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Thebasicplan of the retinais conserved across vertebrates, yet species differ profoundly
intheir visual needs'. Retinal cell types may have evolved to accommodate these
varied needs, but this has not been systematically studied. Here we generated and
integrated single-cell transcriptomic atlases of the retina from 17 species: humans,
two non-human primates, four rodents, three ungulates, opossum, ferret, tree shrew,
abird, areptile, ateleost fish and alamprey. We found high molecular conservation

of the six retinal cell classes (photoreceptors, horizontal cells, bipolar cells, amacrine
cells, retinal ganglion cells (RGCs) and Miiller glia), with transcriptomic variation
across species related to evolutionary distance. Major subclasses were also conserved,
whereas variation among cell types within classes or subclasses was more pronounced.
However, anintegrative analysis revealed that numerous cell types are shared across
species, based on conserved gene expression programmes that are likely to trace back
to anearly ancestral vertebrate. The degree of variation among cell types increased
from the outer retina (photoreceptors) to the inner retina (RGCs), suggesting that
evolution acts preferentially to shape the retinal output. Finally, we identified rodent
orthologues of midget RGCs, which comprise more than 80% of RGCs in the human
retina, subserve high-acuity vision, and were previously believed to be restricted

to primates?. By contrast, the mouse orthologues have large receptive fields and
comprise around 2% of mouse RGCs. Projections of both primate and mouse
orthologous types are overrepresented in the thalamus, which supplies the primary
visual cortex. We suggest that midget RGCs are not primate innovations, but are
descendants of evolutionarily ancient types that decreased in size and increased in
number as primates evolved, thereby facilitating high visual acuity and increased
cortical processing of visual information.

M Check for updates

The ability to assess gene conservation among species has been of
great value in multiple ways. It has revealed the evolutionary history
of specific genes, highlighted crucial developmental and functional
pathways, informed strategies for rational in vivo manipulations and
helped guide choices of animal models that mimic human diseases>*.
Comparative genomics was enabled by advancesin DNA sequencing, as
well as statistical methodologies for sequence alignment and phyloge-
neticinference’. Advancesin high-throughput single-cell RNA sequenc-
ing (scRNA-seq) and single-nucleus RNA sequencing (snRNA-seq) have

enabledrelated activity focused on determining the extent to whichcell
types, the functional units of complex tissues®’, are conserved among
species. Analysing patterns of cell-type conservation across phylogeny
canserveas aconceptual foundation for reconstructing the evolution
of cell types and identifying conserved developmental programmes®°.,

Theneuralretina, the portion of the brain that resides in the back of
theeye, is well-suited for this type of analysis. Itis arguably as complex
as any other part of the brain, but its compactness and accessibility
facilitate detailed investigations of structure and function'. Moreover,

'Department of Chemical and Biomolecular Engineering, University of California, Berkeley, Berkeley, CA, USA. 2Department of Cellular and Molecular Biology, Center for Brain Science, Harvard
University, Cambridge, MA, USA. ®Division of Biology and Biological Engineering, California Institute of Technology, Pasadena, CA, USA. *“Max Planck Institute for Biological Intelligence,
Martinsried, Germany. °*Retinal Neurophysiology Section, National Eye Institute, National Institutes of Health, Bethesda, MD, USA. ®Department of Cellular Biology, University of Georgia, Athens,
GA, USA. Division of Neuroscience and Centre for Biological Timing, Faculty of Biology Medicine and Health, University of Manchester, Manchester, UK. ®Division of Chemistry and Chemical
Engineering, California Institute of Technology, Pasadena, CA, USA. °Department of Neurobiology, David Geffen School of Medicine at UCLA, Los Angeles, CA, USA. °Department of
Ophthalmology, Stein Eye Institute, UCLA David Geffen School of Medicine, Los Angeles, CA, USA. "Helen Wills Neuroscience Institute Vision Science Graduate Group, University of California,
Berkeley, Berkeley, CA, USA. ?Biological Systems and Engineering Division, Lawrence Berkeley National Laboratory, Berkeley, CA, USA. *Center for Computational Biology, Biophysics Graduate
Group, University of California, Berkeley, Berkeley, CA, USA. “*California Institute of Quantitative Biosciences (QB3), University of California, Berkeley, Berkeley, CA, USA. ®Present address:
LinkedIn, Mountain View, CA, USA. ®These authors contributed equally: Joshua Hahn, Aboozar Monavarfeshani. *%e-mail: sanesj@mcb.harvard.edu; kshekhar@berkeley.edu

Nature | Vol 624 | 14 December 2023 | 415


https://doi.org/10.1038/s41586-023-06638-9
http://crossmark.crossref.org/dialog/?doi=10.1038/s41586-023-06638-9&domain=pdf
mailto:sanesj@mcb.harvard.edu
mailto:kshekhar@berkeley.edu

Article

Squirrel Peromyscus

Fig.1|Conservedretinal structure across vertebrates. a, Cartoonof a
sectionthrough avertebrate retinashowing the arrangement of its six major
cell classes: photoreceptors (including rods (r) and cones (c)), horizontal cells
(HC), bipolar cells (BC), amacrine cells (AC), retinal ganglion cells (RGC) and
Miiller glia (MG). The outer segments of rods and cones (OS), outer nuclear
layer (ONL), inner nuclear layer (INL) and ganglion cell layer (GCL)—which
contain cellsomata—areindicated, as are the outer (synaptic) layer (OPL) and

unlike other brain regions (for example, the cerebral cortex), the basic
structural blueprint of the retina is highly conserved among verte-
brates'. The retina contains five neuronal classes—photoreceptors,
horizontal cells, bipolar cells, amacrine cells and retinal ganglion cells
(RGCs)—and aresident glial class called Miiller glia'. The cellsomataare
arranged inthree nuclearlayers separated by two plexiform (synaptic)
layers (Fig. 1a) with information flowing through them in a defined
direction: photoreceptors in the outer nuclear layer sense light and
transmit visually evoked signals to interneurons in the inner nuclear
layer; the interneurons (horizontal cells, bipolar cells and amacrine
cells) process the information and supply it to RGCs in the innermost
layer; and the RGCs send axons through the optic nerve to visual cen-
tres in the brain. Several of the neuronal classes can be subdivided
into subclasses, and all classes comprise multiple types that differ in
morphology, physiology, connectivity and molecular composition®" ™,
The specificity of connections between interneuronal and RGC types
endows many RGC types with selective responsiveness to small subsets
of visual features such as edges, directional motion and chromatic-
ity Asaresult of neural computations in the retina, the optic nerve
transmits a set of parallel representations of the visual scene to the rest
of the brain for further processing'®".

Despite these conserved features, vertebrate species differ greatly
in their visual needs’. Some species are diurnal, others are nocturnal;
some areterrestrial, others are aquatic; and some mainly hunt, whereas
others forage for colourful fruits. It is likely that variations in retinal
cell types across species emerged during the course of evolution to
serve these diverse needs. However, the evolutionary relationships
amongretinal cell types have not been mapped systematically. Here we
address this gap by using single-cell transcriptomics to compare retinal
cell classes, subclasses and types in 17 vertebrate species (Fig. 1b,c).

First, we show that the conserved functional and morphological
character of the six cell classes is mirrored by marked cross-species
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inner plexiformlayer (IPL). b, Phylogeny of the 17 vertebrate species analysed
inthiswork. The scale bar onthe rightindicates estimated divergence time.
c,Sections fromretinas of eight speciesimmunostained for RBPMS (a pan-RGC
marker), CHX10 (also known as VSX2) (a pan-bipolar cell marker) and AP2A
(alsoknownas TFAP2A) (a pan-amacrine cell marker) and stained with the nuclear
stain DAPI. Scalebars, 25 pm. Figures are representative of images from three
retinas.

similarities in gene expression. This principle extends to identified
subclasses of photoreceptors, bipolar cells and amacrine cells. Tran-
scription factorsimplicated in cell and subclass specification are also
evolutionarily conserved, pointing to common programmes of retinal
development. Within eachcell class, the transcriptomic variation across
speciesincreases with evolutionary timeina mannerincompatible with
purely ‘neutral’ evolution’®. Second, we assessed the extent of evolu-
tionary variation among cell types within photoreceptors, horizontal
cells, bipolar cells and RGCs, which have been comprehensively classi-
fiedin mice"*and primates??*. We identify numerous evolutionarily
conserved typesbut find that variation is more extensivein RGCs than
inother classes, suggesting that natural selection acts preferentially to
shape theretinal output. Finally, we identify non-primate orthologues
of midget RGCs, which account for more than 80% of RGCs in humans
and are primarily responsible for high-acuity vision. To our knowledge,
no counterparts of these cell types have previously been identified in
non-primates, precluding mechanistic analysis of blinding diseases
involving RGC loss, such as glaucoma. This orthology suggests that
rather thanappearing de novoin primates, midget RGCs evolved from
cell types that were present in the common mammalian ancestor.

Retinal cell atlases of 17 species

Previously, we used scRNA-seq and snRNA-seq to study retinal cell
types in five species: Mus musculus'®***?¢ (hereafter referred to as
‘mouse’), cynomolgus macaque? (Macaca fascicularis), human® (Homo
sapiens), chick? (Gallus gallus) and zebrafish?® (Danio rerio). For the
present study, we generated atlases from12 additional species: ferret
(Mustela putoriusfuro), brown anole lizard (Anolis sagrei), deer mouse
(Peromyscusmaniculatusbairdii), treeshrew(Tupaiabelangerichinensis),
pig (Sus domesticus), sheep (Ovis aries), cow (Bos taurus), opossum
(Monodelphis domestica), marmoset (Callithrix jacchus), 4-striped
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Fig.2|Class- and subclass-specific transcriptomic signatures. a, Heat map
showing average expression of marker genes (columns) within each major
cellclassin17 species (rows). Rows are grouped by cell class (left). Within each
class, species are ordered asin Fig.1b. Grey tiles indicate data that are missing
owingtotheabsence of the corresponding orthologue in the species annotation.
Coloursindicating cell class are uniformina-e. PR, photoreceptor. b, Cross-
correlation matrix (Spearman) of pseudobulk transcriptomic profiles for

thel6 jawed vertebrates. Rows and columns are grouped by class, and then
ordered by phylogeny within a class. A total of 4,5601:1gene orthologues were
usedto calculate the correlation values. ¢, Asinb, with rows and columns
grouped by speciesinstead of class. Matrices including lamprey are shown
inExtended DataFig. 7c,d. d, Left, uniform manifold approximation and
projection (UMAP) embedding of integrated cross-species data, with points

grass mouse (Rhabdomys pumilio),13-lined ground squirrel (/ctidomys
tridecemlineatus) and sealamprey (Petromyzon marinus) (Fig.1b,c). We
also profiled around 185,000 nuclei from 18 human donors, thereby
allowing us to identify over 30 more cell types than had been detected
inthe dataset analysed previously?, including 10 additional RGC types
(Extended Data Fig.1). To obtain sufficient numbers of bipolar cells and
RGCs for comprehensive analysis, we enriched these classes in some
collections (Extended Data Figs. 2-6 and Methods). We also collected
cells without enrichment to ensure representation of all classes.

We used astandardized computational pipeline to normalize, correct
batch effects, reduce dimensionality and cluster the data from each
species separately” (Methods). Cells that did not belong to the six
canonical classes named above (for example, microglia or endothelial

indicating class identity (left) or expression levels of subclass-specific markers
(right). GADI1, a marker for GABAergic amacrine cells, is also expressed by some
horizontal cells,and /SL1, amarker for ON bipolar cells, isalso expressed by
some RGCs, horizontal cells, and amacrine cells. Details of gene expression

by speciesare shownin Extended Data Fig. 8d. e, Pairwise mean squared
divergence of class-specific pseudobulk gene expression profiles between
species (y axis) increases with evolutionary distance, as estimated by
substitutions per 100 bp (x axis). Data from mammals, chicken and lizard are
included. Dataincluding zebrafish are presented in Extended Data Fig. 7e.
Solid lines represent power law (y = ax’) regression fits. Across the graphs,
a<[0.33,0.47]and b € [0.23, 0.35]. The coefficient of determination (R?) values
range from0.75t0 0.92.

cells) were not analysed further. Biological replicates within each collec-
tion exhibited a high degree of concordance (Extended DataFigs. 3-6).
The numbers of cellsin each class for each species are summarized in
Supplementary Table1.

Molecular conservation of neuronal classes

We analysed the expression of class markers that have been validated
in mice and primates; that is, genes that are co-expressed within a
retinal cell class but exhibit little or no expression in other retinal
cell classes™**?2¢_ Many showed similar expression patterns in
other vertebrates (Fig. 2a). Using these markers, we assigned cells
within each species to one of the six classes. We then assessed the

Nature | Vol 624 | 14 December 2023 | 417



Article

interspecies similarity of classes by comparing ‘pseudobulk’ transcrip-
tomic profiles onthe basis of shared orthologous genes (Methods). A
cross-correlationanalysis among the 16 jawed vertebrates showed that
transcriptomic similarity was driven by cell class identity rather than
speciesidentity—for example, bipolar cells of agiven species are more
closelyrelated to bipolar cells of other species than they are to other
classes from the same species (Fig. 2b,c and Extended Data Fig. 7a,b).
Qualitatively similar results were obtained when lamprey—ajawless
vertebrate—wasincluded, although the signal was attenuated because
fewer orthologous genes were available (Extended Data Fig. 7¢,d).
Thus, class identity dominates species identity in the transcriptional
profile of aretinal cell.

We found that conserved genes within a cell class included many
genes encoding known lineage-determining transcription factors, such
as POU4F1 (RGCs), VSX2 (bipolar cells and Miiller glia), OTX2 (photo-
receptors and bipolar cells), TFAP2A-C (amacrine cells), ONECUT1/2
(horizontal cells) and CRX (photoreceptors)* (Fig. 2a). This suggests
that the genetic mechanisms underlying neurogenesis and fate speci-
fication of cell classes are evolutionarily ancient.

We assessed evolutionary trends by comparing mean squared
expression divergence in pseudobulk profiles and evolutionary dis-
tance among pairs of species for each cell class. Expression divergence
increased with evolutionary distance according to a power law that
was qualitatively similar across all cell classes™ (R* = 0.75-0.92) (Fig. 2e
and Extended Data Fig. 7e). The trends were inconsistent with purely
neutral transcriptome evolution, which predicts a linear relationship
between average expression distance and evolutionary distance'®>.,
Although variation at the pseudobulk level can arise from changes in
cell-type composition as well as from changes in gene expression in
individual cell types, the finding that the variance of Miiller glia—a sin-
gle celltype—was similar to that of more complex cell classes suggests
that the variation at pseudobulk level is dominated by changesin gene
expression inindividual cell types. Thus, stabilizing and/or positive
selection may contribute to the evolution of retinal cell class-specific
transcriptomes.

Molecular conservation of neuronal subclasses

Classically, three of the retinal cell classes have been subdivided
into subclasses'?: photoreceptors comprise rods, specialized for
low-light vision, and cones, which mediate chromatic vision. Nearly
all amacrine cells use either GABA (y-aminobutyric acid) or glycine
astheir neurotransmitter, and transmitter choice is highly correlated
with key morphological features. Bipolar cells can be subdivided into
those that depolarize and hyperpolarize to illumination—ON and OFF
types, respectively. Within photoreceptors, amacrine cells and bipolar
cells, cells from different species segregated on the basis of subclass
identity and expressed orthologues of gene markers that have been
well-characterized in mice (Fig. 2d and Extended Data Fig. 8). Thus,
the evolutionary conservation of cell classes extends to subclasses.

Severaltranscriptionfactor-encoding genes are expressed selectively
inmouseretinal subclasses, including NRL and NR2E3inrods, THRB and
LHX4in cones, MEIS2in GABAergic amacrine cells, TCF4in glycinergic
amacrine cells, FEZF2 and LHX3in OFF bipolar cells,and /SL1 and ST18
in ONbipolar cells*’. Some, including NRL, NR2E3, THRB and ISL1, have
beenimplicated in the differentiation of the subclass that expresses
them. The subclass-specific expressions of these transcription factors
were broadly conserved across species (Extended Data Fig. 8a-d), sug-
gesting that the programmes specifying subclasses, like those specify-
ing classes, are evolutionarily ancient.

Tight conservation of outer retinal cell types

We next considered the conservation of neuronal types within classes.
We began by analysing the evolutionary variationamong mammalian
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bipolar cell types. In mice, there are 15 bipolar cell types: 6 OFF and 9
ON bipolar cell types; one of the ON bipolar cell types receives input
predominantly fromrods (RBCs) and all others receive input predomi-
nantly from cones”.

Initial clustering of mammalian bipolar cells generated groups that
were defined by species (Fig. 3a). The datasets were therefore reana-
lysed using an integration method that minimizes species-specific
signals, thereby emphasizing other transcriptomic relationships®
(Methods). Thisanalysisintermixed the species while retaining struc-
ture that separates ON cone, OFF cone and ON RBCs from each other
(Fig.3b).

The integrated data revealed 14 groups of cells based on shared
transcriptomic signatures (Fig. 3¢). Even though species-specific
cluster labels were not an input to the analysis, mouse bipolar cell
types mapped to the integrated groups in a 1:1 fashion, with the sole
exception of two closely related and sparsely represented types (BC8
and BC9) that mapped to the same group (Fig. 3d and Extended Data
Fig.9a). We call these groups neuronal orthotypes although, asin the
case of BC8 and BC9, they may sometimes contain small sets of related
types. We named the bipolar cell orthotypes according to the mouse
types; thus, the orthotype containing mouse BC1A is called oBC1A,
and so on. Each bipolar cell orthotype was represented in nearly all
mammals (Extended Data Fig. 9b) and 91% of mammalian bipolar cell
clusters (172 out of 190) predominantly mapped specifically to asingle
orthotype (Fig. 3d, middle and Supplementary Table 3). We identi-
fied differentially expressed genes that distinguished the bipolar cell
orthotypes (Fig. 3e).

The ‘mammalian’ orthotypes remained robust when mammalian,
chick, lizard and zebrafish bipolar cells were integrated together.
Although 32% fewer orthologous genes were available to guide the
analysis, many bipolar cell clustersin chick, several inlizard and a few
in zebrafish mapped to these mammalian orthotypes (Fig. 3d, right).
However, two additional ‘non-mammalian’ orthotypes emerged, com-
prising OFF bipolar cells and ON bipolar cells from the non-mammals
(Extended DataFig. 9c-e and Supplementary Table 3). Attempts to find
additional substructure in these non-mammalian bipolar cell ortho-
types were unsuccessful, probably because chick, lizard and zebrafish
are nearly as evolutionarily distant from each other as they are from
mammals. Nonetheless, the fact that several chick and lizard bipolar
cell clusters map to the mammalian orthotypes suggests that some
type-specific bipolar cellidentities have been conserved for more than
300 million years.

To illustrate the utility of the integration, we highlight two bipolar
cell orthotypes: oRBC and oBC1B (Fig. 3f). RBCs receive most of their
input fromrods, as their name implies, and they connect with specific
amacrine cell types rather than connecting directly withRGCs®. oRBC
contained RBCs from all mammals (Fig. 3f). Mammalian RBCs were dis-
tinguished by the high expression of PRKCA and LRRTMA4 (Fig. 3e), both
of whichare RBC-specific in mice'. RBCs also exhibit species-specific
gene expression (Extended Data Fig. 9f). RBCs have been described in
chicks and zebrafish, but these types did not map to oRBC.

The second orthotype represents a non-canonical OFF bipolar cell
described in mice, named BC1BY or GluMI*, The name BC1B reflectsits
transcriptional similarity to BC1A. However, unlike canonical bipolar
cells, BC1B retracts its dendrite during early postnatal life and there-
fore hasno direct connection with mature photoreceptors'®. No BC1B
equivalent hasyet beenidentified in other species, probably because it
lacks this connection. However, 10 of the 13 mammals profiled here, as
well as chicks and lizards, contained abipolar cell cluster that mapped
exclusively to oBC1B (Fig. 3f), whereas two mammals (Peromyscus and
ferret) contained acluster that mappedtobothoBC1A and oBC1B. Thus,
transcriptomics enabled the identification of a potentially conserved
cell type that would have been difficult to identify by conventional
morphological methods; its type-specific markers can now be used
to seek morphological and physiological validation.
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Fig.3|Multispeciesintegration of bipolarcells. a, UMAP of mammalian
bipolar cells computed with the raw (left) and integrated (right) gene
expression matrices. Cells are coloured by species of origin. b, Feature plots
showing expression withintheintegrated space of the rod bipolar cell marker
PRKCA, the ONbipolar cell marker /SL1, and the OFF bipolar cell marker GRIKI.
c,Asina,butwithcells coloured by orthotype identity. d, Left, confusion
matrix showing the percentage of cells from each mouse bipolar cell-type
mappingto each mammalianbipolar cell orthotype. Each columnsums to
100%.See Extended Data Fig. 9a for a higher magnification view. Centre,
confusion matrix showing specific mapping between mammalian bipolar cell
orthotypesand bipolar cell clusters within each mammalian species (Extended
DataFigs.1and 3-6). Right, confusion matrices showing the mapping of bipolar
cellclustersinlizard, chick and zebrafish to the mammalian bipolar cell

Werepeated the orthotype analysis for photoreceptors and horizon-
tal cells, which areless diverse classes than bipolar cells. Asnoted above,
photoreceptors are divided into two subclasses, rods and cones. Most
mammals have asingle rod type and two cone types, tuned to respond
best to short wavelengths (S cones, also known as blue cones) and
medium wavelengths (M cones, also known as green cones), respec-
tively. However, many primates have a third cone type (L cones, also
knownasred cones) that is sensitive to longer wavelengths®*. Orthotype
analysis separated mammalianM and L cones from S cones effectively,
with the few exceptions probably being due to insufficient cell num-
bers (Fig. 3g). Similarly, most mammals have two horizontal cell types,
called H1 and H2—although mice and perhaps other rodents—have

orthotype. Mappingthatincludes non-mammalian orthotypeisshownin
Extended DataFig.9e. e, Dot plot showing differentially expressed genes
within eachbipolar cell orthotype. The size of the dot represents the number
of mammalian species (out of 13 mammalian speciesin total) that express the
geneinatleast30% of cellsin the corresponding orthotype, and the colour
represents normalized expression level. f, Confusion matrix showing the
speciesbipolar cell clusters (columns) that map specifically to the orthotype
oRBCand oBC1B.Bipolar cell types are named on the basis of their species of
originand within-species bipolar cell cluster ID (Extended Data Figs.1and 3-6);
forexample, Peromyscusbipolar cell cluster 1is called ‘Per_1". g, h, Confusion
matrix showing mapping of mammalian photoreceptor (g) and horizontal cell
(h) typestoorthotype.Formatasind, centre.

only asingle horizontal cell type. Again, orthotype analysis separated
horizontal cells into two groups (Fig. 3h). Many non-mammalian ver-
tebrates are more complex in these respects, with 4 or 6 photorecep-
tor types and 4 horizontal cell types in birds (including chicken) and
fish?>** (including zebrafish); these species mapped less well onto
the mammalian orthotypes.

Retinal ganglion cell orthotypes

We next performed orthotype analysis on RGCs, the only output neu-
rons in the retina. We identified 21 RGC orthotypes in mammals and
found differentially expressed genes that distinguished them (Fig.4a-c
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Fig.4 |Multispeciesintegration of retinal ganglion cells. a, Integrated
UMAP of RGCs from 12 mammals (cow was excluded owing to the paucity of
RGCdata.). Cellsarelabelled by species of origin. For primates, cells from fovea
and periphery are plotted separately.b, Asina, with RGCs labelled by orthotype.
¢, Dot plotshowing differentially expressed genes within each RGC orthotype.
RepresentationasinFig.3e.d, Left, confusion matrices showing that species-
specific RGC clusters (Extended Data Figs.1and 3-6) map to mammalian RGC
orthotypesinaspecific fashion. Representation asin Fig. 3d, centre, except
that clusters from fovea (F) and periphery (P) are mapped separately for

and Extended Data Fig. 10a). Eighty-one per cent of mammalian RGC
clusters (329 out of 408) mapped predominantly to a single orthotype
(Fig.4d).Inspeciesthat contain more RGC types than orthotypes, tran-
scriptomically similar RGC clusters mapped to the same orthotype. As
was the case for bipolar cells, RGC orthotypes remained stable when
lizard, chick and zebrafish were included in the integration (Fig. 4d,
right), but were supplemented by an additional orthotype dominated
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primates. Right, confusion matrices showing the mapping of RGC clusters
(columns) inlizard, chick and zebrafish to the 2l mammalian RGC orthotypes.
Mappingto the single non-mammalian RGC orthotype is shownin Extended
DataFig.10d. e, Left, confusion matrix showing that mouse RGC types (rows;
namingasinref.20) belonging to transcription factor-based subsets®
(colours) map to the same orthotypes (columns). Right, dot plot showing
specificexpression patterns of subclass-specific transcription factor-
encoding genes® inorthotypes. Representationasin Fig. 3e.

by non-mammalian species (Extended Data Fig. 10b-d and Supple-
mentary Table 3).

To test the reliability of orthotype analysis for RGCs, we searched
for orthologues of an evolutionarily ancient set of RGC types called
intrinsically photosensitive RGCs (ipRGCs). ipRGCs contain the pho-
topigment melanopsin (encoded by OPN4), which enables them to
generate visually evoked signals without input from photoreceptors®



They mediate crucial non-image-forming visual functions, such as
circadian entrainment and the pupillary light reflex. ipRGCs have been
detectedintheretinas of diverse vertebrate orders, including several of
thespecies profiled here, generally on the basis of OPN4 expression®.
ipRGCs also express the transcription factor-encoding gene EOMES
(alsoknown as TBR2), although some EOMES-expressing RGCs have not
been functionally validated asipRGCs.RGCs in two orthotypes, oRGC8
and oRGC9, expressed OPN4 (Extended Data Fig.10e). oRGC9 contained
five mouse RGC types, three of which were the ipRGC types Mla, M1b
and M2, which express the highest levels of melanopsin. oRGCS con-
tained the paralogous types, MX and C8. Overall, out of 35 clusters
from1lspeciesinthese 20RGCs, 25 expressed OPN4 and 33 expressed
EOMES. OPN4-expressing RGC types from chick and lizard also mapped
tothese orthotypes. Thus, cross-species integration captures an RGC
group with a conserved physiological property.

We showed recently that 45 molecularly defined mouse RGC types,
many of which map to physiologically and morphologically defined
mouse RGC types®, canbe grouped into subsets defined by selectively
expressed transcription factor-encoding genes?****°, Some of these
transcription factor-encoding genes (for example, EOMES, TBRI and
NEUROD?2) have been implicated in RGC development**, Although
many RGC subsets defined according to transcription factor-encoding
gene expression align with morphologically or functionally defined
RGC subclasses (for example, EOMES" ipRGCs and Thr* T-RGCs), oth-
ersarenovel (forexample, Irx3"RGCs and Bnc2" RGCs). The mapping
of mouse RGC typesto RGC orthotypes mirrored these transcription
factor-defined subsets (Fig. 4€, left), and subset-defining transcrip-
tion factor expression patterns were recovered in a large propor-
tion of species (Fig. 4e, right). These results suggest that as noted
above for photoreceptor, bipolar cell and amacrine cell subclasses,
it may be possible to classify RGCs into evolutionarily conserved
subclasses.

Although orthotypes for all neuronal classes were represented in
all mammals, the number of neuronal types within a species varied
over a greater range for RGCs (29 + 10 (mean + s.d.)) than for other
classes (photoreceptors, 3-4; horizontal cells, 1-2; and bipolar cells,
14 +2) (Extended DataFigs.1and 3-6). Similarly, RGC orthotypes were
associated withmore types withinaspecies (1.62 +1.39, corresponding
to a coefficient of variation (CV) of 0.86) than other classes: 1+ 0.05,
CV =0.05for photoreceptors;1.1+0.25,CV = 0.22 for horizontal cells;
and 1.13 + 0.44, CV = 0.4 for bipolar cells (amacrine cells are poorly
annotated and cannot be integrated across species at this time).
Thus, the extent of variation within cell classesincreases systematically
from outer to inner retina in the order photoreceptor < horizontal
cell <bipolar cell <RGC.

Orthologues of midget and parasol RGCs

Inmostspecies studied to date, no RGC type comprises more thanabout
10% of all RGCs. By contrast, the retina of many primates—including
humans—is dominated by two closely related RGC types, ON and OFF
midget RGCs, named for their diminutive dendritic trees*. Together
they account for more than 80% of all RGCs in macaque and human,
with similar abundance in fovea and periphery?**. However, despite
their importance for vision, no non-primate orthologues of midget
RGCshave been found, and our own previous comparison of mouse and
macaque primate RGCs did not find any correspondence®. Similarly,
attempts to find orthologues of the next most abundant primate RGC
types, ON and OFF parasol RGCs (5-10% of all RGCs) have remained
inconclusive?.

We used orthotypes to revisit this issue. Each of the four abundant
primate types mapped to adistinct orthotype (0RGC1, 0RGC2, oRGC4
and oRGC5), and each of these orthotypes contained the correspond-
ing cell type from both fovea and periphery of human, macaque and
marmoset (Fig. 5aand Extended Data Fig. 11a). Remarkably, the mouse

RGC types mapping to these orthotypesincluded a set of four related
types called a-RGCs*é; of the five mouse cell types mapping to the
ON and OFF midget- and OFF parasol-containing orthotypes, three
were a-RGCs. A resemblance of parasol RGCs to a-RGCs has been sug-
gested previously?¥, but the correspondence was unexpected for
midget RGCs, because a-RGCs are present at low abundance (around
2%) and areamong the largest mouse RGCs. Nonetheless, several lines
ofevidence supportthe orthology between primate midgets and para-
sols, and the mouse a-RGC types.

First, the four a-RGC types can be distinguished on the basis of
response polarity (ON versus OFF) and response kinetics (sustained
(s) versus transient (t)): xONs, aOFFs, aONt and aOFFt*°. Mouse aONs
and aOFFs mapped to ON and OFF midgets, respectively, and mouse
«ONtand aOFFt mapped to ON and OFF parasols, respectively. Second,
midgets and parasols exhibit sustained and transientlight responses,
respectively, that match the kinetics of their mouse orthologues***,
Third, dendrites of matched types arborize in homologous sublaminae
of the inner plexiform layer, with the parasol and a-transient types
nearer the centre of the layer than the midget and a-sustained types®.
Fourth, morphological studies have identified the bipolar cell types that
innervate midgets, parasols and a-RGCs* % In each case, the primate
bipolar cell type that provides the majority of excitatory input to the
midget or parasol RGC typeis amember of the same bipolar cell ortho-
type asamousebipolar cell type that provides substantial input to the
corresponding a-RGC type. Thus, although none of these metadata
were provided explicitly, the integration matched types correctly based
on their polarity, response kinetics, dendritic lamination and inputs
(Fig.5b).Inaddition, orthologues exhibit similar response properties:
midget RGCs and sustained a-RGCs primarily report on contrast and
are minimally feature-selective, whereas parasol RGCs and transient
a-RGCs, are motion-sensitive®>*,

We assessed the strength of the primate midget and parasol to mouse
«-RGC correspondence with two additional statistical approaches.
Thefirstis factorized linear discriminant analysis® (FLDA) (Extended
DataFig.12a and Supplementary Note 2). Given single-cell transcrip-
tomic datafrom cells that carry multiple categorical attributes, FLDA
attempts to factorize the gene expression datainto alow-dimensional
representation in which each axis captures the variation along one
attribute while minimally co-varying with other attributes. We applied
FLDA to project primate midgets and parasols and mouse a-RGCs
ontoa3D space whose three axes represent species (mouse-primate),
kinetics (sustained-transient) and polarity (ON-OFF). FLDA generated
aprojectioninwhichtherelative arrangement of the four primate and
the four mouse cell types was consistent with their attributes (Fig. 5¢
and Extended Data Fig. 12b). We then tested whether a-RGCs were
abetter transcriptomic match to midgets and parasols than other
mouse RGC types carrying similar attributes. For this purpose, we
identified a set of 20 mouse RGC types for which polarity (ON-OFF)
andkinetics (sustained-transient) are known (Supplementary Table 4).
We matched all possible 432 combinations of 4 drawn from this set
with the midgets and parasols, calculated the FLDA projections, and
ranked them on the basis of the magnitude of the variance captured
by FLDA along the polarity and kinetics axes (Extended Data Fig.12c).
The best match comprised all four a-RGC types, and the next three
matches contained three a-RGC types plus one other type (Extended
DataFig.12d).

The second statistical method, geometric analysis of gene expression
(GAGE), focuses on the geometric arrangement of the cluster means
of RGC types in gene expression space (Supplementary Note 3). The
cluster centroids for the macaque midget and parasol types form a
four-cornered shape in the space of gene expression values. GAGE
tests whether there are groups of mouse RGC types that form that
same shape, except for a linear translation corresponding to species
differences (Fig. 5d, inset). For every combination of four mouse cell
typesintheset described above, we scored how well the mouse shape
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Fig.5|Mammalian orthologues of midget and parasol RGCs. a, Confusion
matrix showing RGC clusters from different species that map specifically to
0oRGC1,0RGC4,0RGC5and oRGC2, which contain OFF and ON midget RGCs
(MGCs) and OFF and ON parasol RGCs (PGCs). Representation as in Fig. 3f.
Column names corresponding to primate midget and parasol types are shown
inred, and mouse a-RGCtypes areshowninblue. b, Schematic delineating
morphological and physiological similarities between primate and midget
RGCsand their a-RGC orthologues. Orthotypes (OTs) of each pair as well as
the orthology amongbipolar cell types thatinnervate themare also shown.
Morphologies of neuronal types were created on the basis of published data
(Supplementary Note 1). Within each pair, the left column corresponds to
primate types and theright column corresponds to mouse types. ¢, FLDA
projection of the scRNA-seq data for primate midget and parasol types and
mouse o-RGC types onto the corresponding 3D space, with axes representing

matches the macaque shape (Methods). The four a-RGC types pro-
duced the strongest match by alarge margin, followed by several com-
binations containing three a-RGC types (Fig. 5d). Finally, we considered
matches for all 3,575,880 possible combinations of 4 drawn from the 45
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transcriptomically defined mouse RGC types®. The four a-RGC types
with the correct matching of polarity and kinetics with the MGCs and
PGCs scored in second place out of all such combinations. The top
match was biologically implausible (see Extended Data Fig. 12e).



Together, these results provide strong support for the orthology
of primate midget and parasol RGCs with mouse a-RGCs, suggesting
that midget and parasol RGCs are not primate innovations as they have
been considered to be. Moreover, the presence of midget and parasol
orthologuesinall the mammals studied here (Fig. 5e and Extended Data
Fig.11b) suggests that they are likely to have evolved from antecedent
types present in the mammalian common ancestor.

For midget RGCs, we suggest a relationship between their marked
expansion in the primate lineage (Fig. 5e) and the evolution of visual
processing. In primates, the principal retinorecipient regionis the dor-
solateral geniculate nucleus (ALGN), whereas in miceit is the superior
colliculus®. Midget RGCs project almost exclusively to the dLGN*. In
mice, anterograde’® and retrograde®®* tracing studies suggest that
«-RGCs are overrepresented among those RGCs that project to the
dLGN (two- to fourfold in ref. 53). The dLGN provides the dominant
visual input to the primary visual cortex, whereas superior colliculus
projectsinlarge part to areas that control reflexive motor responses,
including eye movements®. In primates, complex visual processing
occurs largely at the cortical level, and may be best served by the rel-
atively unprocessed, high-acuity rendering of the visual world that
midget RGCs provide. The modest loss in response time in this system
ispresumably compensated by the greater flexibility inresponse type.
Asthe cortex has akeyrolein primate vision, midget-like RGCs already
present in the mammalian ancestor may have decreased in receptive
field size and increased in number to facilitate this flexibility as pri-
mates evolved.

Conclusions

We integrated single-cell transcriptomic cell atlases of the retina from
17 vertebrate species and used them to assess the extent to which cell
classes, subclasses and types have been conserved through vertebrate
evolution. Our mainresults and the conclusions we draw from them are
asfollows. First, retinal cell classes and subclasses are highly conserved
at the molecular level through evolution, mirroring their structural
and functional conservation. The pattern of gene expression varia-
tionin classes is inconsistent with neutral transcriptome evolution,
suggesting that selective pressures shape the cellular repertoire of the
retina. Second, although greater cross-species variation exists at the
level of cell types, numerous conserved types can be detected using an
analytical framework that identifies transcriptomic groups, which we
call orthotypes. Third, evolutionary divergence among types is more
pronounced for RGCs than for other retinal classes, suggesting that
the outer retina is built from a conserved parts list, whereas natural
selection acts more strongly on diversifying those neuronal types that
transmit information from the retina to the rest of the brain. Fourth,
conserved transcription factors at all three levels (class, subclass and
type) suggest that developmental programmes for the specification
of retinal neurons have an ancient origin. Fifth, midget and parasol
RGCs, which together comprise more than 90% of human RGCs, have
orthologuesinother mammalianspecies, suggesting that these primate
cell types are derived from the expansion and modification of types
present more than 300 million years ago in the retina of the last com-
mon ancestor of mammals. In mice, the orthologues are anumerically
minor set of types called a-RGCs. The marked (approximately 40-fold)
difference in abundance of midget orthologues between mice and
humans correlates with the greater prominence of visual processing
inthe primate cortex. Knowing the orthologues of midget and parasol
RGCsin several accessible models will aid efforts to slow their degen-
eration in blinding diseases such as glaucoma.
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Methods

Ethical compliance

Human eyes were obtained post-mortem at a median of 6 hfrom death
either from Massachusetts General Hospital via the Rapid Autopsy
Program or from The Lion’s Eye Bank in Murray, UT. Acquisition and
use of post-mortem human tissue samples were approved by either
the Institutional Review Board of the University of Utah (protocol
IRB_00010201), or the Human Study Subject Committees at Harvard
(Dana Farber/Harvard Cancer Center protocol no. 13-416), and pro-
cedures were compliant with the National Human Genome Research
Institute policies. All donors were confirmed to have no history or
clinical evidence of ocular disease or intraocular surgery. Informed
consent was obtained from all donors per IRB protocols. Pig, cow and
sheep eyes were obtained, onaverage, 1 hafter death from an abattoir
located in West Groton, MA. Other animal eyes were obtained
from animal colonies maintained at Brandeis University (ferret),
California Institute of Technology (tree shrew), Harvard University
(Peromyscus), MIT (marmoset), NIH (squirrel), University of Manchester,
UK (Rhabdomys), University of Georgia (lizard) and University of
California, Los Angeles (lamprey and opossum). Animals of both sexes
were included when possible. Animal experiments conducted in the
USA were approved by the Institutional Animal Care and Use Com-
mittees (IACUCs) in each location. Rhabdomys tissue was collected
in accordance with the Animals, Scientific Procedures Act of 1986
(UK) and approved by the University of Manchester ethical review
committee.

Number of animals and cells or nuclei used

The number of animals used, biological replicates sequenced, and
high-quality cells or nuclei collected are indicated for each species in
Extended Data Figs.1and 3-6. The number of cells or nucleirecovered
foreach class within each speciesisindicated in Supplementary Table 1.
See also ‘Statistics and reproducibility’.

snRNA-seq

Nuclei isolation and sorting. For isolation of nuclei, frozen retinal
tissues were homogenized in aDounce homogenizerin1mllysis buffer
consisting of 0.1% NP-40 in a solution containing 10 mM Tris, 1 mM
CaCl,, 8 mM MgCl,, 15 mM NacCl, 0.1U pl™ RNAse inhibitor (Promega
RNasin Ribonuclease Inhibitor N2615), and 0.02 U pul DNAse (D4527,
Sigma Aldrich). The homogenized tissue was passed through a40-pm
cell strainer. The filtered nuclei were pelleted at 500 rcf for 5 min,
resuspended in staining buffer (Tween 0.02% and 2% BSA in the Tris
base buffer) and stained with anti-NEUN (1:300, Sigma FCMAB317PE
or MAB377A5) and anti-CHX10 (1:600, Santa Cruz Biotechnology
sc-365519 AF647) for 12 minat4 °C.

Following staining, nuclei were centrifuged, resuspendedinsorting
buffer (2% BSA in the Tris base buffer), and counterstained with DAPI
(1:1,000). The NEUN" and CHX10" nuclei were sorted into separate
tubes using BD FACSDiva v8.02 (Extended Data Fig. 2a-c), pelleted
againat 500 rcffor 5 min, resuspendedin 0.04% non-acetylated BSA/
PBS solution, and adjusted to a concentration of 1,000 nuclei per pl.
The integrity of the nuclear membrane and presence of non-nuclear
material were assessed under a bright-field microscope (Extended
Data Fig. 2d,e) before loading into a 10X Chromium Single Cell Chip
(10X Genomics) with atargeted recovery of 8,000 nuclei per channel.

Library preparation. Single-nuclei libraries were generated with
either Chromium3’V3, or V3.1 platform (10X Genomics) following the
manufacturer’s protocol. In brief, single nuclei were partitioned into
Gel-beads-in-Emulsion where nuclear lysis and barcoded reverse tran-
scription of RNA would take place to yield cDNA; this was followed by
amplification, enzymatic fragmentation and 5’ adapter and sample
index attachmenttoyield the finallibraries. Libraries were sequenced

onanllluminaNovaSeq at the Bauer Core Facility at Harvard University.
Sequencing data were demultiplexed and aligned using Cell Ranger
software (version 4.0.0,10X Genomics).

Histology

Whole eyes were fixed in 4% paraformaldehyde (in PBS) for 1-2 h and
thentransferred to PBS. Either whole retinas or 8-mm punches of cen-
tral retinawere dissected out and sunkin 30% sucrose in PBS overnight
at4 °C, before being embedded in tissue freezing medium and sec-
tioned coronally at 20 pm in a cryostat. Sections were mounted onto
coatedslides. Slides were incubated for 1 hwith 5% donkey serum (with
0.1% Triton X-100) at room temperature, then overnight with primary
antibodies (1:500 RBPMS (PhosphoSolutions 1832-RBPMS); 1:400
CHX10 (Novus Biologicals NBP1-84476);1:50 AP2A (DSHB 3B5)) at 4 °C,
and finally for 2 hwith secondary antibodies in PBS at room tempera-
ture. Images were acquired on Zeiss LSM 900 confocal microscopes
with 405, 488, 568 and 647 nm lasers, and processed using Zeiss ZEN
software suites.

Preprocessing of transcriptomic data

We used Cellranger (v7.0, 10X Genomics) to align the scRNA-seq and
snRNA-seq datasets, following the manufacturer’s instructions. For
eachspecies, sequencing reads were demultiplexedinto distinct sam-
plesandthe.fastq.gzfiles corresponding to each sample were aligned to
reference transcriptomes to obtain binary alignment map (.bam) files.
Thereference transcriptomes used are listed in Supplementary Table 5.
Toinclude bothexonicandintronicreadsinthe quantification of gene
expression for each sample, regardless of cellular or nuclear origin,
we applied velocyto® to the corresponding.bam files. This generated
two separate gene expression matrices (GEMs) (genes x cells) for each
sample, corresponding to ‘spliced”and ‘unspliced’ reads. The two GEMs
were summed element by element to obtain the ‘total’ GEM for each
sample. For each species, GEMs from different samples were combined
(column-wise concatenated) to yield a species GEM.

Computational analysis

Analysis of the GEMs was performed in R. Our workflow was based on
Seurat v4.3.0 for single-cell analysis developed and maintained by the
Satijalaboratory?®®? (https://satijalab.org/seurat/) and includes sev-
eral packages used for statistical calculations and data visualizations
including MASS v7.3.60, pvclust v2.2.0, reshape2 vl.4.4, stats v4.3.0,
ggplot2v3.4.2,dendextend vl.17.1and ggdendro v0.1.23 We describe
the analysis steps here at a high level. We have also made the analysis
scripts available via Zenodo (https://zenodo.org/record/8067826)
and onour Github page (https://github.com/shekharlab/RetinaEvo-
lution).

Segregation of major retinal cell classes. Data from each species
were separately analysed through a clustering procedure to identify
high-quality cells, and segregate the major cell classes (photorecep-
tor, bipolar cell, horizontal cell,amacrine cell, RGC and Miiller glia). In
brief, GEMs from different replicates were combined, and transcript
countsineach cellwasnormalized to atotal library size 0f 10,000 and
log-transformed (X - log (X +1)). We identified the top 2,000 highly
variable genes and applied principal components analysis to factorize
the submatrix corresponding to these highly variable genes. Using
the subspace corresponding to the top 20 principal components, we
builtak-nearest neighbour graph onthe data, and then clustered with
aresolution parameter of 0.5 using Seurat’s FindClusters function.
The same principal components were used to embed the cells onto
a 2D visualization using the uniform manifold approximation®. The
2D embeddings were solely used to visualize clustering structure and
gene expression patterns post hoc.

Each cluster was assigned to one of the six major retinal cell
classes based on expression of orthologues of canonical markers
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characterized inmice®: photoreceptors (Arr3, Rho and Crx), horizon-
tal cells (Calb1, Onecutl, Onecut2 and LhxI), bipolar cells (Vsx1, Otx2
and GrikI), amacrine cells (Gadl, Gad2, Tfap2a, Tfap2b and Tfap2c),
RGCs (Rbpms, Nefl, Nefm and Slc17a6) and Miiller glia (Glul, Apoe and
RIpbI). Clusters that mapped to other cell types found at much lower
frequency (such as endothelial cells or microglia) or that contained
low quality cells were not considered further. The number of cells of
each class in each species is indicated in Supplementary Table 1. We
note that because many experiments were designed to enrich certain
classes (RGCsor bipolar cells), the relative frequencies do not reflect
endogenous values.

Integration and clustering to identify species-specific types for
photoreceptors, horizontal cells, bipolar cells and RGCs. We sepa-
rated photoreceptors, horizontal cells, bipolar cells and RGCs within
eachspecies, and clustered them independently using the following
procedure. After subsetting the data by class, cells with abnormally
high (>mean +2 xs.d.) orlow (<mean - 2 x s.d.) counts were removed.
We also removed replicate batches that contained the class of inter-
est at afrequency less than 50 cells. We split the cells by replicate
ID and used Seurat’s integration pipeline to remove batch effects,
reduce dimensionality and cluster the datainashared low-dimensional
integrated space. We selected the top 20-25 latent variables
in the integrated space to identify clusters and generate 2D UMAP
visualizations.

We initially deliberately overclustered the data using a resolution
parameter of 1.1. Clusters were then merged or pruned as follows: for
each cluster, we calculated differentially expressed marker genes, and
these markers wereinspected to determineif clusters should be merged
orremoved. Some clusters were also removed if their top differentially
expressed markers were widely expressed in several clusters, if they had
lower RNA counts compared to other clusters, or if several of the top
differentially expressed markers were canonical markers for contami-
nant cell classes. If more than 20% of cells were removed via pruning,
the filtered data was subjected to another round of integration and
clustering. Two or more clusters were merged if a differential expression
test failed to find markers that sufficiently distinguished the clusters.

We applied these steps to define photoreceptor, horizontal cell,
bipolar celland RGC clusters for species initially reported in this paper:
Peromyscus, ferret, opossum, brown anole lizard, cow, sheep, pig,
13-lined ground squirrel, 4-striped grass mouse, marmoset and tree
shrew. Individual clusters correspond to individual cell types, and in
some cases, to small groups of closely related types. For the sake of
consistency, we also applied the same procedure to photoreceptor,
horizontal cell, bipolar cell and RGC data of species published else-
where (mouse'®?°, macaque?’, human?®, zebrafish®® and chick?). Inall
cases, our clusters were largely consistent with published annotations,
and we therefore labelled these clusters based on their published
labels.

Selection of shared orthologous genes. Orthologous genes were
identified using orthology tables via Ensembl BioMart (https://useast.
ensembl.org/info/data/biomart/index.html). Using mouse as a refer-
encespecies, pairwise orthology tables were generated between mouse
and every other species. These orthology tables contained information
about the number of predicted orthologues for every mouse gene
within each species. Mouse genes that had a 1:1orthologue in every
other species wereretained as the set of orthologous features, with the
exception of zebrafish. Due to awhole gene duplication, zebrafish has
several paralogous pairs of genes (for example, rbpms2a and rbpms2b)
known as ‘ohnologs®*. The prevalence of ohnologs results in a paucity
of I:1orthologues. To address this issue, we collapsed each ohonolog
pair by summing over their expression (for example, rbpms2a and
rbpms2b to rbpms2). If the ohnologs were the only orthologues of a
gene, then the composite gene was regarded as the 1:1 orthologue for

further analysis. Overall, we found 1,905 1:1 orthologues among all
17 species, 4,560 among the 16 jawed vertebrates (that is, omitting
lamprey) and 6,693 among the 13 mammals. The number of shared
orthologues decreased with evolutionary distance, and we found fewer
orthologues shared between mammals and non-mammalian verte-
brates than among mammals.

Visualization of cell classes. For analternative view on the cell classes,
we subsampled each cell class to 200 per species, and then combined
the GEMs. Theresulting GEMs were integrated using Seurat using each
species as a ‘batch’. Note that batch correction was not performed for
samples withinaspecies, nor was cell class information provided to the
integration. The resulting integrated data was visualized on a UMAP
(Fig.2d and Extended DataFig. 8). Dendrograms for the cell-averaged
profiles were constructed using hclust (package stats), and then plot-
tedinacircular representationusing the circlize_dendrogram function
(package dendextend) (Extended Data Fig. 7a).

Evolutionary variation of pseudobulk transcriptomes. For each spe-
cies, we computed cell-averaged (or pseudobulk) gene expression
vectors for the six major cell classes (photoreceptor, horizontal cell,
bipolar cell, amacrine cell, RGC and Miiller glia). Each pseudobulk vec-
tor was z-scored (subtract mean and divide by variance) prior to sub-
sequent computations. The mean squared expression distance (MSD)
between two species for a cell class was calculated as the euclidean
distance between the corresponding pseudobulk vectors
MSD(a, b) = ||a - b|| 2 To analyse evolutionary trends within a class
(Fig.2e), we comparedMSD (a, b) to evolutionary time separating the
corresponding species t (a, b). To estimate the evolutionary time for
each pair of species, we downloaded a phylogenetic tree of vertebrate
species from the UCSC Genome Browser at http://hgdownload.cse.
ucsc.edu/goldenpath/hgl9/multiz100way/%. Evolutionary time sepa-
rating two pairs of species was assumed to be the branch length between
the corresponding nodes of this tree, measured in units of substitutions
per100 bp of neutrally evolving sites. Branch lengths were computed
using the Environment for Tree Exploration toolkit®®. We then fit the
MSD versus t using a power law model, MSD = at’introduced earlier’s,
whichisreportedinFig.2e and Extended DataFig. 7e. We also attempt-
ed to fit the data with a linear model MSD = a + bt and an Ornstein-
Uhlenbeck model MSD = a(1 - e**) but both produced fits with lower
R*than the power law model.

Data integration and identification of orthotypes. We identified
orthotypes separately for photoreceptors, horizontal cells, bipolar
cellsand RGCs. In each case, we followed the following steps: (1) Within
each species, the corresponding GEM for each type was downsampled
cluster-wise toinclude no more than 200 cells per cluster. This ensures
equitable representation of the transcriptomic clusters indicated in
Extended Data Figs. 3-6; (2) the downsampled species-specific GEMs
were combined along the set of shared gene orthologues, normalized to
10,000 counts per cell, and log-transformed; (3) 2,000 highly variable
geneswere selected within each species, and features that were repeat-
edly variable were used for anchor finding, integrated dimensionality
reduction, and clustering of GEMs based on the Seurat pipeline?. The
resulting clusters were called orthotypes. A resolution of 0.5 was used
for the clustering. Transcriptomically proximal orthotypes based ona
gene expression dendrogram that contained distinct subsets of species
were merged. Note that other than the downsampling step, species
cluster IDs were not used to influence the selection of variable genes,
integration or clustering steps.

Integrating mammalian and non-mammalian datasets. In several
cases, cells from non-mammalian species formed orthotypes sepa-
rate from those containing cells from mammalian species. We believe
that this result largely reflects three issues. First, the representation
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of species classes in our study is skewed: 13 mammals vs 1 reptile, 1
bird and 1fish. Second, non-mammalian species are generally more
evolutionarily distant from each other than mammalian species are
fromeach other. Third, the number of 1:1orthologous genes decreas-
es as more distant species are co-analysed, which further compro-
mises integration due to the loss of features. Including additional
non-mammalian species and or improving computational methods
may lead to greater inclusion of non-mammalian cell typesin the cur-
rent mammalian orthotypes.

Statistics and reproducibility

Based on the cluster-informed downsampling procedure described
above, n=32,350 cells of multiple cell classes were used to generate
Fig. 2d, and 38,366 bipolar cells, 61,161 RGCs, 13,605 photoreceptors
and 5,405 horizontal cells were used to generate the orthotype results
shown in Figs. 3 and 4. The mammalian orthotypes remained robust
to different downsampling trials (see below), as well as the inclusion
of non-mammals in the analysis (refer to Fig. 3d and Extended Data
Fig. 9d for bipolar cells, and Fig. 4d and Extended Data Fig. 10c for
RGCs). Across downsampling trials, we found that cells mapping to
agiven orthotype were present in the same cluster >90% of the time.
Asthe orthotypes are the result of a clustering of the integrated data,
the number of orthotypes depends on the resolution parameter. We
varied the clustering resolution and tracked the number of orthotypes,
the adjusted Rand index (ARI) of the clustering, and the number of
species-specific orthotypes. The bipolar cell orthotypes were robust
across awiderange of resolution (0.4-1.5), asindicated by a stable num-
ber of orthotypes (16-21), high values of the ARI (0.88-0.96), and very
few, if any, species-specific orthotypes. The RGC orthotypes exhibited
higher sensitivity to the resolution parameter over the samerange, with
the number of clusters ranging from 26-46. For resolution values over
1, moret than 5 species-specific orthotypes were consistently observed
across trials. However, ARI values were reasonably high across values
tested (0.625-0.849). The results presented in the main text are for a
resolution of 0.5.

We repeated the orthotype analysis for bipolar cells using three
alternative integration methods: Harmony®, Liger®® and scVI®. All
three methods produced results consistent with those from Seurat,
butthey generated several additional species-specific orthotypes and
alsodid not resolve some known distinctions among bipolar cell types.
We therefore used Seurat to obtain the results presented in the text.

Factorized linear discriminant analysis

FLDA seeks alow-dimensional factorization of high-dimensional gene
expression datafrom cells with multiple categorical attributes such that
each axis of the low-dimensional space captures the variation along
one attribute while minimizing co-variation with other attributes. The
mathematical derivations underlying FLDA are described ina previous
paper®, and are summarized in Supplementary Note 2. In this study, we
applied FLDA to factorize transcriptomic data for RGCs carrying three
categorical attributes: response polarity (ON vs OFF), response kinetics
(transient vs sustained) and species (mouse vs primate). Using A, Band
Ctorepresent these attributes, the total gene expression covariance
matrix can be expressed as:

2r=2pt gt it

where X;is the total covariance matrix, and 2, 2;and 2-are covariance
explained by attributes A, B and C respectively. X, is the residual vari-
ance that is not explained by these attributes.

FLDA identifies a 3D embedding (u, v, w) of the cells such that u
maximizes the variance of attribute A while minimizing variances
of attributes B and C, v maximizes the variance of attribute B while
minimizing variances of attributes C and A, and w maximizes the vari-
ance of attribute C while minimizing variances of attributes A and B.

Supplementary Note 2 shows that u, vand w are solutions to general-
ized eigenvalue problems.

Geometric analysis of gene expression
Thisapproachissimilarinintent to FLDA in that the goalis to identify
axesingene expressionspace that capture the structure of the data, and
that the choice of these axes is guided by a structure imposed through a
Cartesian classification of cell types (for example ON vs OFF or primate
vs mouse). The main difference is that FLDA also attempts to capture
the variance across cells withina type, and this influences the selection
ofthe composite axesu, vand w. By contrast, GAGE only seeks to model
the shape formed by the gene expression centroids of the cell types
under consideration. Thus, for a quartet of primate cell types (MGC
OFF, MGC ON, PGC OFF and PGC ON) that form some shape in gene
expression space, this method asks if there is a quartet of mouse cell
typesthat forms the same shape. The mathematical and implementa-
tion details of this method are delineated in Supplementary Note 3.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The raw and processed sequencing data produced in this work are
available via the Gene Expression Omnibus (GEO) under acces-
sion GSE237215. The species-specific datasets are available via
the subseries accession numbers GSE237202-GSE237214. Previ-
ously published data utilized in this paper were downloaded from
GEO repositories with accession numbers GSE81905, GSE137400,
GSE152842, GSE148077, GSE15910 and GSE236005. Species phylo-
genetic trees were downloaded from the UCSC Genome Browser
database (https://genome.ucsc.edu), and species reference genomes
areavailable on Ensembl (https://www.ensembl.org). Source dataare
provided with this paper.

Code availability

scRNA-seq data clustering, integration and visualization was per-
formed in the R statistical language, and heavily relied on the Seurat
package (https://satijalab.org/seurat/). All scripts are available via
Zenodo (https://zenodo.org/record/8067826) and on our GitHub page
(https://github.com/shekharlab/RetinaEvolution). FLDA analysis was
performedin Python, and the code and documentation are available at
https://github.com/muqiao0626/FLDA. GAGE analysis was performed
in Python, and the code and documentation are available at https://
github.com/markusmeister/Gene-Geometry.
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Extended DataFig.1|See next page for caption.
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Extended DataFig.1|snRNA-seqdatafrom the fovea/maculaand peripheral
retina of healthy humandonors (n=18). a. UMAP embedding of nuclei
(n=184,808) fromthe central and peripheral retina of healthy human donors,
withindividual points colored by cell class. PRs have been divided intorod and
conesubclasses,and ACs have been divided into GABAergic and glycinergic
subclasses.b.Same as a, with points colored by sample identity. c. UMAP
embedding of RGC nuclei (n =80,032) from the foveal and peripheral retina of
healthy human donors, withindividual points colored by type identity. Only
ONand OFF midget ganglionRGCs are labeled. d. UMAP embedding of non-
midget RGC nuclei (n = 6615) from ¢, with individual points colored by type
identity. ON and OFF parasol ganglion cells are labeled. e. UMAP embedding
of BC nuclei (n=9126) from the fovea and peripheral retina of healthy human

donors, withindividual points colored by type identity. f. Dotplot showing
expression of cell class-specific markers (columns) in the human clusters
(rows). The size of each dot represents the fraction of cellsin the group with
non-zero expression,and the color represents expression level. The six classes
are MG, HC, PR (subdivided into Rod and Cone), AC (subdivided into Gabaergic
ACs (GabaAC) and glycinergic ACs (Gly AC)), BCand RGC. Only BCs and RGCs
have beensubclustered. Rows corresponding to BCand RGC clusters are
ordered based on hierarchical clustering (dendrograms, left). Barplot on the
right of the dotplot depicts the relative frequency of each cluster withinaclass
(colors). Therightmost heatmap depicts the distribution of each cluster across
biological replicates (columns).
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Extended DataFig.2|Nuclearenrichment strategies for retinal ganglion
cells (RGCs) and bipolar cells (BCs). a. Examples of gating strategy in
fluorescent activated cell sorting (FACS) experiments for collecting single
nucleilabeled with either PE-conjugated NEUN, which enriches RGCs, or
APC-conjugated CHX10 (also known as VSX2), which enriches BCs. Datashown
arerepresentative fromexperimentsin the pig retina. NEUN and CHX10-based
enrichmentresultedin~90% yield for RGCs and ~95% yield for BCs.b. Same as
panel a, for human macular retinasamples. NEUN-based enrichment resulted

CHX10

Cp, P N My e
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in~90% yield for RGCs; BCs were not analyzed in this experiment. c. Brightfield
image showing the morphology and integrity of FACS-purified nuclei. d.
Confocalimage of DAPIstained FACS-purified nuclei. e. Retinal sections from
six species show that PE-conjugated NEUN (red) and APC-conjugated CHX10/
VSX2labelsRGCs and BCs, respectively. Retinal sections were co-stained for
DAPI (blue) to visualize nuclei. Scale bar, 50 pm. Images in panels a-e
representative of n>3 experiments.
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Extended DataFig. 3 |Summary of cell type atlases for tree shrew, sheep,
cow, and pig. a. Dotplot showing expression of cell class-specific markers
(columns) inthe tree shrew (n =3 animals; 71,571 nuclei) clusters (rows). The
size ofeach dot represents the fraction of nucleiin the group with non-zero
expression, and the color represents expression level. The six classes are MG,
HC, PR (subdivided intoRod and Cone), AC (subdivided into GABAergic AC
(GabaAC) and glycinergic AC (Gly AC)), BCsand RGCs. Only BCs and RGCs have
beensubclassified through a within-species integration and clustering analysis
(Methods). Rows corresponding to BCand RGC clusters are ordered basedona
hierarchical clustering analysis (dendrograms, left). Barplot on theright of the

dotplot depicts the relative frequency of each cluster withina class (colors).
Therightmost heatmap depicts the distribution of each cluster across samples
(columns). Panelsb-d depict the same information as panelaforsheep (n=6
animals; 65,490 nuclei) (b), cow (n = 6 animals; 75,794 nuclei) (c), and pig (n = 4
animals; 49,955 nuclei) (d). Note that in this figure, as well as Extended Data
Figs.1and 4-6, the proportions shown accurately report our data but do not
necessarily represent the true endogenous proportions. Thisis because in
many cases we depleted photoreceptors orenriched BCs or RGCs to obtain
sufficient numbers of rare cell types (see Methods).
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Extended DataFig.4|Summary of cell type atlases for Peromyscus, ferret, 49,972 cells) (b), opossum (n = Sanimals; 76,763 nuclei) (c), and brown anole
opossum, and brown anolelizard. Panelsa-d depict the atlases (asin Extended  lizard (n =3 animals; 42,848 nuclei) (d).
DataFig.3) for peromyscus (n =3 animals; 44,223 cells) (a), ferret (n =2 animals;
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22,821cells) (b), marmoset (n =2 animals; 52,559 cells) (c), and Sea-lamprey
(n=2animals; 18,928 cells) (d).



Avg Exp

Pct Exp

N

Proportion
° °

o
@~ 5 I N o

o
e

! I M
Cone . e I
Rod . Cee e . M
HC @ e .
GIyAC B ) . ..
GabaAC ®- - . e v e . -
DBS5* X c e e c@ce .. oMM o
DB4 .o .. c . e0ce .. .HH
DB6 X .- c@ce oo
BB/GB" oo .- c.ec0ce..ol
OFFx . . BRI I S| TR
DB1 oo P
FMB oo - PR |
DB2 oo - I |
DB3b ce - . c@ce -t
DB3a .o . c@ee el
RB oo . XEEEEE) |
IMB oo o e ... c0ce . . NN I]]I
PRGC_pRGC17{ « e ieee.-@ e e 03
PRGC_pRGCT19 * R I . ce
PRGC_PRGC? e eie .- e
PRGC_pRGC16] e . .. e
pPRGC_pRGCo] « T X . B
pRGC_pRGC13{ * e e . L.
PRGC_pRGC10{ ceiecee s -
PRGC_PRGCE] Y - -
PRGC_pRGC15] * - 00-@®- .
PRGC_pRGC18 c. o0 - ce e e
PRGC_pRGC12{ * A R .
PRGC_PGC_ON{ » . 0ce@-@ - .
PRGC_PRGCS ] * e e e e
PRGC_pRGC14] » e e e .
pPRGC_PGC_OFF] + ceieaee o L.
PRGC_MGC_ON BT .
PRGC_pRGC8 e e o
PRGC_MGC_OFF: c i eece e
fRGC_RGC14 Y ceec.@- ce@-0--0
RGC_IRGC16 « e cec.0@-0-c0
fRGC_RGC15 oo L ‘e PR
RGC_IRGC12] ® Cee e .. ce@-@: o0
fRGC_fRGC13{ ® e e e Y X
fRGC_RGC7] * .- .. ce@-@- -0
RGC_IRGC11] ® S . ce® - @ -
fRGC_IRGC10 ce e Ce@- -0 o
RGC_IRGC9] ® . ce@- @ -0
fRGC_IRGCE] ce . .o PP
fRGC_{RGC8 cee . @ -0
{RGC_{RGCS PO . ce@- -0 o
fRGC_MGC_ON .o ‘e ° . il
fRGC_PGC_ON ce . . L e@-@- -0
fRGC_PGC_OFF Ce L@ @0
fRGC_MGC_OFF R L@ -0 -0
RAERRL S
PRI
Features
Pct Exp Avg Exp Proportion

(7]

Chicken

@ 2000 -0000:0000000°0

IDDDDVDDIDDD

EEEE
S

Features

Extended DataFig. 6| Summary of celltype atlases for macaque, mouse,
chick and zebrafish. Panels a-d depict atlases (as in Extended Data Fig. 3) for
macaque (n =4 animals; 146,054 cells) (a), mouse (n =10 animals; 51,162 cells)
(b), chick (n =4 animals; 34,788 cells) (c), and zebrafish (n =15 biological
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replicates; 60657 cells) (d). Cluster labels are consistent with published
annotations'*?*?%?8 Eachbiological replicate in zebrafishinvolved apooling
of eyes from multiple (5-8) fish.
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Extended DataFig.7|Evolutionary conservation of retinal classes. aclass.d.Same as panel ¢, but rows and columns grouped based on species

a.Dendrogram showing transcriptional relationships among pseudobulk instead of class (compare with Fig. 2¢). e. Pairwise mean-squared distance of
expression vectors followingintegration. Eachnodeis acell class withina class-specific cell-averaged gene expression profiles between all 16 jawed
particularspecies. Dendrograms were computed via hierarchical clustering vertebrate species (y-axis) increases with evolutionary divergence, as estimated
analysis (correlation distance, average linkage). b. Same as Fig. 2d, with cells by substitutions per 100 bp (x-axis) (compare with Fig. 2e). Gray shaded regions
colored by species of origin. Inset shows a magnified region containingsamples ~ demarcate species pairs involving zebrafish. Solid lines represent power law
from all species. c. Cross-correlation matrix (spearman) of class- and species- (y=ax®) regressionfits. Across the panels, a € [0.34, 0.47]and b € [0.29, 0.45].
specific cell-averaged profiles for all 17 vertebrates (compare with Fig. 2b). The coefficient of determination (R?) values range from 0.79-0.93.

Rows and columns are grouped by class, and then ordered by phylogeny within



Article

TCF4

MEIS2

2.0
15
1.0
0.5
0.0

LHX4

THRB

NR2E3

2.0
15
1.0
0.5
0.0

NRL

-5

-10

UMAP_1

1

UMAP.

LHX3

FEZF2

) | [
.m O O O 0O
< < O o
r > L o=
o O
«©
-
~
n
—
1
@
(&)
]
w
™
(e}
o
oM
P4
o

2.0
15
1.0
0.5
0.0

10

-10

10

-10

Norm. Exp.

0.00
0.25
050

W o
| R

LT R
)

"%
Yo

<
&

<& _\_":v
&

LRe
%Y,
.z Q\O
o
%
.y
7\
%
by

Extended DataFig. 8|See next page for caption.




Extended DataFig. 8| Evolutionary conservation of retinal subclasses.
a.UMAP embedding of integrated cross-species data (asin Fig. 2d), highlighting
PRsubclasses conesand rods. Insets show feature plots of cone-specific (top)
and rod-specific (bottom) transcription factors (TFs).b. Same as panel a, for AC
subclasses GABAergic ACs (GabaAC) and glycinergic ACs (GlyAC). Insets show
feature plots of a GABAergic TF MEIS2and a glycinergic TF TCF4.c.Same as
panela, for BCsubclasses ONBCs and OFF BCs. Insets show feature plots of OFF
BC-specific (top) and ON BC-specific (bottom) transcription factors (TFs).
d.Heatmap showing average expression of subclass-specific genes (columns)
withinthe six subclasses across17 species (rows). Rows are grouped by subclass

(annotation bar, left). Within each subclass, species are ordered asin Fig. 1b,
withtop and bottomnodesineach dendrogram correspondingto lamprey

and human, respectively (corresponding to right and leftin Fig. 1a). Gray tiles
correspond to missing orthology information. e. Cross-correlation matrix
(spearman) of subclass- and species-specific pseudobulk transcriptomic
profilesforall16 jawed vertebrates. Rows and columns are grouped by subclass,
and thenordered by phylogeny within a class. Lamprey was excluded due to
paucity of shared orthologs. f. Same as panel d, but rows and columns grouped
based onspeciesinstead of subclass.
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Extended DataFig. 9 |Bipolar Cell OrthoType analysisincluding non-
mammals. a. Confusion matrix showing the rationale behind naming
mammalian BC OTs (rows) based on the mapping patterns of mouse BCtypes

(columns)®. Representation as in Fig. 3d, with each column summing to 100%.

OTBC8/9 contains mappings fromboth mouse BC8 and BC9, whichare
transcriptionally proximal. b. Barplot showing within-species relative

frequencies (y-axis) of the 13 cone BC OTs withineach mammalian species

(x-axis). The foveal and peripheral data from primates are plotted separately.
c.Integrated UMAP of BCs from all 16 jawed vertebrates. Cells are colored by

speciesof origin. Lamprey, ajawless vertebrate, was excluded from the analysis
due to the paucity of shared orthologous genes. d. Same as ¢, with cells colored

by OT identity. Theintegration of alljawed vertebrates recoversall the
mammalian BC OTs listed in Fig. 3¢, but additionally identifies two OTs

enriched for non-mammalian BCs from chick, lizard and zebrafish. The two
OTs,named NM_OFF and NM_ON, are enriched for OFF and ONBCs from
non-mammals (also see panel e). e. Confusion matrices showing the mapping of
species-specific BC clusters (columns) to BC OTs (rows) identified by integrating
BCsfromalljawed vertebrates (panel ¢). Representationas in Fig. 3d’. Mammalian
BC clusters predominantly map to the mammalian OTs (rows 1-14), and the
pattern of mappingis similar to Fig. 3d. Chick, Lizard and Zebrafish BCs largely
map to the non-mammalian OTs NM_OFF and NM_ON (rows 15-16). f. Dotplot
showing species-specific genes (columns) expressed in RBC orthologs in
mammals (rows). The size and color of each dot represent the percentage of
cellswithinthe species cluster expressing the gene and the average expression
level, respectively.
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Extended DataFig.10 | See next page for caption.
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Extended DataFig.10|Retinal Ganglion Cell OrthoType analysis including
non-mammals. a. Barplot showing within-species relative frequencies (y-axis)
ofthe 21RGC OTs within mammalian species (x-axis) (Fig. 4b). The foveal and
peripheral data from primates are shown separately. Cow is excluded due to the
paucity of data. b. Integrated UMAP of RGCs from all 15 jawed vertebrates
(excluding cow). Cells are colored by species of origin. For primates, foveaand
peripheryare plotted separately.c. Same asb, with cells colored by RGC OT.
OTs1-21map1l:1tothe mammalian OTsin Fig. 4b, but we recover an additional
OT (NM) predominantly containing non-mammalian RGCs from chick, lizard
and zebrafish (also see paneld). d. Confusion matrices showing the mapping of

species RGC clusters (columns) toRGC OTs (rows) identified by integrating
RGCsfromall jawed vertebrates (panel ¢). Representationasin Fig. 4d.
Mammalian RGC clusters predominantly map to the mammalian OTs (rows
1-21), and the pattern of mapping is similar to Fig. 4d. Except for ipRGCs, chick,
lizard and zebrafish RGCs largely map to oRGC_NM (row 22). e. Confusion
matrix showing the species-specific RGC clusters (columns) that map to

the oRGC8and 9, corresponding to ipRGCs. Representation as in Fig. 3f.
Annotationbar (bottom) highlights species-specific RGC clusters that express
OPN4and EOMES, atranscription factor expressed selectively by ipRGCs**?.,
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Extended DataFig.11|Midget and Parasol OTs. a. Dotplot showingexamples  level, respectively. Column orderasinFig.5a.b. Relative proportion of parasol
of DE genes across OT1-4 and their expression across orthologous species- RGCorthologsin mammalianspeciesbased onthe frequenciesof cellsin
specificclusters. The size and color of each dot represent the percentage of oRGC2and oRGC5.

cellswithin the species cluster expressing the gene and the average expression
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Extended DataFig.12|Factorized Linear Discriminant Analysis (FLDA)
and Geometric Analysis of Gene Expression (GAGE). a. FLDA workflow and
eigenvalue analysis. The gene expression matrices of primate and mouse RGCs
were combined by their shared orthologous genes. Highly variable genes were
selected,and PCAwas applied to remove multicollinearity. FLDA was performed
ondifferent combinations of mouse RGC candidates with known polarity and
kinetics listed Supplementary Table 4. The combinations were ranked based
ontheir FLDA eigenvalues, which measures the variance along each attribute
capturedinthe projection. b. Visualization of the FLDA projection (Fig. 5¢c)
alongthe 2D subspace corresponding to polarity (x-axis) and kinetics (y-axis).
c.Scatter plot of the FLDA eigenvalues for the kinetics (y-axis) vs. polarity
(x-axis), measuring the magnitude of the variance corresponding to these
attributes captured in the projection. Inset highlights the top four matches
(numbered 1-4) from the 432 combinations of 4 mouse types shownin
Supplementary Table 4. d. Mouse RGC types present within the top four
combinations out of the 432 combinationsin panel c. The top matched set
containsall four a-RGC types; the next threeinclude 3 a-RGC types.

e.Geometric analysis of gene expression (GAGE) in which primate MGCs and
PGCs are compared to all combinations of 4 mouse RGC types (45 choose 4 * 4!
=3,575,880) rather than only the 432 curated combinations used to generate
Fig.5d. Grey bars: histogram of scores for all sets of 4 mouse types. Red bar
highlights the set of 4 x-RGC types with the correct matching of polarity and
kinetics with the primate types, also marked by the red arrow located at ascore
of x=0.657.Thebulk of the distribution is approximated as a Gaussian with
mean 0.50 and standard deviation 0.0374 (blue line). The 4 a-RGC fit has the
second highest score among -3.6 million candidates. The null hypothesis that
thisarises by chance hasap-value of p <10 °based onaone-sided Student’s
t-test. The top scoring combination withascore of 0.658 involves mouse RGC
types C18,C7,C39and C8 corresponding to the ONPGC, ONMGC, OFF PGC and
OFFMGC respectively. Of the four mouse types, two - C18 and C8 - have been
physiologically characterized to exhibit sustained ON responses®, which
violates their expected phenotypic correspondence to ON PGC (ON transient)
and OFF MGC (OFF sustained).
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AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

X

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

X

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings
For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated
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Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection 10X Chromium V3, Illumina NovaSeq 6000, Zeiss LSM 900 confocal microscopes with 405, 488, 568 and 647 nm lasers, and processed using
Zeiss ZEN software suites.

Data analysis For 10X Chromium V3 datasets, reads were aligned and gene expression was quantified using Cellranger v7.0 (https://
support.10xgenomics.com/single-cell-gene-expression/software/downloads/latest). To include both exonic and intronic reads in gene
expression, we applied velocyto v1.0 to the corresponding bam files from Cellranger alignment (http://velocyto.org). The downstream
clustering and integration analysis was done in R using Seurat v4.3.0 (https://satijalab.org/seurat/) and other packages (MASS v7.3.60, pvclust
v2.2.0, reshape2 v1.4.4, stats v4.3.0, ggplot2 v3.4.2, dendextend v1.17.1 and ggdendro v0.1.23). Custom R code written for these analyses for
the paper is available via Zenodo (https://zenodo.org/record/8067826) and GitHub (https://github.com/shekharlab/RetinaEvolution).

Analysis for Factorized linear discriminant analysis (FLDA) and Geometric analysis of gene expression (GAGE) was performed in Python and the
codes are available at https://github.com/muqiac0626/FLDA and https://github.com/markusmeister/Gene-Geometry, respectively.
BD FACSDiva v8.0.2 was used for FACS sorting.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.
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Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

The raw and processed sequencing data produced in this work has been submitted to the Gene Expression Omnibus (GEO) and are available via the accession
number GSE237215. The species specific datasets are available via the SubSeries accession numbers GSE237202-214. The data will be publicly released on Nov 1,
2023 or upon publication, whichever is earlier. Previously published data utilized in this paper was downloaded from GEO repositories with accession numbers
GSE81905, GSE137400, GSE152842, GSE148077, GSE15910, and GSE236005. Species phylogenetic trees were downloaded from the UCSC Genome Browser
database (https://genome.ucsc.edu), and species reference genomes are available on Ensembl (https://www.ensembl.org)

Field-specific reporting
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[X] Life sciences [ ] Behavioural & social sciences | | Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size Sample sizes were not predetermined. The mouse and macaque data presented here is from prior studies (Shekhar et al., Cell, 2016; Tran et
al., Neuron, 2019; Peng et al., Cell, 2019). For the case of humans, we supplemented an existing dataset (Yan et al.,Scientific Reports, 2020)
with 2x more BCs and 7x more RGCs. For the remaing species, we obtained 2-5 biological replicates per species, and sample sizes were chosen
to recover >8000 RGCs and >5000 BCs, numbers that we deemed sufficient based on downsampling analyses using the mouse data. We
collected sufficient RGCs for all species except cow, sheep and lamprey, and sufficient BCs for all species except lamprey and brown-anole
lizard. However, the low sample size is partially compensated during integration, where the analysis of several species together aids in
resolving distinct cell types.

Data exclusions | For the purposes of cell class annotation, no data was excluded. Low quality nuclei that possessed few reads, clusters of cells that did not
express canonical markers of any known cell class, and clusters that mapped to other cell types found at much lower frequency (e.g.
endothelial cells, microglia) were annotated as "Other" and were not considered for further analysis.

For the purposes of annotating cell types within a class, we first subsetted the data by class. Cells with abnormally high { > mean

1277 + 2*SD) or low (< mean - 2*SD) counts were removed. We also removed replicate batches that contained the class of interest at a
frequency less than 50 cells. These cells were then clustered to identify types. Some clusters were removed if their top DE markers were
widely expressed in several clusters, if they had lower RNA counts compared to other clusters, or if several of the top DE markers were
canonical markers for cell classes other than the class of interest.

Replication Flow cytometry data were reproducible across the biological replicates used for each species and across different cell/nuclei isolations from
individual tissue donors (e.g. fovea vs. periphery). >2-3 flow cytometry experiments were performed in each case to ascertain optimal
parameters, and then independent experiments were performed for each sequencing channel obtained for each animal.

RNA-seq: The reproducibility of OrthoTypes (OTs) was assessed by repeating the integration and clustering analysis 50 times by repeated
sampling of cells from the datasets.

Methods: The orthotype identification was repeated using four alternative methods : Seurat, Harmony, scVI and Liger. We found all methods
to produce consistent results, although results in Bipolar Cells (where extensive ground truth is available) suggests that Seurat is superior.

Randomization  All species specimens were controls and were therefore allocated into the same experimental group. Randomization was not used.

Blinding Samples of human origin were de-identified and assigned a unique numerical ID. Researchers responsible for data generation had access to
basic information about donors (age, sex), as well as the unique numerical ID assigned to each donor.
For experiments other than those involving human specimens, similar donor metadata was available to researchers involved in data
generation and analysis.
Blinding was not relevant to these experiments as all data were from control samples and moreover, knowledge of the species was needed
for picking the correct reference genome/transcriptome for each species.
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We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies IZI |:| ChiIP-seq
Eukaryotic cell lines D Flow cytometry
Palaeontology and archaeology g D MRI-based neuroimaging

Animals and other organisms
Human research participants

Clinical data

XXOOXXO S
OO0XXOOX

Dual use research of concern

Antibodies

Antibodies used RBPMS, PhosphoSolutions #1832-RBPMS,
CHX10, Novus Biologicals #NBP1-84476,
AP2A, DSHB #3B5

Validation These antibodies have been used extensively by many groups, including ours. We used the following dilutions: 1:500 RBPMS; 1:400
CHX10; 1:50 AP2A.

RBPMS, PhosphoSolutions #1832-RBPMS; From the manufacturer's website: This is a synthetic peptide corresponding to amino acid
residues from the N-terminal region of rat RBPMS, conjugated to keyhole limpet hemocyanin (KLH). It can detect RBPMS in Blind
Mole, Guinea Pig, Humans, Monkey, Mouse, Rabbit, Rat, and Tree Shrew. The antibody is prepared from guinea pig serum by affinity
purification via chromatography on an affinity column prepared with the N-terminal peptide used as antigen. It is specific for
endogenous levels of the ~24 kDa RBPMS protein and for quality control Western blots performed on each lot.

NeuN-PE, Milli-Mark, clone A60, #*CMAB317PE: From the manufacturer's website: Clone A60 is validated for use in flow cytometry
for the detection of NeuN. Quality is evaluated by flow cytometry using U251 cells. The immunogen is purified cell nuclei from the
mouse brain. It can detect RBPMS in humans.

CHX10/VSX2, Novus Biologicals #NBP1-84476; From the manufacturer's website: This pan-Bipolar cell marker was developed against
Recombinant Protein corresponding to amino acids in VSX2 protein. It is validated using Western Blot and Immunocytochemistry/
Immunofluorescence: CHX10 Antibody [NBP1-84476] - Analysis in control (vector only transfected HEK293T lysate) and VSX2 over-
expression lysate (Co-expressed with a C-terminal myc-DDK tag (3.1 kDa) in mammalian HEK293T cells). It can detect VSX2 in mice.

AP2A, DSHB #3B5; From the manufacturer's website: This monoclonal antibody developed against the AP-2 alpha delta N165 (DNA-
binding domain) protein. It is confirmed to react with multiple species including Chicken, Humans, Mice, and Zebrafish.

Chx10 Antibody (E-12), Santa Cruz Biotechnology, #sc-365519; From the manufacturer's website: Chx10 Antibody (E-12) is a mouse
monoclonal IgG2a k Chx10 antibody, cited in 23 publications, provided at 200 ug/ml specific for an epitope mapping between amino
acids 37-64 near the N-terminus of Chx10 of human origin. It is recommended for the detection of Chx10 of mouse, rat, and human
origin by WB, IP, IF, IHC(P), and ELISA; also reactive with additional species, including equine, canine, and porcine. It is validated using
direct fluorescent western blot analysis of Chx10 expression in human brain tissue extract and immunoperoxidase staining of
formalin-fixed, paraffin-embedded human fetal eye tissue.

Animals and other organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals For mice, C57BI6 strain was used and for zebrafish Tg(vsx1:GFP) nns5 was used. For the other animals strain information is not
available.

Data from the following species were collected in this paper: Zebrafish BCs (Danio rerio; n = 80-130 animals split across 15 biological
replicates), Brown anole lizard (Anolis sagrei; n = 3 animals). Opossum (Monodelphis domestica, n=5 animals), Ferret (Mustela
putoriusfuro, n= 2 animals), Pig (Sus domesticus, n=4 animals), Cow (Bos taurus, n=6 animals), Sheep (Ovis aries, n=6 animals),
Thirteen-lined ground squirrel (Ictidomys tridecemlineatus, n=1 animal), Deer mouse (Peromyscus maniculatus bairdii, n=3 animals),
Four-striped grass mouse (Rhabdomys pumilio, n=2 animals), Tree shrew (Tupaia belangeri chinensis, n=3 animals), Marmoset
(Callithrix jacchus, n=2 animals). Data for mouse, sea lamprey, Zebrafish RGCs and Chick are from other studies.

Both adult males and adult females were used in approximately equal numbers for each species.
The following ages were used: ferrets were ~1 year old; marmosets were 2-7 years old; lampreys were adults at >3 years old;
opossums were 1.4-2 years old; tree shrews were 1.5 - 2 years old; zebrafish were 4-6 months old; peromyscus, ground squirrels and

rhabdomys were 2 months-8 months old; lizards were ~1 year old.

Adult Pig, cow, and sheep eyes were collected from an abattoir so we do not have information about their exact age.
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Wild animals No wild animals used in this study.

Field-collected samples  No field collected samples used in this study.

Ethics oversight Pig, cow and sheep eyes were obtained, on average, 1 hour from death from an abattoir located in West Groton, Massachusetts.
Other animal eyes were obtained from animal colonies maintained at Brandeis University (ferret), California Institute of Technology
(tree shrew), Harvard University (ferret), MIT (marmoset), NIH (squirrel), University of Manchester, UK (Rhabdomys), University of
Georgia (lizard), and University of California, Los Angeles (lamprey, opossum). Animal experiments conducted in the United States
were approved by the Institutional Animal Care and Use Committees (IACUC) in each location. Rhabdomys tissue was collected in
accordance with the Animals, Scientific Procedures Act of 1986 (United Kingdom) and approved by the University of Manchester
ethical review committee.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Human research participants

Policy information about studies involving human research participants

Population characteristics

Recruitment

Ethics oversight

Human eyes were obtained post-mortem at a median of 6 hours from death either from the Massachusetts General Hospital
(MGH) via the Rapid Autopsy Program or through the Steele Center for Translational Medicine at the John A. Moran Eye
Center (SCTM), University of Utah. Acquisition and use of human tissue were approved by the Human Studies Committees of
at Harvard (Dana Farber/Harvard Cancer Center Protocol No. 13-416) and University of Utah (Protocol IRB_00010201).

Data from male and female subjects were obtained in roughly equal number with an age range 50-77 years. Data from n=18
individuals is presented here.

Postmortem tissue specimens from males and females between 50-77 years of age with no known history of ocular disease
('control' cases) were considered for inclusion in this study of single-cell transcriptomes

Human eyes were obtained post-mortem at a median of 6 hours from death either from Massachusetts General Hospital
(MGH) via the Rapid Autopsy Program or from The Lion’s Eye Bank in Murray, Utah. Acquisition and use of post-mortem
human tissue samples were approved by either the Institutional Review Board of the University of Utah (Protocol
IRB_00010201), or the Human Study Subject Committees at Harvard (Dana Farber/Harvard Cancer Center Protocol No.
13-416), and were in compliance with the National Human Genome Research Institute (NHGRI) policies. All donors were
confirmed to have no history or clinical evidence of ocular disease or intraocular surgery.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Flow Cytometry

Plots
Confirm that:

The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

|X| The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

|X| All plots are contour plots with outliers or pseudocolor plots.

A numerical value for number of cells or percentage (with statistics) is provided.

Methodology
Sample preparation
Instrument

Software

Cell population abundance

Gating strategy

Frozen retinal tissues were homogenized in a Dounce homogenizer in 1ml Tris-based lysis buffer with 0.1% NP-40. Nuclei
were stained with NEUN/RBFOX3 and/or CHX10/VSX2, washed once, pelleted at 500g for 5min, resuspended in PBS/BSA and
stained with DAPI. NEUN+ and/or CHX10+ DAPI+ (single) nuclei were collected using a flow cytometer.

BD FACS Aria Cell Sorter

BD FACSDiva 8.02

0.7-6% of nuclei with highest expression of NeuN were selected to enrich for retinal ganglion cells. Likewise, 4-10% of nuclei
with highest expression of CHX10 were selected to enrich for bipolar cells.

Nuclei were gated based on FSC-A and SSC-A to exclude derbies. Next, DAPI+ nuclei (single nuclei) were selected. Finally,
NeuN+ and/or CHX10+ nuclei were selected. For some sample all DAPI+ nuclei were selected.

|X| Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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