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Supplementary Fig. 1 Extending the 3’ gene annotation. a Hypothetical gene with incomplete 3’ UTR annotation. 
Sequencing reads are not counted. b iqsec2 gene with incomplete 3’ UTR annotation. The end of the 3’ UTR is shown 
by the FLAM-seq reads, which coincide with read coverage of sc/snRNA sequencing data. c Schematic overview of 
the methods used to extend the gene annotation.
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Supplementary Fig. 2 Data integration, clustering and quality control. a Resulting clusters after data integration of 
cells and nuclei. The number of cells originating from either the cells or the nuclei are color coded. b Box plot shows 
median Jaccard indices after subsampling and reclustering with parameters that result in the highest number of stable 
clusters (dims =150, k.param =10, resolution=2). Box limits represent the first and third quartile medians, whiskers 
show interquartile intervals, outliers are not shown. Underlying violin plots summarize the distribution of all values 
(n=20). Clusters with mean Jaccard indices above 0.6 are considered as stable clusters. c Resulting stable clusters 
after data integration between cells and nuclei. The number of cells originating from either the cells or the nuclei are 
color coded. d Multiple metrics for quality control of the resulting dataset are represented on the t-SNE plot.
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Supplementary Fig. 3 Single cell versus single nuclei RNA sequencing. a Cell type annotation of the cells. GLIA2 
and FBL were underrepresented. b Cell type annotation of the nuclei. GLIA3, ACH3, ACH1 and PEP-burs cell types 
were mostly absent. c Sample identity of all cells in the integrated dataset. d Dot plot of top 10 differentially expressed 
genes between all cells versus nuclei. e Violin plots of immediate early genes in cells versus nuclei. ACH, cholinergic 
neurons; CCAP, cardioactive peptide cells; DOP, dopaminergic neurons; EC, endothelial cells; FBL, fibroblasts; GABA; 
GABAergic neurons; GLUT, glutamatergic neurons; HC, hemocytes; IGL, inner granular layer cells; OA, octopami-
nergic neurons; OGL, outer granular layer cells; PEP, peptidergic neurons; PREC; precursors; SERT, serotonergic 
neurons; SUB, subesophageal neurons; TBA, to be annotated; VL, vertical lobe cells.
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Supplementary Fig. 4 Neuronal markers. a onecut expression is visualized on a t-SNE plot. In situ hybridization for 
onecut is shown on the right. Perikaryal layers are stained in purple and neuropil (np) is visible in pink. b t-SNE repre-
sentation of GABAergic cells. Expression of Glutamate decarboxylase (gad) is shown in red. Scale bars represent 100 
µm. es, esophagus; fu, funnel; igl, inner granular layer; me, medulla; np, neuropil; ogl, outer granular layer; ol, optic 
lobe; pl, pedal lobe; plx, plexiform layer; sfl, superior frontal lobe; st, statocysts; sfl, superior frontal lobe; svl, subverti-
cal lobe; vl, vertical lobe.
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Supplementary Fig. 5 Central versus peripheral cells. a Cells were grouped as either central or peripheral depending 
on their location on the t-SNE plot. b Violin plots illustrating quality control metrics for the central versus the peripheral 
cells. The number of features, counts, percentage of mitochondrial reads and the expression of immediate early gene 
egr1 (early growth response 1) are shown. c Violin plots of two transcription factors that are highly expressed in the 
central cells. d Violin plot of two transcription factors that are highly expressed in the peripheral cells.
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Supplementary Fig. 8 Subclustering of the central constellation. a All cells from the central constellation were sub-
clustered. b 57 clusters were identified. c Dot plot illustrating the expression of the top 20 highly variable genes in 
the central constellation. d Dot plot illustrating the expression of the top 20 highly variable transcription factors in the 
central constellation.
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Supplementary Fig. 9 Multiplexed hybridization chain reaction (HCR) of main neurotransmitters. a t-SNE representa-
tion of th, vglut, and vacht co-expression in CMY colors. b HCR merge in CMY colors without DAPI. c DAPI with ana-
tomical annotations. The white square indicates the magnification shown in g-j. In d, e, f separate channels are shown 
in grey scale. g Magnification HCR merge without DAPI. h-j separate channels are shown. A, anterior; es, esophagus; 
fu, funnel; igl, inner granular layer; me, medulla; ogl, outer granular layer; ol, optic lobe; plx, plexiform layer; P, Posteri-
or; sub, subesophageal mass; sem, supra-esophageal mass; st, statocysts.
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Supplementary Fig. 10 Multiplexed hybridization chain reaction (HCR) visualizing IGL2-GLUT/DOP neurons. a 
t-SNE representation of th, vglut, and LOC118767670 co-expression in CMY colors. b HCR merge in CMY colors 
without DAPI. c DAPI with anatomical annotations. The white square indicates the magnification shown in g-j. In d, e, 
f separate channels are shown in grey scale. g Magnification HCR merge without DAPI. Overlap can be observed as 
white in the igl. h-j separate channels are shown. A, anterior; es, esophagus; fu, funnel; igl, inner granular layer; me, 
medulla; ogl, outer granular layer; ol, optic lobe; plx, plexiform layer; P, Posterior; sub, subesophageal mass; sem, 
supra-esophageal mass; st, statocysts; vl, vertical lobe.
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Supplementary Fig. 11 Sub-esophageal lobe cells. Expression of flo11, shh and mmp2 is visualized in a t-SNE plot in 
a, b, c. a Flocculation protein-like (flo11) is highly expressed within the pedal lobe (pl) of the sub-esophageal mass and 
in a smaller population in the igl. b Sonic hedgehog (shh) is expressed in the sub-esophageal mass and in subpopula-
tion of the glial cells. c Matrix metallopeptidase 2 (mmp2) is expressed in the sub-esophageal mass. igl, inner granular 
layer; SUB, sub-esophageal mass. Scale bar represents 100 µm. es, esophagus; fu, funnel; igl, inner granular layer; 
me, medulla; ogl, outer granular layer; ol, optic lobe; pl, pedal lobe; plx, plexiform layer; sfl, superior frontal lobe; st, 
statocysts; vl, vertical lobe.
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Supplementary Fig. 12 Dopaminergic cells in the outer granular layer. a t-SNE representation of two different mar-
kers for the OGL2-DOP population. dscam (Down syndrome cell adhesion molecule) is shown in magenta and jeb 
(Jelly belly) in cyan. A magnification for OGL2-DOP is shown together with a color coded scheme for jeb and dscam 
expression. b dscam is expressed in small cells more towards the interior of the outer granular layer. c Neuropeptide 
jeb is expressed throughout the ogl in dopaminergic neurons. Magnified regions are annotated with a grey box. Scale 
bars for the overview images represent 100 µm and for the magnifications, 50 µm. es, esophagus; fu, funnel; igl, inner 
granular layer; me, medulla; ogl, outer granular layer; ol, optic lobe; pl, pedal lobe; plx, plexiform layer; sfl, superior 
frontal lobe; svl, subvertical lobe; st, statocysts; vl, vertical lobe.
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Supplementary Fig. 13 Conserved glial gene expression signature across species based on putative one-to-one 
orthologues. Octopus genes are shown in a (this study), fly in b (Davie et al., 2018), and mouse in c (Kleshchevnikov 
et al., 2020). Expression of all other cell types identified in the study is grouped under “Other”.
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Supplementary Fig. 15 Glial subtypes in the octopus brain. a t-SNE representation of expression levels shown in 
CMY colors of vesicular GABA transporter (vgat, marker for GABAergic neurons), gat1 (GABAergic transporter 1, 
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Supplementary Fig. 16 Marker genes and transcription factors underlying cell type mappings between octopus and 
mouse. a Dot plot of expression levels of octopus genes. b Dot plot of expression levels of M. musculus genes (data 
from Kleshchevnikov , 2020). Gene lists responsible for each cell type mapping were sorted based on high expression 
in octopus and the top 5 best reciprocal BLAST hits were plotted. These gene lists were also filtered for transcription 
factors, which are also visualized in the dot plots above. ACTE, telencephalic astrocytes; ENDO, endothelial cells; 
FBL, fibroblasts; GLIA3, glia 3 subtype; HC, hemocytes; MGL, microglia; OGC_2, oligodendrocytes; PREC, precurs-
ors; SERT, serotonergic neurons; THGA, dopaminergic interneurons. No data is shown for GLIA1 and non-telencep-
halic astrocytes (ACNT) since this is shown in Supplementary Fig. 13. Color code and cell type annotation in the left 
sidebar indicate the putative homologous cell types in mouse (a) and octopus (b).



18

VL
TB

A
1

A
C

H
1

IG
L2

-G
LU

T/
D

O
P

SE
R

T

b

CG42492
Frq1

CG42450
RapGAP1

crol
CG9650

emc
Mnt

SoxN
cic

Vmat
JhI−21

Ddc
Pu

5−HT1A
nAChRalpha1

pdm3
Rbp6
Argk

CG44422
CG2082

sr
scrt

CG34357
CG30158

mAChR−A
CG42322
Hrb27C
Pka−R2

rut
dnc

Deaf1
Eip93F

Mef2
zfh2

19 21

Pm1/P
m2 34

As
tro
cy
te−
like 3 0

Dop
am

ine
rgi

c C3 16 15 2 59 1 32

Tm
1/T
mY
8

Proc
/M

s

Tm
Y1
4
PA

M 9

Sero
ton

erg
ic 18

Ens
he

ath
ing

_g
lia 13 47 25 5 4

Gr43
a

do
rsa

l_F
an
−s
ha
pe
d_
Bo
dy
T4
/T5
L4

/L5Mip

lPN/un
pg

G−
KC 6

A/B
−K
C

Peri
ne

uri
al_

gli
a
Mi1

Dm8/D
m11 79 49 30

DCN 83 T3 40

Pep
tid

erg
ic L3 C2

Hs
p

Pm1/P
m2/P

m3

Ty
ram

ine
rgi

c
Cloc

k

A/B
*−
KC 7 75

Pox
n

La
wf1 L1 69

Pho
tor

ec
ep

tor
s T2 54

Dm9

Plas
mato

cy
tesPm4

La
mina

_m
on

op
ola

r 44 78 51 50

ad
PN/C

15
&kn
Tm
5c 81 67Tm

9 68

Chia
sm

_g
lia 84 T1

La
wf2

Mi
p/O
CT

Sub
pe

rin
eu

ria
l_g

lia 62IPC
Pm3 71 56

Olfa
cto

ry_
pro

jec
tio

n_
ne

uro
ns

MB
ON

lPN/C
G31

67
6

Octo
pa

mine
rgi

c

AstA
/N

plp
1

AstA
/N

PF

FMRFa 29

CC
Ha
1
Hu
g
ITPad

PN

ad
PN/kn

Proc
/G

pb
5

Cort
ex

_g
lia L2 76

Cap
a

Tm
5a
b

ad
PN/C

15LN
v
lPN

Mi
p/I
TP
CCAP

DN1

ad
PN/kn

&CG31
67

6
Crz

−2 −1 0 1 2
Average Expression Percent Expressed 0 25 50 75 100

γ−
K
C

α/
β−

KC
C

3-
ne

ur
on

s
T1

 n
eu

ro
ns

PA
M

a

IG
L4
−L
11

TB
A8

IG
L2
−G
LU
T/D
OP

GLIA
1

OG
L2
−D
OP

DOP2
FB
L

SU
B

OGL1

GL
UT
1

DOP3
SERT

GL
UT
3

DOP1
IG

L3
AC
H2

PREC

PE
P−
Fm
rfa

3

PE
P−
Fm
rfa

1
VL

GA
BA

IG
L1
−O

A

GL
UT
2

OA
AC
H3

ACH1
EC

GLIA
2

GL
UT
4

TBA1

OG
L3
−O

A
CCAP

PE
P−
AP
WG

TB
A2 HC TB

A3
TB
A4

TB
A5

PE
P−
Bu
rs

TB
A6

GLIA
3

TB
A7

−2 −1 0 1 2
Average Expression Percent Expressed 0 25 50 75 100

cg42492
frq1

cg42450
rapgap1

crol
cg9650

emc
mnt

soxb1
cic

vmat
jhi−21

ddc
pu

5−ht1a
nachra
pdm3
rbp6
argk

cg44422
cg2082

egr1
scrt

cg34357
cg30158
machr−a
cg42322

hrb27c
pka−r2

rut
dnc

deaf1
eip93f
mef2
zfh2

Supplementary Fig. 17 Marker genes and transcription factors underlying cell type mappings between octopus and 
fly. a Dot plot of expression levels of octopus genes. b Dot plot of expression levels of D. melanogaster genes (data m 
Davie , 2018). Gene lists responsible for each cell type mapping were sorted based on high expression in octopus and 
the top 5 best reciprocal BLAST hits were plotted. These gene lists were also filtered for transcription factors, which 
are also visualized in the dot plots above. α/β-KC, alpha/beta-kenyon cells; γ-KC, gamma-kenyon cells; IGL2-GLUT/
DOP, glutamatergic-dopaminergic neurons in the inner granular layer; PAM, protocerebral anterior medial cluster do-
pamine neurons; SERT, serotonergic neurons; TBA1, to be annotated1; VL, vertical lobe. No data is shown for GLIA1 
and ENS (ensheathing glia) since this is shown in Supplementary Fig. 13. Color code and cell type annotation in the 
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Supplementary Fig. 21 Average expression of octopus specific genes per cell type. Scaled heatmap of differentially 
expressed protocadherins in a, Zinc-finger transcription factors in b, and GPCR-coupled receptors in c, averaged per 
cell type (pseudo-bulk). Significant enrichments are highlighted in red.
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Supplementary Fig. 22 Single-cell and cell-type level expression of all 172 PCDH detected. a Dot plot visualization of 
the expression of all PCDH per cell type. b Stacked bar plot indicates the total average expression of all PCDHs per 
cell type (sum of average expression across all PCDHs). c Frequency distribution of the number of different PCDH ex-
pressed per cell (raw counts > 0), neurons and non-neuronal cells. Average is indicated by the intercept. Total number 
of cells analysed; 7726, of which 6212 were neurons and 1514 were non-neuronal. PCDH type is color-coded in a,b; 
159 clustered PCDH and 13 non-clustered PCDH were detected.
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Supplementary Fig. 23 Schematic overview of cell type markers. a Scheme of all in situ hybridizations shown in this 
study (signal shown in blue). b Dot plot of all marker genes.
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