 2019 ; Kang
et al. 2022 ). A cor e micr obiome b ase d o n taxo no my
h a s not be en ident ifie d, but there is potent ia l to iden-
tify fun dam ental fun ct iona l microbiomes in different
or gan s. 

Several m eth od s h ave been employed to character-
ize microb io me interactio ns in th e m ode l cephalo-
p o d E. scol op es , such as 16S rRNA g ene div ersity
m etagen o mics, transcri pto mics/RNA-seq , g enomics,
p roteo mics, an d m etabo lomics ( Co llins et al. 2012a ;
Altura et a l. 2013 ; Bong rand et a l. 2016 , 2020 ; Kerwin
et al. 2018 ; Belcaid et al. 2019 ; Mo riano-Gu tierrez et al.
2019 ; Koc h et al . 2020 ) and t ec hniques, suc h as HCR-
FIS H, FIS H, immuno fluo rescence, and fluo rescently
t ag ge d b acteria, were use d to v isu a lize host-b acteria
interactions in E. scol op es ( Troll et al. 2010 ; Collins
et a l. 2012a ; Ni kola ka kis et a l. 2015 ). Macrophage cel ls
(h em o cytes) can b e e asily obt a ined a nd observed f or
their interactio ns wi th symb iotic an d n o n-symb iotic
bacteri a w ith microscopy ( Nyholm et al. 2009 ; Rader et
al. 2019 ) and at the mole cu lar level with proteomics and
transcri pto mics ( Collins et al . 2012b ; Sc hleic her et al .
2014 ). 

Re cent te chnolog ica l advan cem ents permit finer-
resol u tio n studies of po p ulation genetic structures
that wi l l be relevant to symbiot ic associat ion ana ly-
ses. Double digest rest rict io n si t e-associat ed DNA se-
quencing (ddRADseq) is a low-cost, hig h-throug hput
t ec hnique in g enotypin g t hous ands of single nu-
cle ot ide po l ymorp hisms (SNPs) in any species, includ-
ing n on-m ode l or ganism s li ke cepha lop o ds ( Andrews
et al. 2016 ). This re duce d-represen ta t ion se quencing
ap proach co uld b e p ower f ul fo r ded ucing po p ula-
t ion genet ic st ructures of th e h ost cephalop o ds and
o btain firs t indicatio n o f microb ia l spe cies present.
Since abiotic factors like tem pera tur e, curr ent, and
salinity have been found to influence the move-
m ent an d con cen tra tio ns o f Vibrio spp. in sep i-
olid s ( Ni s higuchi 2000 ; Jon es et al . 2006 ; Sot o et al .
2009 ; Nourabadi et al . 2021 ), under standing how
the po p u lat ion genet ic st ructures of th e h ost re-
lat e t o t hat of t he symb io nts cou ld be crucia l in
discer ning t heir po p u lat ion e co logy and d y namics w ith
im portan t evolutionary outcomes ( Pa nk ey et al. 2014 ).
SNP dat asets obt aine d from ddRADse q an d oth er
m etagen omic (e.g., bu l k se quencing) appro aches on
h ost an d symb io nt wou ld a l low f urt her rese arc h int o the
asso ciations b etwe en adapt iv e g en etic mar kers (eith er
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nique or shared between h osts an d symb io nts) and en-
iro nmental facto rs, thereby iden tifying poten t ia l sele c-
io n p res s ures in p art icu lar po p u lat ions ( Lindg ren et a l.
012 ). 

merging directions in cephalopod symbiosis 
esearch 

xper iment ally tract able m ode l systems have been crit-
cal for un derstan ding th e influen ce o f microb io mes o n
u karyot ic biology ( Douglas 2019 ; McFa l l-Ngai et al.
021 ). Having the ab ili ty to generate axenic/germ-free
 osts or h osts with a known microbiota (g notobiot ic)
ave led to groun d breakin g discov eries in vert ebrat e
os t-micro be sys t ems, e .g ., show in g linkag es betw een
he microb io me and obesi t y, t ype 2 diabetes, autism,
n d be havior. Deve loping gn o tobio t ic and germ-fre e
qua tic h usbandry system s w ould allow for t he f urt her
xpansio n o f the use o f cephalop o ds in microb io me
tudies. One cha l len g e in microb io me r esear ch is study-
ng direct interactions between host and microbial cells.
el l cu l ture o f cephalop o d tis s ue types like t he mucos al

p i th e lia o f o r gan s t hat direct ly interact wit h symb io nts
nd innate immune cells (hemocytes) would help reveal
h e m ole cu lar cross-ta l k betwe en the p art ner s. S ingle-
el l mu lt i-omic m eth ods could th en also be applied to
hese systems to identify the role of cel l-cel l interact ions
n cephalop o d symbioses. 

Gen omic an d m etagen omic an alysi s o f microb ial
o mmuni ties s h ed light on microbiom e fun ction, e.g.,
y rev ealin g im portan t metabolic pa thways, sig na ling
athways, a nd effect or s that influence host biology. In
rder to expand the study of cephalop o d microb io mes,

t wi l l be crit ica l to incre ase t he num ber of sym b io nt
 efer en ce gen om es that a re ava ilable f or m etagen omic
n d m et atranscr i pto mic d atasets. Hav ing better refer-
n ce gen om es wi l l a lso a l low for lin king biosynthet ic
ene c lust er s (BGCs) t o the p rod uctio n o f specific
ompound s th at can be ident ifie d from metabolomics
tudies. 

Studies invest igat ing how cepha lop o d microb io mes
han g e ov er tim e, an d wh eth er th ese chan g es can giv e
s a window to the temporal dynamics of the host
ould lead to a greater un derstan ding of h ow h ost-
icro be as sociatio ns are ini tiat ed , per sist, and evo l ve

ver time. This includes exper iment al evol u tio n studies,
her e micr obes ar e evo l ved in a n ove l h os t s pecies to
et ermine whic h genetic cues are respo nsible fo r recog-
i tio n and specifici ty ( Soto et al. 2012 , 2014a , b ). Inter-
stingly, this type o f wo rk h a s a lready be en s h own to be
m portan t in human microb io me res earch ( Bos ch et al.
019 ; Burnetti et al. 2022 ; Garud 2022 ); having a tem-
o ral framewo rk o f these microb ial po p u lat ion s w ould
 urt her our knowledge of the importance of bacteria in
ephalop o d he alt h ( Lynch et al. 2019 ). G iv en that much
f the applied work in cephalop o d husbandry and aqua-
ulture is focused o n p rev entin g di sea se, knowledge of
he b a l ance bet ween benefici a l and p athogenic micro-
ia l spe cies wi l l b e imp orta nt f or t he f uture s ucces s of
xpan ding th ese im portan t fis h eries. 

onclusions and future directions: 
ephBase and best practices for sharing 

esources 

e are at an ex citin g and crit ica l t ime in the evol u tio n
f the cephalop o d fie ld, with many n e w res ources and
 ec hniques becoming available that wi l l a l low us to
ddress fun dam enta l quest io ns o f cephalop o d biology
nd evol u tio n. As th e pace an d co mplexi ty o f generated
atasets for cephalop o ds is inten sifyin g, an emer gin g
o mmuni ty go a l wi l l b e fo cused on da ta in tegra tion
or cephalop o d-omics, in cluding but n ot limit ed t o
 he cre atio n o f share d datab ases fo r geno mes, anno-
atio ns, exp ressio n data, as well as cultur es. Curr ent
fforts a re emer gin g fro m individ ual labs, e.g., the
ephalop o d P rogra m at the Marine Biolog ica l Lab-
 rato ry, which is a r esour ce for genet ica l ly t ractable

in es an d deve loping gen etic tools for tran sg enics
 htt ps://www.m bl .edu/researc h/resources-research- 
acilities/marine- resources- center/ceph alopod s/cep 

alopod- breeding- center ), Eu p rymna genomics por-
 al ( https://met azoa.csb.uni vie.ac.at/ ), and Cep hRes
 www.cephalopodresea rch.org ), a m ong oth ers. While
fforts a re being m ade to m ake a reposi to ry o f tractable
ephalop o d sp ecies, lab cont acts, t heir t ec hniques, as
ell as available r esour ces (see below), a consolidated

ffort would r equir e funding sour ces an d is oth erwise
est ricte d by “go o d-wi l l,” r esear ch grants to indiv idu al
abs, or philanthropy. 

Ther efor e, as the cephalop o d co mmuni ty co ntin-
es to grow, we propose several steps to ensure that
he co mmuni t y c a n sha r e r esour ces effe ct i vel y. The
rst r esour ce th at i s im portan t to sh are i s genomic
 nd tra nscri pto mic d ata. Draw ing on s ucces sful ap-
r oaches fr om the C. e lega ns (wormbase) and the
. me la nogas t er (flybase) co mmuni ties, w e w ould

ike to establish a cent ra lize d datab a se for ceph alo-
 o d b io info rma tic da ta. A sim ple user in terface wi l l
 l low r esear c her s t o co mp ile the info rmatio n they
e e d more easi ly, incl uding exp ressio ns and verified

unct iona l annotat io ns. This reposi to ry cou ld a lso
erve as a means to share techniques and protocols. To
om plemen t this, any pla smid s u s ed for thes e t ec h-
iques s h ould b e dep osit ed t o Addgene , or other
eposi to ries. Impo rt ant ly, t he source of the genomic
nfo rmatio n (such as the ge og ra phic loca tio n o f sam-
ling), is crucial for traceab ili ty ( Vecchio ne et al.

https://www.mbl.edu/research/resources-research-facilities/marine-resources-center/cephalopods/cephalopod-breeding-center
https://metazoa.csb.univie.ac.at/
http://www.cephalopodresearch.org
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2022 ). The thir d r esour ce th at i s im portan t to share
i s anim al s, both w ild t ypes and, eventu a l ly, t rans-
genics. Each cephalop o d sp ecies h a s m any unique
c haract er istics t hat makes t hem ide al for an sw er-
ing different questions, and thus no one species h a s
emer g ed as the main species within the cephalop o d
r esear ch co mmuni ty. This co mes wi th drawbac ks, e .g.,
a t ec hnique that works in squid may not work in
octo p us. To tak e adva ntage of the o p portuni-
ties that will emer g e from a field with a strong
com para tive e lem ent, our lon g er-term vision in-
c ludes dedicat ed cephalop o d re ar ing facilities
and cent er s of exce llen ce for specific t ec hniques
and species around the world. This wi l l encour-
ag e colla bo ratio n and allow scientists to travel to
le ar n/per for m spe cia lize d experiments on specific
species. 

The fir st att empts have been made to mole cu larly
c haract erize cephalop o d cell types at different scales
(or gan s, system s, an d wh ole or ganism s). A lar g e col-
la borativ e effort is r equir ed to construct a “Tabula
Cephalop o dae” to obtain a complete taxo no my o f
cephalop o d cell type div ersity. B y brin gin g tog ether
the expertise of different research groups, we hope to
st ream line fut ure st udies and at t empt t o co mb in e th ese
datasets in a single-cell cephalop o d atlas. By including
mu lt iple key cephalop o d sp ecies, we can examine clade-
specific n ove lties such as different brain lobes and the
light organ and shed light on cell-type evol u tio n across
cephalop o ds. 

Our co mmuni ty h a s al s o de veloped f urt her momen-
tum to go beyond a single-organism focus. As out-
lined a bov e, disru ptio n o f the microb io me’s integri ty is
a mech ani sm by which s tres s a ffects a nima l hea lth and
welfar e ( Ur en Webst er et al . 2020 ). Climat e c han g e in-
cre ases oce a n wa rming a nd acidificatio n, which co nsti-
tutes a s tres sful co ndi tio n ( App rill 2020 ; Bénard et al.
2020 ). Addi tio nally, the in tensifica tio n o f aquacul ture
i s a ssoci ated w ith cha l len g es r egar ding its s us tainab ili ty,
incl uding i ts impact o n anima l hea lth and welfare, the
environment, fo o d safety, an d econ omic v i abilit y. In-
ten siv e aq uacult ure can exp ose cephalop o ds to crowd-
in g, handlin g, and socia l st ressor s, whic h can induce
negat ive effe cts on hea lth and fitnes s, s uch as imp aire d
gr owth, depr essed immunity, an d in crea sed su sceptibil-
ity to di sea se. Besides dev elopin g juv eni les and adu lts,
ea rly lif e s ta ges of cephalop o ds are p art icu larly sensi-
tive to envir onmental str essors, an d th ere is increasing
re cog nit ion that microbial communities may contribute
to har mf u l effe cts ( Roura et a l . 2017 ). To this end , the
con tin ued an alysi s o f gu t, skin, o r fe ca l microb io mes
can be of great interest to mo ni to r the s tres s res ponse
an d, th er efor e , t o as ses s th e we lfa re a n d h e alt h st atus
of cephalop o ds. L inking-omic dat asets for cephalop o ds
an d th eir m etagen om es, in cluding data from bacteria,
archae a, f ung i, and b acteriophages ( Kos ke l la et a l. 2013 ;
Guerin et al. 2020 ), can thus also aid in dis eas e identifi-
cation in aq uacult ure and the natural environment. 
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