
In tegra tive and Comp arativ e Bi ol ogy 

In tegra tive and Comp arativ e Bi ol ogy , volum e 0, pp. 1–9 
ht t ps://do i.o rg/10.1093/icb/icae112 So ci ety f o r Int e grat ive and Comp arativ e Bi ol ogy 

SYMPOSIUM 

Exploring the Unkno wn: Ho w Can We Improve Single-cell 
RNAseq Cell Type Annotations in Non-model Organisms? 
Kevin H. Wong 1 , Natalia Andrade Rodriguez and Nikki Traylor-Knowles 

Dep art ment of Marine Biology and Ecology, Rosenstiel School of Marine, Atmospheric, and Earth Science, University of 
M iami, M iami, Florida, USA, 33149 

From the symposium “Immunity in the ‘omics age: what can ‘omics approaches tell us about immunity in natural systems?”
presen ted a t the ann ua l me et ing o f the Society fo r In tegra tive and Com para tiv e B iology, Ja nua ry 2-6, 2024. 

1 E-ma il: k evinhw on g1@gmail.com 

Synopsis Single-cel l RNA se quencing (s cRNAs eq) is a power f ul t ool t o descri be ce l l types in mu lt icel lu la r orga nisms across 
the animal kin g dom. In sta nda rd s cRNAs e q ana lysis p i pe lin es, c lust er s of cells with simi lar t ranscript iona l sig natur es ar e given 
cell t ype l abel s ba sed on ma rk er genes that infer spe cia lize d known c haract eristics. S in ce th es e analys es are designed for m ode l 
or ganism s, such as huma ns a nd mice, problems arise when a ttem pting to labe l ce ll types of dist ant ly relat ed , n on-m ode l species 
th at h av e unique or div er g ent cell types. Con sequent ly, t his le ads t o limit ed disco very of no vel s pecies-s pe cific cel l types and 
potent ia l mis-annotat io n o f ce ll types in n on-m ode l spe cies whi le using s cRNAs eq. To addr ess this pr oblem, we di scu ss recently 
pu blis h e d appro ach es that h e lp ann otate s cRNAs eq c lust er s f or a ny n on-m ode l organism. We firs t s ugges t t hat annot ating wit h 
an evol u tio nary co ntext o f ce ll lin eages wi l l aid in th e discovery of n ove l ce ll types an d provide a mar ker-fr ee appr oac h t o 
comp are cel l types acros s dis t ant ly relate d spe cies. Se cond ly, machine le ar ning h a s gre at ly imp roved b io info rm atic an alys es, s o 
we hig hlig ht s ome open-s our ce pr ograms th at u se r efer ence-fr ee appr oac hes t o annotat e cell c lust er s. Last ly, we propose t he 
use of unannotated genes as potent ia l cel l ma rk ers f o r no n-model o r ganism s, as many do not have fu l ly annotate d gen om es 
an d th ese data are often disr egar ded. Impr ovin g sin gle-ce ll ann otations will aid the discovery of n ove l ce ll types an d enhan ce 
our un derstan ding of n on-m ode l or ganism s at a cel lu lar lev el. B y unifyin g approac hes t o annotat e cell types in n on-m ode l 
or ganism s, w e can incre ase t h e confiden ce of ce ll ann otation labe l tra nsf er a n d th e flexi b ili ty to disco ver no vel cell types. 
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ackground: Defining cell types through 

cRNAseq 

hat is a cell type? 

e lls are th e b asic bui lding b locks of li vin g or ganism s
n d th e diversi ty o f cell s i s va s t acros s the animal king-
o m wi th a wide ran g e o f functio ns an d ph en otypes.
ateg orizin g cells with similar structures and functions
nto cell types is f undament al to an sw er key questions
n organi sm al biology, a s thi s sh ap es our p erception
nd in terpreta tion of how or ganism s funct ion. C har-
cterizing p art icu lar cel l g rou p ings red uces the co m-
lexi ty o f un derstan ding th e ce l lu lar co mposi tio ns o f
u lt icel lu la r a nim al s ( A ren dt 2008 ), h ow ev er, the def-

ni tio n o f a cell type is subj e ct ive an d does n ot fol-
ow a unified n om en clatur e acr oss t axa ( D omck e a nd
h en d ure 2023 ). Tradi tio n ally, cell types h ave been de-
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cri bed as ce lls with “har d-wir ed” c haract er istics t hat
reate specific m orph olog ica l fe atures cor responding to
 p art icu lar t is s ue type ( Arendt et al. 2016 ). How ev er,
or e r ecen t in terpreta tions of cell types factor in spa-

 ia l locat io ns wi t hin t he tis s ue an d m ole cu lar aspe cts
 hat f urt h er defin e ce l lu lar funct ion ( Wag ner, Regev,
nd Yos ef 2016 ). Cons equent ly, t her e ar e con tin uous
i scu ssio ns o n differen tia ting “cell type” to “cell state”
 erms due t o the co mplex co n tin u um o f cell ula r cha r-
cter istics t hro ugho ut cell develo pmenta l t raj e ctories
 Trapn e ll 2015 ; Dom ck e a n d Sh en dure 2023 ). A mid st
he co mplexi ty o f defining a cell type, p ro filing t ran-
cri pto mes o f individ ua l cel ls, r eferr e d to as single-cel l
NA s equencing (s cRNAs eq), h a s gre at ly improved our
efini tio n o f cell types fro m a mole cu lar p ersp e ct ive
cross taxa and h a s en abled di scover ies t hat wer e pr e-
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viously limited by bu l k RNA se quen cing. Furth er dis-
cu ssions mu st be con tin ued to de lin eate n ove l ce ll types
through s cRNAs eq in b oth mo del and non-mo del or-
ganisms. 

Traditional approaches to determine cell types 

Cell type discovery can be deter mined t hrough var i-
o us ap proaches that va ry in cost a nd thro ughp ut. Cell
types are most co mmo n ly determine d morp ho log ica l ly
thro ugh ap proac hes suc h as microscopy (e .g., ele ct ron
micr oscopy, high r esol u tio n light microscopy) on whole
tis s ue samples (e.g, his tology) and cel l cu ltures ( Zeng
2022 ). F or exam ple, n ove l ce ll types an d co nfirmatio n
of known cell morp ho logies have been described in the
Pacific oyst er, Crasso stre a g igas, t hrough cell cultures
and imaging with light microscopy ( Potts et al. 2020 ).
How ev er, imm ortal ce ll culture lines are not always fea-
sible for a l l n on-m ode l or ganism s, as difficu lt ies arise in
trou bles h ooting app rop ri ate medi a a nd ma inta ining to-
tal v i able cell po p ulatio ns fo r lo ng p erio ds ( Roger et al.
2021 ). Flow cytometry is also a useful tool to describe
cell types, as cells can be ana lyze d by shape, g ranu l arit y,
and size, in addi tio n to specific fluo rescence st ains t hat
a re ta r g ets f or pa rticula r cell cha racteristics. For exa m-
ple , flow cyt ometry h a s been s h ow n to isol a te m u lt iple
different cell types in human systems ( Coss ar izza et al.
2021 ) an d n ove l ce ll types in n on-m ode l marin e inver-
t ebrat es ( S nyder et al . 2020 ). These approac hes a re f oun-
dat iona l t o c haract erize ce ll types; h ow ev er, limi tatio ns
exi st, a s these methods alone cannot infer funct iona lity,
deve lopm ent al st ages, or t raj e ctories of cells within an
organism. 

Single-cell RNAseq as a tool to determine cell 
types 

Beyon d m orph olog ica l m eth ods, ce ll types have been
cla ssified and di scover ed thr oug h molec ular approaches
such as s cRNAs eq and single-nucleus RNA s equencing
(snRNAs eq). Thes e approaches us e trans cri pto mic p ro-
files of indiv idu a l cel ls or nuc lei , respe ct i vel y, to group
simi lar cel ls by gene exp ressio n o n a n earest n eigh-
bor graph. These high-dimensional cell grou p ings (i .e .,
cell c lust er s) can then be v isu a lize d in low-dimensiona l
proj e ct ions such as Uniform Ma nif old Approximation
a nd P roj e ct io n fo r Dimensio n Red uctio n (UMAP) o r
t-dist ribute d Stoch a stic Neigh bor Em bedding (t-SNE)
( Cla rk e et al. 2021 ). Ma rk er genes are then derived
by determinin g g enes w ith signific antly higher expres-
sion in a s pecific clus ter comp are d to the other c lust er s.
Thes e analys es are t ypic a l ly per for med wit h programs
such as Seurat ( Hao et al. 2024 ), Scanpy ( Wolf, An g erer,
an d Th eis 2018 ), or MetaCell ( Ba ra n et al. 2019 ). From
thes e s ets of ma rk er gen es, ce ll c lust er a nnotations ca n
be ident ifie d. Thi s i s o ne o f th e m ost difficult tas ks in
s cRNAs e q data ana lysis, as it relies on the in tegra tio n o f
p rio r b iolog ica l knowle dge of kn own ce ll t ypes w it h t he
curren t da ta in a r epr oduci ble an d ana lyt ica l manner.
In m ode l systems, ce ll type ann otatio n is typ ica l ly per-
for med t hrough t he co mb inatio n o f au to matic anno-
tatio n p r ograms fr o m p re define d datab a ses, and m an-
ua l annotat ion and va lidat ion by experts (re vie wed in
Cla rk e et al. 2021 ). Ma rk er-based a nn otation m eth ods
mat c h known ma rk er genes to a query dataset to man-
ua l ly t ra nsf er cell a nn otation labe ls. D at abases such as
Ce ll Ontology ( Die hl et al. 2016 ), Pa nglaoD B ( Fra nzén,
Ga n, a n d Björ k egren 2019 ), a n d Ce ll Mar ker 2.0 ( Hu
et al. 2023 ), are a few r esour ces for manual annotation
of cell types by gene ma rk ers of model or ganism s with
simi lar t is s ue types to humans or mice. Com puta t iona l
programs such as Azimuth ( Hao et al . 2021 ), S ingleCell-
Net ( Tan and Cahan 2019 ), OnClass ( Wang et al. 2021 ),
an d Ce l lTypist ( Xu et a l. 2023 ), ca n a nn otate ce ll types
au to mat ica l ly; how ev er, they r equir e a cura ted da tabase
that are t ypic a l l y deri ved from m ode l or ganism s. Cell
type annotation can also be derived from known gene
f unctions t hrough Gene Ontology ( The Gene Ontology
Co nso rti um 2018 ) or Kyoto Encyclopedia of Genes and
Gen om es (KEGG) ( Kan e hisa 2008 ) to un derstan d ex-
presse d p ath ways to h yp othesize p otent ia l cel l types.
How ev er, this approach requires a lar g e amount of man-
u al l a bor, knowledg e of specific cell functional charac-
t eristics, and complet e funct iona l ly annotate d genomes,
which are co mmo n limi ting facto rs fo r no n-model o r-
ganisms. 
Cell types have also been f urt her descr ibed t hrough

mu lt imoda l appro aches p aire d with s cRNAs eq, such as
sin gle-cell epig enomics (e .g., S ingle-cel l se quencing as-
say f or tra ns posase-acces sible chromatin (s cATACs eq),
single-ce ll DNA m ethylation), an d spatial transcrip-
tomics ( Zeng 2022 ). Assay f or tra ns posase-acces sible
chrom atin u sin g sequencin g (ATACseq) is an approach
to fragment open regions of chromatin with Tn5 trans-
posases t o under stand c hrom atin dyn amics and acces-
sible regions of D NA f or tra nscript ion ( Buenrost ro et
al. 2013 ). This approach h a s been adapted for use at a
sin gle-cell lev el , whic h h a s en abled r esear c her s t o un-
derstan d h ow gen e regu lat ion thr ough chr omatin dy-
na mics ca n inf er cell types ( Cusa novic h et al . 2018 ).
When p aire d with s cRNAs eq, s cATACs eq is a power-
ful tool to un derstan d th e t raj e cto ry o f ce ll types an d
key regulat ory fact or s that dictate different cell types or
states ( Ranzoni et al. 2021 ). Sp at ia l t ranscri pto mics h a s
a lso be en a usefu l t ool t o sp at ia l ly locate cel l types in
tis s ues defined b y scRNA seq data ( Lon g o et al. 2021 ) .
F or exam ple, p aire d s cRNAs e q and sp at ia l t ranscrip-
to mic data o n mouse b rain s hav e a l lowe d a de eper un-
derstan ding of ce ll typ es corresp onding to sp ecific brain
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eg ions and a lso h e lp t o det er mine cr it ica l t ranscript ion
act or s that c haract erize different ia l brain cell types ( Yao
t al. 2023 ). Ther efor e, the s cRNAs eq re vol u tio n h a s
rought new tools that can enhance our understand-
ng of cell types in co mb inatio n wi t h ot h er m oda lit ies
n mu lt icel lu la r orga nisms. 

he power of single-cell sequencing for 
on-model organisms 

ecent deve lopm ents within s cRNAs e q have advance d
ur un derstan ding of th e ran g e of cell types present in
r ganism s b ase d on t ranscript iona l diversity. In m ode l
ys tems s uch as humans and mice, r esear c her s have
 haract erized diver se cel l types in mu lt iple organ and
is s ue t ypes ( Tabul a Sap iens Co nso rti um ∗ et al. 2022 ).
ith an ev er-increasin g availa b ili ty o f diverse scR-
As eq datas ets, comparis ons can now be made across
pecies t o under st and t he evol u tio n o f spe cific cel l types.
 or exam ple, s e v en different v ert ebrat e species single-
ell atlases were comp are d to un derstan d th e evol u tio n
f immune cells and mole cu les across taxa ( Jiao et al.
024 ). This com para ti ve anal ysis across high- to low-
ev el v ert ebrat es ident ifie d con serv ed and unique g ene
a rk ers of both adaptive and innate immune cel ls, a l-

owing for a fun dam en tal insigh t in to t he var iab ili ty
f immun e ce lls acros s s pecies levels ( Jiao et al. 2024 ).
i thin no n-model inverteb rate species, s cRNAs eq is
uickly dev elopin g into a pow er f u l tool for ident ifying
 ove l ce ll types an d c haract erizatio n o f gene exp ressio n
f spe cific cel l types. F or exam ple, wit hin t he Car ide an
 hrimp, Mar s u pen a eu s japonicu s, single-cell exp ressio n
f h em ocytes h a s a l lowe d th e discovery of six su b-
o p u lat io ns o f h em ocytes, in cre asing t he resol u tio n o f
h e previous ly determin ed two su b po p ulations defined
 orph olog ica l ly b y flo w cyto metry ( Ko iwai et al. 2021 ).
n the so ft co ral, Xenia sp. , au tho rs t race d the develop-
 ental lin eage of a lga l host ing cel ls through s cRNAs eq,
rovidin g key in sigh t in to th e m ech ani sms fo r co ral en-
osymb iosis u ptak e a nd loss ( Hu et al. 2020 ). Transcrip-
o mes o f single n uclei isola ted from Atlantic salmon
 Sa lmo sa lar L.) livers infe cte d with a common b acteria l
a thogen Aer o mo nas salo mo ni ci d a , h a s a l lowe d us to
n derstan d h ow m etabolic rem ode ling of immun e an d
 on-immun e ce l ls occurs during p athogenic infe ct ion
 f this impo rtant fis h eries species ( Taylor et al. 2022 ).
ddi tio nally, the au tho r s not e t hat t he m amm alian hep-
t ic cel l ma rk er genes did not tran slate w ell to S. salar
e ll mar kers, th er efor e outlining the ne e d for better
e ll mar ker ann o tation reso urces fo r no n-model o rgan-
sms ( Taylor et al . 2022 ). S ingle-cel l RNA se quencing is
 p ro misin g and pow er f ul tool fo r b iologi sts th at wi l l
om plemen t t radit iona l cel l b iology app roach es; h ow-
v er, careful con sidera tion m ust be taken while analyz-
n g and interpretin g t his dat a type fo r no n-model o r-
anisms. 

urrent limitations in single-cell sequencing 

or determining cell types in non-model 
rganisms 

 s scRNA seq is a quickly dev elopin g t ec hnology that
as init ia l ly desig ne d for m ode l or ganism s, w e must un-
erst and t he limit ations of t his t ec hno logy while app l y-
ng it to n on-m ode l or ganism s to be confident in our in-
erp retatio ns. A tho r ough r e vie w by Alfieri et al. (2022)
ig hlig h ts the labora t ory c ha l len g es of s cRNAs e q cel l
apture an d li b rary p rep arat io n o n cel ls derive d from
 on-m ode l or ganism s, as the y pres en t significan t chal-
en g es that m ode l or ganism s (i .e ., m amm a lian) cel ls do
 ot face. On th e co mpu tatio nal side, even mo re chal-
en g es ar e pr esent ed due t o the lac k o f geno mic re-
ources and knowledge of cell types beyond m amm al s.
igh-qu alit y genomic r efer ences ar e not always avail-
ble fo r no n-model o r ganism s, leadin g to p o or a lig n-
 ent or ann otatio ns d ur ing dat a an alysi s and limit-

ng the resol u tio n o f any mole cu la r a n alysi s ( Cleves et
 l. 2020 ). Addit iona l ly, there is not always a straight-
 orwa rd way to trans late ce ll mar kers from m ode l or-
anisms to n on-m ode l or ganism s espe cia l ly wh en on e-
o-o ne o rthologs do not exist between dist ant ly related
pecies ( Nehrt et al. 2011 ). Ortholog matching to deter-
in e ce ll mar kers between m ode l an d n on-m ode l or-
ani sms i s possible wi th p rograms such as Orth oFin der
 Emms and Kelly 2019 ); how ev er, these hav e limi tatio ns
nd must be used with cau tio n. Orth ology inferen ce can
e cha l leng ing a s di st ant ly relate d spe cies have few one-
o-o ne o rtholog co mpariso ns d ue to variatio n s in g ene
en gth s, rapidly ev olvin g orthogs ( Steenwyk et al. 2023 ),
n d in complete gen om e ann otations. Th er efor e , alt er-
a tive a pproaches m ust be addi tio n ally u sed to validate
ell types in no n-model o r ganism s, which wi l l enable
he discovery of novel s pecies-s pe cific cel l types and
u l ly ut i lize the po wer of scRNA seq on n on-m ode l or-
anisms. 
In the remainder of this p ersp e ct iv e, w e wi l l di scu ss

 ew m eth ods to in cre ase t h e confiden ce of ce ll type an-
otations in no n-model o r ganism s through s cRNAs eq.
e hig hlig h t the poten t ia l ways to en han ce th e discov-
ry of new cell types for non-model or ganism s by dis-
ussing approaches that do not so lel y rel y o n geno mic
nno tation reso urces ( Fig. 1 ). We wi l l di scu ss topics re-
ating to (i) sequen ce an d lin eage-ba sed clu stering of
ell types across species, (ii) the use of deep le ar ning and
rt ificia l intel ligence (AI) for cell type classification, and
iii) dark genes as c andid ate cell ma rk ers f o r no n-model
r ganism s. 
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Fig. 1 Summarizing the current challenges and alternative approaches for annotating single-cell RNAseq derived cell types in non-model 
organisms. This figure was made in BioRender.com. 
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Alternative approaches to type cell 
clusters 
Cell typing through species comparisons 

Wit h t h e in creas e of available s cRNAs eq datas ets, inte-
g rat ion across species h a s become a useful approach to
not only identify cell types, but also to un derstan d th e
evol u tio n o f s pecies-s pe cific cel l types ( Song et al. 2023 ).
Mappin g sin gle-cel l t ranscriptomes across a variety of
taxa is in herently cha l leng ing, a s (i) m any di st ant ly re-
late d spe cies do not have o ne-to-o ne o rthologs d ue to
frequent gene losses and acquisi tio n s ov er ev ol u tio nary
history ( Nehrt et al. 2011 ), (ii) ma rk er gene exp ressio n
simil arit y is low between taxa, as gene regulation most
lik ely va ries from species to species, and (iii) t ec hnical
bat c h effects due to sequencing of different single-cell
platforms may cau se bia ses between while cell types are
captured ( Tara sh an sky et al. 2021 ). How ev er, new com-
pu tatio nal m eth o ds are b ein g dev eloped to reso l ve these
is s ues an d in cre ase t h e confiden ce o f co mparin g sin gle-
cell atlases between species. 

P rogra ms such as SAMap (Self-Assembling Ma nif old
mapping) can a lig n simi lar cel l types acros s s pecies and
tis s ue types from s cRNAs eq datas ets ( Ta rasha nsky et
al. 2021 ). SAMap can overcome many of these chal-
len g es by accountin g fo r the co mplexi ties o f g ene ev olu-
tion by aligning a tlases a t both a gene (i .e ., ma rk er) a nd
cell (i .e ., transcript om e) leve l. In brief, SAMap uses or-
t holog infor mat ion to sele ct con serv ed g enes betw een
 

dat asets t hat wi l l serve as an ch o rs fo r downstream
dataset a lig nm ent. On ce th e high-dim en sional g ene ex-
p ressio n data are re duce d to a low er-dimen siona l sp ace,
mutual n earest n eighbors (MNNs) betwe en cel ls in
differen t da tasets can be iden t ifie d. MNNs are p airs
of cells fr om differ en t da t asets t hat are e ach ot her’s
n earest n eighbors in th e re duce d sp ace, h e l p ing to es-
t ablish cor respon den ces bet ween d at asets. Using t he
MNNs, SAMap then constructs a joint r epr esenta-
tio n o f th e ce lls from th e differen t da tasets, resu lt ing
in a co mb ined ma nif old that a lig ns simi lar cel l types
acros s s pecies. Through th ese m eth ods, SAMap en-
ables various analyses, in cluding th e iden tifica tio n o f
con serv e d cel l type fami lies acros s s pecies, examina-
tio n o f p ara log s ubs ti tu tio n events, an d th e study of
sin gle-cell ev ol u tio nary p rocesses ( Tara sh ansky et al.
2021 ). 
SAMap h a s be en applie d on mu lt iple n on-m ode l

species to f urt h er ann otate ce ll a tlases. F or exam ple,
SAMap h a s h e lped to ann otate n ove l ce ll c lust er s of the
freshwater spon g e Spongi l la lacu stri s , which provided
info rmatio n to distinguish secr etory neur oid cells, in-
dicating a sophistica ted comm unica tion system orga-
nized aroun d th e spon g e’s dig estiv e c hamber s ( Musser
et al. 2021 ). Th ese fin din gs sugg est t hat t he communi-
cation system in spon g es uses con serv ed g ene sets that
be came p art of the pre- and post-synapse in the ner-
v ous system s o f mo re co mplex anim al s, su ppo rting the
hypot hesis t hat s ens ory cells and myocytes may have
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vo l ved from shared ancestral cell types in early meta-
oans ( Musser et al. 2021 ). In axolotls ( Ambys t o ma mex-
can um ), SAM ap was used to compare single cell tran-
cri pto mes o f fiv e v ert ebrat e species t o det er mine t he
 resence o f ap ica l-e ctoderma l-ridge cel l s th at are cru-
ial for limb deve lopm ent an d regen eration. This cross-
pe cies comp ar ison deter mined t hat A. m exic anum do
ot have apica l-e ctoderma l-ridge cel ls, but do have cells
 hat per for m similar r oles in limb r egenerat ion, fina l ly
ett ling t he debate of apica l-e ctoderma l-ridge cel ls in
his species ( Zhong et al. 2023 ). Tools such as SAMap
i l l b e p ower f ul to annot ate ce ll types in n on-m ode l
pecies and to understand cell type diversity across taxa.
AMap is pub licl y availab le to use here: ht t ps://github.
om/atara sh ansky/SAMap . 
A n altern ative m eth od to ann otating ce ll c lust er s is

hrough a ma rk er-fre e phylogenet ic appro ach that clas-
ifies cells by to pology. To pology e lucidates th e evo-
 u tio n ary hi sto ry o f cell types while comparing mul-
 ispe cies single-cel l da tasets, where in terior nodes de-
ict ancest ra l cel l types, and exterior node tips de-
ict s pecies-s pe cific cel l types ( Ma h and D unn 2024 ).
h e auth ors in dica te tha t t he pr incip a l com ponen ts of
in gle-cell g ene exp ressio n d ata c an cl assify o r grou p
ell type clades wi thou t the use of cell ma rk er genes,
hus reso l ving the is s ue of using m ode l or ganism g ene
a rk ers on non-model or ganism s ( Mah and Dunn
024 ). To briefly un derstan d this approach, s cRNAs eq
atasets are int egrat ed , t hen a Pr incip a l Com ponen t
 n alysi s (PCA) i s per for med on t he in tegra ted ma trix
o red uce dimensio nali ty and identify th e m ost signif-
ca nt f eatures. Phylogenet ic t re es are then const ructe d
or each PC ran g e usin g the con tin uou s m aximum like-
iho o d metho d (cont m l) and eva luate d using b o otstrap
n alysi s to determine ro bus tnes s. To identify the best
 re e a j um b le anal ysis is per for med t hat reflects the ro-
us tnes s of the nodes. Then “av erag e” cells can be cre-
ted by av eragin g the PCA values for each cell type.
hese av erag e d cel ls are used to construct a new tree
o provide a more genera lize d view of cell type evo-
 u tio n ( Mah and Dunn 2024 ). A similar concept h a s
e en applie d to the s cRNAs e q cel l at las of t h e m ouse
ervous syst em t o cat egorize n eural an d n euronal ce lls,
 hen f urt her s ubclas ses o f neuro n cells ( Zeng 2022 ).
his transcri pto mic cell type taxo no my a l lows the au-
hor s t o det ermine key genes that are responsible for
 ach t axo no mic b ranch, ena blin g f urt her insight into
he main cell ma rk er genes for each s ubclas s of neu-
on s ( Zen g 2022 ). Therefo re, u t i lizing a ma rk er-free
hylogenet ic appro ach may be an a lternat ive m eth od
 o c l assify cell t ypes, determin e n ove l ce ll mar kers from
h ese ce ll c lade c lassifications, an d un derstan d th e evo-
 u tio nary lineages of cell types in non-model organ-
sms. Code t o replicat e thi s an alysi s ca n be f oun d h ere:
t t ps://gi thub.co m/d unn lab/cel lphylo . 
These cros s-s pe cies appro aches a re just two exa mples

f how we can transfer cell type labels conservati vel y,
hich st i l l a l lo ws for disco v erin g n ew ce ll types an d
oes not necess ar ily r equir e complete functionally an-
 otated gen om es. Approach es that in corporate th e evo-
 u tio n ary hi sto ry o f cell t ypes w i l l be crit ica l in classify-
ng cell types within n on-m ode l or ganism s and provide
 urt her insight on the discovery of novel and species-
pe cific cel l types. 

ell typing with machine learning 

achine le ar ning met hods are increasingly used to an-
 lyze high ly co mplex geno mic data ( Wang et al. 2023 ).
 eep le ar ning is a type of machine le ar ning t h at u ses
u lt i layer de ep neura l networks (D NN) a nd a l lows the
 ode ling of highl y comp lex data, such as cell clustering,

o improve pre dict ions of c lust er s or ass ociations. Thes e
re dict ions are possible due to the ability of the DNN
o le ar n patter ns of spe cia l associat io ns fro m train-
ng data ( Eraslan et a l. 2019 ). Mu lt iple de ep le ar ning
pproaches have been t est ed on single-cell transcrip-
omic data, s h owing p ro mising resul ts fo r cl assify ing
ell types. How ev er, ov erfittin g th e n oi sy n ature of scR-
Aseq data remains a problem ( Le et al. 2022 ). Many
achine le ar ning tools for single-cell data use DNN
 ode ls with ann otate d t raining sets t o c lassify a nd a n-
 otate ce ll c lust er s ( Pr emk umar et al. 2024 ). While these
pproaches can be useful for m ode l systems, this ap-
 roach limi ts the discovery o f n ove l ce ll types by ex-
 luding cell c lust er s that are not present in the training
 ataset. We w i l l di scu ss th e m ost recen t a pproaches tha t
ave been developed to tackle this problem and could be
pplied to n on-m ode l systems. 
Met a-le ar ning is a deep le ar ning concept that uses

 eural n etwor ks to le ar n patter n s from trainin g data
n d th en app l y t hat le ar ning while cl assify ing new d ata
 ith simil a r cha racteris tics ( Hos pedales et al. 2022 ).
his m eth o d can b e applied to s cRNAs e q data to t rain
 he algor it hm wit h a mix of we ll-ann otated m ode l or-
anism cell types and p art ia l ly annotate d non-model
rgani sm cell types. Thi s con cept in cre ases t he confi-
en ce of th e ann otatio n o f no n-model o rganism cell
ypes and a l lows for n ew ce ll type di scovery. MARS, i s
 ne example o f a tool using a met a-le ar ning machine
e ar ning approach t hat can be used to ann otate kn own
n d unkn own ce ll types in h eterogen eous s cRNAs eq
atasets ( Brbi ́c et al. 2020 ). MARS ut i lizes annotate d
 nd una nnotated s cRNAs eq trans cri pto mes as inpu ts
or met a-dat a cre ated by using DNN. This approach al-
ows the iden tifica tio n o f simi lar cel l typ es to b e em-

https://github.com/atarashansky/SAMap
https://github.com/dunnlab/cellphylo
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be dde d close to each other, while different cell types are
f urt her apart. MARS h a s been used to identify concur-
rent and novel cell types across tis s ue types and over
time series experiments ( Brbi ́c et al. 2020 ). For example,
MARS h a s been im plemen ted on Dr osophil a single-ce ll
transcri pto m es to un derstan d th e role of various neuron
types thro ugho ut develo pment. Thro ugh the MARS ap-
pro ach, sig na ls of spe cific neurona l exp ressio n d uring
deve lopm en t were iden t ifie d to spe cific adu lt-s ta ge sen-
so ry respo nses ( McLaughlin et al. 2021 ). MARS is an ex-
ce llent machin e le ar ning t ool t o int egrat e mu lt ispe cies
datasets to tra nsf er cell type labels wi thou t excl uding
n ove l ce ll typ es. Co de to run MARS can b e foun d h ere:
ht t ps://gi thub.co m/snap-sta nf ord/ma rs . 

An oth er example of a machine le ar ning approach is
SigP rimedNet, a n a rtificial n eural n etwor k that can an-
n otate kn own ce l l types in addit ion to ident ifying un-
kn own ce ll types ( Gun dogdu et al . 2023 ). S igPrimed-
Net in tegra tes domain-specific insigh ts b ase d on KEGG
identifier s t o th e n eural n etwor k to overcom e th e con-
s traints as soci ated w i th tradi tio nal su pervised cl us-
ter ing met hods. Addi tio na l ly, SigPrime dNet p rod uces
low-fa lse posit ive rates on un kn own ce ll-type ann ota-
tions through an anomaly detection m eth od. Thi s i s the
firs t s u pervised app roach th at u ses dom a in-inf ormed
g ene-to-g ene interact ion b ase d on KEGG p athways
through sp arse neura l n etwor ks t o det ermin e unkn own
cell types ( Gundogdu et al. 2023 ). One drawback of
thi s program i s th at th e n etwor k building an d training
i s ba sed on KEGG annotations that are often missing
fo r no n-model o rganism data sets, limiting the use of
this t ool t o on ly wel l annotate d g enomes. How ev er, Sig-
Prime dNet is st i l l a power f ul tool for n on-m ode l organ-
isms wit h annot ated gen om es, as it in cludes unkn own
cell types into cel l ident ificat io n app roac hes. S igPrimed-
Net can be run wit h t he following open access code here:
ht t ps://gi thub.co m/babelo mics/sigp rimednet . 

Ident ifying cel l types is st i l l a lar g e problem in the
single-cell co mmuni ty, as highly dimensio nal a nd va ri-
able data can be difficult to tease apart in order to
for m me aningf ul b iological interp retatio n s. Here, w e
provided a few of the most recent machine le ar ning
a pproaches tha t can accelera te the cell type discovery
process. These t ec hnolog ies a lone cannot confidently
declare a new cell type and t radit iona l m eth ods must
be used t o validat e . How ev er, machine le ar ning m ode ls
could h e lp guide r esear ch focus on potent ia l ly interest-
ing and novel cell types as shown from the examples ear-
lier. As the co mmuni ty moves fo rward, advanced co m-
pu tatio nal app roaches like deep le ar ning may provide
unbiased ways of discov erin g nov e l ce ll types in n on-
m ode l or ganism s. 
 

 

Dark genes as cell markers 

Th e con cept of “dar k gen es” in n on-m ode l or ganism s
h a s ri sen d ue to the co nsist ent lac k o f functio nal an-
notation in transcri pto mic studies. Dark genes can be
defined as genes with no funct iona l annotat ion yet are
different ia l ly expresse d under specific co ndi tio ns o f an
or ganism, leavin g lar g e gaps while interpreting gene
exp ressio n resul ts ( Cleves et al. 2020 ). A lthough d ark
g enes hav e b een describ e d at a bu l k t ranscri pto mic
leve l, a similar con cept can be applied to s cRNAs eq
d ata. Typic a l ly, on ly genes with kn own fun ctions are
reporte d as cel l ma rk er s due t o the associat ed func-
t iona lit y w it h t hat specific cell type. Addi tio nally, p re-
vious studies cross-annotate cell types based on simi-
lar gene functions across dat asets, t hus ex cludin g po-
tent ia l st rong cel l ma rk ers that a re da r k gen es. Discard-
ing dark genes as cell ma rk ers limits the interp retab il-
i ty o f ce ll type ann otations an d th e discovery of n ove l
s pecies-s pe cific cel l types. For example, in the spon g e
Amp himedo n queens land ic a , onl y three major cell types
were ident ifie d through s cRNAs e q b ase d on ma rk er
gen e ann otations an d re lating to kn own fun ction, thus
limitin g the discov ery of ce ll su b types or o th er ce ll types
( Sebé-Pedrós et al. 2018 ). In the cten oph ore Mnemi op-
sis l ei dyi, many of the cell c lust er s were not annotated
due to the lack of annotation on most ma rk er genes.
Even wit h t he c lust er s t hat were annot at ed , t he aut hors
h ad low-confidence a s som e ce ll mar kers did n ot cor-
respond to known tis s ue types in cten oph o res. Fo r ex-
ample, o ne o f the c lust er ma rk er genes was st riate d-
type myosin II, which is a smooth muscle cell ma rk er.
How ev er, M. l ei dyi lacks this type of tis s ue, ther efor e
tra nsf er r ing annot atio n o f ce ll mar kers from dist ant ly
relate d spe cies cou ld potent ia l ly le ad to t he misidentifi-
catio n o f cel l types ( Sebé-Pe drós et a l. 2018 ). This out-
lin es th e importan ce of fin ding a lternat ive m eth ods to
infer cell types through ma rk er genes with no annota-
tions to avoid erroneous annotatio ns o f cell c lust er s and
c haract erize n ove l ce ll types. 
As annotatin g g enes with no known function is a

cha l leng ing t ask, we sug gest two main approaches for
va lidat ing dark genes as cell ma rk ers (i) flow cytometry
t o sort pot ent ia l ly n ove l ce ll types an d (ii) in situ hy-
b ridizatio n o r sp at ia l t ranscri pto mics to v isu a l ly locate
th e ce lls in th e anima l t is s ue to infer potent ia l funct ion.
Flow cytometry can be used to sort cells based on size,
s hape, an d fluo rescen ce to ph en otype ce ll typ es b efore
single-cel l se quencing, o r fo r va lidat io n. Fo r example,
breast cancer tumor cells were t ag ged wit h m on oclonal
antib o dies and sorted with fluorescence-act ivate d cel l
so rting (FACS) befo re bulk RNA sequencing to under-
sta nd tra nscri ptio nal p ro files ( Po rt er et al . 2020 ). In
n on-m ode l systems, similar techniques can be applied

https://github.com/snap-stanford/mars
https://github.com/babelomics/sigprimednet
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o dar k gen es associ ated w ith n ove l ce l l types. We cou ld
evelop fluo rescent p robes to tar g et dark g ene ma rk ers
i .e ., fluo r escence i n situ hyb ridizatio n RNA p robes) and
ort-t ag ged po p ulations thro ugh FACS. This sorte d cel l
o p u lat ion cou ld then be imaged to confirm the effi-
acy and confidence of the specificity of the dark gene
e ll mar ker for a unique cell type. This has been proven
o be useful in isolating human enteric nervous system
el ls by creat in g a custom g en e probe pan e l an d sort-
ng through FACS ( Windster et al. 2023 ). Ther efor e, cell
o p u lat ion spe cific sort ing through FACS to validate
 cRNAs eq dark gene cell ma rk ers wi l l b e a p ower f ul tool
nd prove novel insigh ts in to cel lu l ar subt ypes or devel-
pment al st ages. 
In m ost single-ce ll studies, fluo r escence RNA i n situ
yb ridizatio n (FIS H) is a sta nda rd in v isu alizing de-
cri bed gen es. In th e so ft co ra l Xenia sp. , a lga l host-
ng cells were v isu a lize d with FISH probing for LePin ,
 gene s ugges t ed t o be sele ct ive fo r Symb iodiniaceae,
h e comm on en dosymbiont of cnid ari ans ( Hu et al.
020 ). FISH could be an essen tial a pproac h t o c harac-
erize cell types in non-model systems by using dark
enes as probes for spe cific cel l types derived from scR-
Ase q ana lyses. This m eth od a l lows sp at ia l loca liza-
io n and p rovides tis s ue-s pecific context to a specific
et of cells that might h e lp e lucidate th eir ce ll type
nn otations. Th e integ rat io n o f s cRNAs e q with sp a-
 ia l t ranscri pto mics h a s be en re cently use d to under-
t and t he distr ibu tio n o f cell types and cel l-cel l com-
 unica tion, th us providing im portan t biolog ica l con-

 ext t o th e ce lls defin ed b y scRNA seq c lust er s ( Lon g o
t al. 2021 ). Ther efor e, sp at ia l l y reso l ved s cRNAs e q cel l
ype c lust er s could be f urt h er ann ot ated by t he visu-
 lizat io n o f dar k gen e mar kers in t andem wit h sp at ia l
ranscri pto mics. 

onclusion and future directions 
s the use of scRNAseq on n on-m ode l systems contin-
es to enhance our understanding of cells, it is impor-
ant to have a con sen sus with our approac hes t o rigor-
us ly ann otate ce ll types wi thou t the excl usio n o f n ove l
ell type disco very. I n this p ersp e ct iv e, w e provided a
ew a lternat ive appro ac hes t o a id resea rc her s in cell type
nnotation s. B y ut i lizing r efer ence-fr ee appr oaches, we
an fu l ly ut i lize s cRNAs eq data by des cri bing ce ll types
 ot n ecess ar ily associ ated w ith m ode l systems. As this
s a quickly dev elopin g field, w e expect that there wi l l
e mo re app ro aches avai l able that c an be included in
 urt her di scu ssio n. Moving fo rward, we p ropose f urt her
uest ions that wi l l cont inue this discussion and where
e ant icip ate f urt her rese arc h t o be direct ed: 
(1) Can we create a database of gene and ortholog cell
a rk ers f o r no n-model o r ganism s? 
(2) How can we consolidate a l l the b io info rmatic
 i pe lin es used for cell type annotations? 
(3) Can we develop a rigorous pipe lin e to accurately

nn otate ce ll types through s cRNAs eq an d oth er ap-
 roaches wi th a co mmuni ty co n sen sus? 
Wit h t hese con sideration s and questions in mind, we
ope to provide the non-model cell biology community
ith r esour ces and ideas to enhan ce th e s cRNAs e q cel l
 lust er annotation process to increase cell type discov-
ry and confidence in annotation labels. 
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