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To ensure specificity, sensory neurons must select and express a single receptor
from often vast gene families, adhering to the rule of ‘one receptor per neuron’. For

example, each olfactory sensory neuron in mammals expresses only one odorant
receptor (Or) gene'?. In Drosophila, which has about 60 Or genes, this selection is
deterministic®. By contrast, mice face the challenge of choosing one Or gene from
over1,000 options*. They solve this through a complex system of stochastic
choices®®. Ants also possess many Or genes, most of which are organized into tandem
arrays similar to those in mammals, but their regulatory mechanisms have evolved
independently. Here we show that, in the ant Harpegnathos saltator, each olfactory
sensory neuron activates a single promoter within an Or gene array, producing a
mature capped and polyadenylated mRNA. While the promoters of downstream
genesinthearray areinactive, all downstream genes are nonetheless transcribed due
to transcriptional readthrough from the active promoter, probably caused by
inefficient RNA polymerase Il termination. This readthrough appears to suppress
downstream promoters through transcriptional interference, resulting in aberrant
non-capped transcripts that are not translated, ensuring that only the active gene is
expressed. Simultaneously, long antisense transcription originating from the chosen
Or promoter covers upstream genes, presumably silencing them. Ants therefore
appear to have evolved a unique transcriptional-interference-based mechanismto
express asingle OR protein froman array of Or genes with functionally similar

promoters.

Gene families can contain hundreds of highly similar sequences, many
of which performrelated yet non-redundant functions and are specifi-
cally expressed in different cells. This raises the fundamental question
of how cells select the correct geneto be activated at the right place and
time. Thisissueis particularly pronounced in the case of sensory recep-
tor genes, such as Or genes, which represent an extreme case of this
regulatory challenge. The mouse genome encodes over 1,400 Or genes,
making up 6% of the total gene complement* (Fig. 1a). Despite this large
number of potential options, each olfactory sensory neuron (OSN)
expresses only a single Or gene in the mature state This is achieved
throughacombination of several mechanisms. First, spatial patterning
of the olfactory epithelium restricts a subset of Or genes that can be
expressed in each region®. Second, during OSN development, multiple
Orenhancersassembleinto a superenhancer hub, which stochastically
activates a single Or allele out of all those available for expression®.
Once an Or promoter is chosen, negative feedback through both the
unfolded protein response pathway and OR protein-independent
mechanisms prevents the activation of all other Or genes, including
the second allele of the chosen gene, ensuring that only one allele of

one Or gene is expressed per neuron”, Stochastic selection followed
by negative feedback is therefore considered the paradigm for gene
choiceinlarge Or gene families®.

By contrast, smaller Or gene families, such as those in Drosophila,
are subject to deterministic gene choice during development. The
Drosophila melanogaster genome contains just 60 Or genes (Fig. 1a),
which are organized into zones of expression on the antenna and
maxillary palps'. Expression of a distinct set of transcription factors
(TFs)ineach OSN type™'?appears to be required for the expression of
specific subsets of Or genes (for example, Acj6 and Pdm3 have been
experimentally demonstrated to control the OSN fate)***™, Similar to
mice, the Or gene choice is first restricted by a subset of spatial pat-
terning genes that specify the fate of sensory organ precursorsin the
antennal disc®, which then undergo two Notch-mediated binary fate
decisions', leading to the specification of Or gene identity. Consistent
with deterministic specification, ectopic expression of Or genes does
notelicit negative feedback on endogenously expressed genes". This
deterministic mechanism has been accepted as the gene choice para-
digm applicable to the small Or gene families in insects>.

'Department of Biology, New York University, New York, NY, USA. ?Department of Biology, University of Florida, Gainesville, FL, USA. *Program in Biology and Center for Genomics and Systems
Biology, New York University Abu Dhabi, Abu Dhabi, United Arab Emirates. “Howard Hughes Medical Institute, Sylvester Comprehensive Cancer Center, Miller School of Medicine, University of

Miami, Miami, FL, USA. ¥e-mail: dxr1274@miami.edu; hua.yan@ufl.edu; cd38@nyu.edu

418 | Nature | Vol 648 | 11 December 2025


https://doi.org/10.1038/s41586-025-09664-x
mailto:dxr1274@miami.edu
mailto:hua.yan@ufl.edu
mailto:cd38@nyu.edu

a c d  HsOro64
BoDHDDHDEHEE)
e ..
60 Or genes 380 Or genes 1,483 Or genes
DD e iRl s
<
b =
80 | >
5 37% genes in arrays
S ; HsOr271
9 604 95% genes in arrays
5 98% genes in arrays Wy :>:>:>.:>:>;.>:>->:>
:%) 40 4 ‘ M Ant
§ Il Mouse .v-._;; 76%
. |
: .
0 - J Non-Or
Expression
2—5 6—20 21—50 >50 UMAP 1 Low High
Number of Or genes at a locus E—
e =
o e
g i
[0} o
c e
o =
£ -
@ =
g o
s A
@ == =T
5 - 2N _ |
o - P N —
S = —
= —
g B N —
S L
= —— S—
o [ — m—
£ I -
o A 2 ) & ) I
T RECEEE P &
J,,,s,’r Locus 12
I7 JL JL JL JL JL B | I— | JL JL JL JL JL JLJL JL
1 2 3 4 5 6 7 8 9 10 11 12 13 1415  Lociwith  Loci W|th
2-5 genes 1 gene

Or loci

Fig.1|Genomicarrangement and expression pattern of Or genesin
H.saltator. a, The number of Or genes in different species and a schematic

of their genomic organization (illustrative of, but not an exact depiction of

the proportion of clustered versus singleton Or genes); the arrows represent
individual genes and groups of arrows represent tandem arrays in the genome.
Theimages ofthe flyand mouse heads were created in BioRender. b, The size

However, social insects such as ants, bees and wasps—which rely
heavily on olfactory communication to navigate their social environ-
ment, recognize colony members and maintain hierarchical structures
within their colonies'®—have large numbers of Or genes. For exam-
ple, the jumping ant H. saltator possesses 380 Or genes" (Fig. 1a) and
the clonal raider ant Ooceraea biroi has more than 500 (ref. 20). The
increased number of Or genes in Harpegnathos has arisen primarily
through tandem duplications, such that 95% of all Or genes belong to
arrays containing between 2 and 58 genes, which are almost exclusively
arranged head-to-tail within the arrays (Fig. 1b).

distribution of Or lociin different species. ¢, RNA-based UMAP of neuronsin
H.saltator. Colours represent genomic loci to which the expressed Or genes
belong. Thelargestlociare numbered.d, Expression pattern of selected Or
genesfromlocus1l. The percentages represent the fractions of cellsin the
clusterexpressingthe gene. e, The expression level of Or genesin Or-gene-
expressing OSNs. Inset: co-expression of individual Or genes atlocus 12.

This arrangement of Or genes presents a unique regulatory chal-
lenge. Although the genes within arrays are closely related, the pro-
teins that they encode respond to different ligands®?, suggesting that
precise regulation is necessary to ensure that the correct OR protein
is expressed in each OSN. Indeed, an earlier study in O. biroi showed
that, although clustered Or genes may be co-expressed, only a single
OrmRNA s exported into the cytoplasm in each OSN?. To investigate
the regulatory mechanisms enabling singular OR protein expression
inants, we analysed single-nucleus RNA-sequencing (snRNA-seq) data
in H. saltator. We identified a striking and consistent pattern of Or
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gene co-transcription within arrays reminiscent of that described for
0. biroi. By integrating short- and long-read snRNA-seq, long-read bulk
RNA-seq and single-nucleus assay for transposase-accessible chroma-
tin with high-throughput sequencing (snATAC-seq), we elucidated
atranscription-interference-based mechanism that allows for the
expression of asingle proteininagiven OSN. In the absence of shared
regulatory elements, such as locus control regions, this mechanism
probably evolved to regulate neighbouring promoters, preventing
the simultaneous activation of multiple functionally similar genes.

Co-transcription throughPol Il readthrough

To investigate Or-gene expression patterns in the ant antennae, we
performed multimodal snRNA-seq and snATAC-seq (multiome) experi-
ments and combined the RNA-seq portion of the data with additional
snRNA-seq data*. We subsetted neurons and classified them by the
receptor genes that they expressed. We then visualized the data using
auniform manifold approximation and projection (UMAP) projection,
colouring cells based on the genomic array to which the expressed Or
genesbelonged. Neurons expressing Or genes from the same genomic
array clustered together, suggesting that they expressed shared genes
(Fig.1c). Further analysis of such clusters revealed adistinct expression
patternacrossthe Or genes within the array: the more 3’ an Or gene was
locatedinthearray, the morebroadly it was expressed, and the smallest
subset of cells expressed the most 5’ genes along with all of the other
3’ genes (Fig. 1d). To illustrate expression in individual cells, we plot-
ted a heat map in which the Or genes were grouped by genomic array
along the x axis, and neurons were arranged by their most upstream
expressed gene along the y axis (Fig. 1e). The heat map displayed a clear
‘stair-step’ pattern: whenever a gene was expressed, all downstream
genesinthearray werealso transcribed. Insummary, arrayed Or genes
in H.saltatorexhibit adistinct pattern of co-expression of downstream
genes, similar to what has been reported in O. biroi*.

This pattern suggests that, once a promoter is chosen within the
array, Pol Il may read through all downstream genes, leading to their
co-expression. We noticed that the expression level on the heat map
dropped as the distance from the first expressed gene increased
(Fig. 1e). We quantified this in each array by averaging the expression
levels of the first transcribed genes, the second transcribed genes
and so on across cells expressing different sets of genes within the
same array. The expression level progressively decreased the farther
downstream the gene was from the first transcribed gene (Fig. 2a). This
gradualdropinexpressionis consistent with the idea that polymerase
readthroughisresponsible for the observed gene co-expression as the
mechanisms causing transcription termination to fail may not be fully
effective, and Pol Il may be more likely to disengage after travelling
through multiple polyadenylation sites. To further probe the idea of
readthrough, we turned to our multiome data. We grouped neurons
based on the first expressed gene and assessed chromatin accessibility
at each promoter within the array. We found that the promoter of the
first transcribed gene was the only accessible promoter in the entire
array with a peak of ATAC-seq (or, in some arrays, substantially more
accessible than the downstream promoters; Fig. 2b,c). This further sup-
ports the notion that transcriptioninitiates at a single promoter, after
which Polll transcribes the downstream genes through readthrough.
Thus, runaway transcription appears to cause the observed stair-step
co-expression pattern.

Normal 3’ cleavage and polyadenylation

One possible explanation for the Pol Il readthrough could be defective
polyadenylation, which was suggested to cause a similar stair-step
transcription pattern at the Drosophilalocus containing three chemo-
receptor genes, Ir75¢, Ir75b and Ir75a: a canonical polyadenylation site
was found only after Ir75a at the 3’ end of the locus®. To test whether
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asimilar mechanism was responsible for the readthrough observed
inant Or gene arrays, we performed bulk long-read RNA-seq (Iso-seq)
expecting to capture long chimeric transcripts encompassing multi-
ple neighbouring Or genes. However, we found that the vast majority
of Or-gene transcripts was separated into individual polyadenylated
mRNAs (Fig. 2d). Although we did sometimes observe chimeric tran-
scripts encompassing two genes, frequent occurrences of such tran-
scripts were restricted to less than 5% of gene pairs, such as H. saltator
0r253 (Hs0r253) and HsOr254 (HsOr253 transcripts either terminate
in the first two introns of HsOr254 or are spliced with the exons of
HsOr254). Moreover, poly(A) tail fragments captured by Iso-seq ena-
bled us to determine cleavage sites and scan regions within 100 bp of
them for common motifs. The top enriched motif was AAAATAAA,
which contains the canonical polyadenylation signal AATAAA?. The
putative polyadenylation signal was consistently located 21 nucleotides
upstream of the cleavage site (median, -21; median absolute deviation,
24;Fig.2e). Thus, Or-gene transcripts contain functional polyadenyla-
tion signals and are properly processed into individual gene mRNAs,
ruling out defective polyadenylation as the cause of transcriptional
readthrough.

Defective transcription termination

Once Pol Il has transcribed the polyadenylation site, the mRNA is
cleaved and polyadenylated while Pol Il continues transcribing
sequences 3’ of the polyadenylation site. However, the exonuclease
Xrn2 (also known as Ratl) isrecruited at the 5’ of the runaway transcript
andrapidly degrades the nascent RNA, catching up with slower-moving
Pollland releasing it from the DNA template??® (Fig. 2f). If exonuclease
activity was reduced in Or-gene-expressing cells, it could allow Pol Il
to continue transcribing downstreamgenes, resultingin the observed
readthrough. Support for this hypothesis came from single-nucleus
long-read RNA-seq (snMAS-seq) data. Although this technique intro-
duces a pronounced 3’ bias?, examining the 5’ ends of reads mapping
tothe most 5’ expressed gene or to downstream Or genes still revealed
amarked difference between them. The starting positions of reads
mappingto the first expressed gene accumulated precisely at the tran-
scription start site (TSS), as expected. By contrast, reads mapping to
the downstream-expressed Or genes did not show such accumulation
attheir TSSsand, instead, started at apparently random locations both
upstream and downstream of them (Fig. 2b). Combined with no or
strongly reduced chromatin accessibility at the downstream promot-
ers (seeabove), this strongly suggests that transcription initiates only
at the first expressed gene in each given cell. By contrast, the 5’ ends
of transcripts mapping to downstream genes appear to not represent
mature mRNAs but instead to be incomplete products of digestion of
nascent transcripts by the slow-moving exonuclease, which in turn
allows faster Pol Il to run away and continue transcribing subsequent
downstreamgenes (Fig. 2g). Accordingly, gene coverage profilesin bulk
Iso-seq data, which are enriched for mature cytoplasmic transcripts,
showasharpincrease atthe TSSsfor both Or and non-Or genes, whereas
the same profiles generated using snMAS-seq data, which contain many
immature transcripts, show a sharp increase only for non-Or genes
(Extended Data Fig.1a). This suggests that Or-gene transcripts of most
downstream genes are not the products of transcription initiation at
the TSS but, rather, the products of aberrant termination of the previ-
ous gene.

Or promoters produce antisense RNAs

In addition to sense transcription, we found that each Or promoter
drives antisense transcription. When aligning snRNA-seq reads to the
genome, we observed that, in cells in which transcription initiates at
aparticular Or gene, extensive antisense transcription was present
upstream of this gene, suchthat the entire locus was covered by either
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Fig.2|Transcriptional readthroughat Orloci. a, The expressionlevel of
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soon)atlocus3.n=39 possible first-rank genes forrank 1,38 genes for rank 2.
Forthe box plots, the box limits extend from the first to the third quartile; the
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accessibility and transcript structure of HsOr264-266. Bottom, bulk RNA-seq
of 5’ ends of capped and uncapped transcripts. The MAS-seq and the bulk
RNA-seqdatashown are from one representative biological replicate out of

sense or antisense transcripts that were mutually exclusive (Fig. 3a). We
used bulk Iso-seq datato study the nature of these transcripts and deter-
mined that they were generally long and spliced. In many instances,
they terminated at transcription termination sites of neighbouring
co-directional non-Or genes. In other cases, they presumably used

L N gl

two.c, Average ATAC-seq coverage across genes of Or locus3whenagiven
geneisthefirstorthesecondtranscribed gene.d, Anexample of bulkIso-seq
datashowingthe transcriptstructure of HsOr264-266.TTS, transcription
terminationsite. Onerepresentative biological replicate out of two is shown.
e, Thesequence and location of the putative polyadenylation signalin Or loci.
f, Thetorpedo model of transcriptional termination. PAP, poly(A) polymerase;
CPSF, cleavage and polyadenylation specificity factor; PAS, polyadenylation
signal; prom., promoter; Xrn2, exonuclease Xrn2.g, Hypothesis about how low
exonuclease activity may enable readthrough at Or loci: Xrn2 (pink) recruited
atthe 5’ end of the processed transcriptis unable to catch up with Pol 1l (green)
and ‘torpedo’ (disengage) it.

cryptic termination signals (Fig. 3b). To better characterize the anti-
sense promoters, weidentified their TSSs by sequencing the 5’ ends of
capped RNAsinbulk and aligning them to the genome. We found that,
inall promoters within Or gene arrays (as well as in some singleton Or
promoters), reads aligned to two locations on the opposite strands,
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indicating that each such promoter contains a pair of core elements  promotersand TCAGT for the antisense promoters. Inboth cases, the
onthesense and onthe antisense strands (Fig. 3c). Consistently,some  motifwaslocated at—2 bp fromthe TSS (Fig. 3d,e). This sequenceis part
promoters, such as HsOr206, had two ATAC-seq peaks, presumably  of the initiator promoter element, which includes the TSS*®. Initiator
corresponding to the sense and the antisense core promoters. Thus, isthe second most abundant core promoter motifin D. melanogaster®
the two core promotersineach pair were oriented divergently, allowing  and is also present in mammals®. In summary, Or promoters contain
simultaneous transcription in both directions (Fig. 3¢). Aligning pro-  divergently oriented core promoter motifs on opposite strands, which
moters at which transcriptionin one direction predominantlyinitiated  drive antisense transcription that covers all upstream Or genes and that
at the same base yielded the consensus motif TCAGTT for the sense  is mutually exclusive with sense transcription of those genes (Fig. 3a).
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No obvious shared enhancers in Or gene arrays

Despite being transcriptionally active in specific neurons, Or loci are
globally repressed. Bulk CUT&RUN analysis revealed that Or gene arrays
are enriched for the repressive histone modification H3K27me3 and
depleted for markers of active transcription, including H3K4me3 and
H3K27ac. They are also in a state of inaccessible chromatin, as seenin
pseudobulk ATAC-seq coverage plot generated from the snATAC-seq
data (Fig. 4a,b). These observations indicate that Or gene arrays are
maintained in arepressed state in most OSNs.

Based on how nuclei are clustered in the snRNA-seq-based UMAP plot
(Fig. 1c), one would have expected that all OSNs within a given UMAP
cluster have the potential to express genes from one gene array and
are therefore regulated in a similar manner, which would be reflected
inpatterns of chromatin accessibility. However, this was not observed.
Using snATAC-seq data, we generated a UMAP of chromatin accessibil-
ity at the single-cell level and found that neurons expressing Or genes
did not segregate based on the array they expressed. Instead, cells
expressing Or genes formed two broad clusters: one expressing asub-
set of nine-exon Or genes associated with pheromone sensing” and
the other expressing the remaining Or genes (Fig. 4c). This suggests
that chromatin accessibility alone does not distinguish between indi-
vidual Or gene arrays. Furthermore, comparing pseudobulk ATAC-seq
tracks of neurons expressing different Or gene arrays, we did not find
thatsurrounding chromatinin cells expressing agiven gene array was
more accessible compared with in non-expressing cells. In particular,
noregions of increased accessibility that could correspond to shared
enhancers could be found in or near the expressed array (Fig. 4d). We
could observeaccessible chromatin only near the TSSs of the individual
genes expressed in a given set of OSNs (Fig. 2b). This lack of specific
regulatory regions suggests that each Or promoter may itself contain
all of the necessary regulatory elements, similar to the situation in
Drosophila, in which Or promoters are sufficient for gene expression
choice within anarray”.

Finally, studiesin other systemsimplicated H3K36me3 in suppression
of cryptic TSSs, where H3K36me3 recruits the DNA methyltransferase
Dnmt3b to prevent transcription initiation within the gene body*. To
test whether transcriptional interference in ant Or gene arrays was
accompanied by increased accumulation of this mark, we performed
a CUT&RUN experiment targeting H3K36me3. However, we did not
observe increased accumulation of H3K36me3 in Or gene regions
(Extended Data Fig. 1b). As the function of H3K36me3 in mammals is
to methylate cryptic TSSs, this is not surprising as DNA methylation
does not have arolein gene expression in ants, and H3K36me3 might
therefore not be needed*.

Discussion

Our results reveal amechanism of gene regulation within the Or gene
arrays in ants that appears to be fundamentally distinct from how
the classic ‘one neuron, one receptor’ rule observed in mammals is
implemented. In ants, once transcriptioninitiates at asingle Or gene,
polymerasereads through and transcribes alldownstream genes within
thearray. Our datasuggest that this co-transcriptionis driven by defec-
tive transcriptional termination. The Or genes themselves possess
functional polyadenylation signals, ruling out defectsin polyadenyla-
tion as the cause of readthrough. Instead, the evidence is consistent
with defective exonuclease-mediated termination, whereby exonu-
clease does not efficiently digest nascent RNAs left after cleavage at
the polyadenylation site and therefore does not catch up to Pol Il to
disengage it (Fig. 2f,g). The defect in this termination step may allow
Pol Il to continue transcribing downstream Or genes, leading to the
observed transcription of downstream genes. The unusual defective
termination process appears to have animportant function: runaway
transcription through downstream genes should repress transcription

initiation at their promoters through transcriptional interference?,

This effect may be direct: for example, a study of two co-directional
genes in yeast, in which the transcription unit of the upstream gene
overlaps the promoter of the downstream gene*®, showed that tran-
scriptionof the upstreamgene represses the downstream gene because
transcribing Pol Il disassembles nucleosomesinits path and thenreas-
sembles them in its wake, thereby actively assembling a high level
of nucleosomes over the downstream promoter and rendering the
chromatin inaccessible. Moreover, this effect may also be indirect:
another study of two other co-directional genes in yeast*” showed that
transcriptional interference from the upstream gene prevents binding
ofanactivator TF to the promoter of the downstream gene®®. As for the
RNAs generated during the runaway transcription, they probably do
not mature into functional mRNAs as their 5’ ends are not 5’ capped.
The only capped transcripts are those of the genes that are the first
being transcribed. The 5 ends of downstream genes are therefore
probably the result of partial digestion by the 5’ exonuclease and are
uncapped and therefore degraded. Our proposed mechanism may
explainthe patternearlier observedinthe clonal raider ant O. biroi, in
which only the transcripts of the first expressed Or gene in the array
are exported from the nucleus?®.

We propose that, similar to the downstream genes, the upstream
genes in the array are repressed through transcriptional interfer-
ence, but in this case by antisense transcription. We detected diver-
gent transcription from each Or promoter that is chosen to be first
transcribed, with antisense transcripts covering all upstream genes.
This antisense transcription probably represses the upstream genes
through transcriptionalinterference, as transcription of overlapping
convergently oriented genes is mutually exclusive®**, In this regard,
the gene regulation that we are describing appears different from
another well-characterized example of clustered genes that possess
bidirectional promoters: protocadherins*.. Sense and antisense pro-
moters in protocadherins are oriented convergently, such that the
expression is mutually exclusive: antisense is expressed first, and it
thenrecruits a DNA demethylase to activate the sense promoter later
in development*. Although the exact mechanismin H. saltator remains
speculative, transcriptional interference alone may be sufficient to
silence upstream genes*.

Akey questionis whether the receptor choice withinarraysis fully
stochastic or whether it has at least some elements of deterministic
specification (Extended Data Figs. 1c and 2a,b). Furthermore, sto-
chastic specification would prompt a question of how to reconcile
receptor choices between the two alleles. Mammals achieve this
through negative feedback of a chosen receptor onto all remaining
Or gene sequences, including the second allele of the chosen Or gene,
butsuch amechanismisnot part of the cismechanism described here
that allows one gene within one cluster on one chromosome to be
expressed. Finally, regarding how only a single array is selected, the
mechanism of locus choice inants probably resembles the mechanism
of gene choicein flies, which is deterministic and requires a specific
set of TFs for activation. However, while a given combination of TFs
leadstothe expression of oneindividual genein flies, ants choose an
entirearray as subclustering cells that express Or genes from the same
locus shows that they are not transcriptionally distinct at alevel missed
in the full-sample UMAP (Extended Data Fig. 2a,b). Presumably, the
same set of TFs might bind to each of the promotersinthis array, but
thefirst genetobeactivated represses all other Or genesinthe array
through the mechanism described above. For example, in our data,
the gene encoding the TF Buttonless is exclusively expressed in OSNs
expressing Or genes of locus 15 (Extended Data Fig. 1c), and itappears
to be expressed in all such OSNs regardless of which gene within the
locus they choose. Future knockdown studies of locus-specific TFs
will test this hypothesis. Regardless of how a promoter is chosen
from a set of equivalent promoters, once this happens, transcrip-
tionalinterference mediated by defective termination and antisense
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transcription might ensure that only one proteinis expressed per cell
(Fig. 4e).

The stair-step expression pattern is conserved in other hymenop-
terans, such as O. biroi and the honey bee Apis mellifera, suggesting
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UMAP of antennal cells. Colours represent genomic loci to which the expressed
Orgenesbelong.d, snATAC-seq datashowing chromatin accessibility at locus
3incellsthatexpress genes fromlocus3 and cells that express genes from
otherloci.e, The proposed mechanism thatleads to the production of asingle
capped mRNA and therefore asingle OR proteinineachcell.

that this transcriptional strategy is widespread across the group?**.

Importantly, the tandem arrangement of Or genes in hymenopterans
mirrors the genomic organization of mammalian Or gene clusters.
However, the transcriptional logic differs considerably. In mammals,



mature OSNs express only one Or gene per cell, which is achieved
through competition between promoters for shared enhancers and
anegative-feedback mechanism between the chosen promoter and
the remaining Or alleles®’. By contrast, ants co-express the chosen
gene and all downstream genes within an array, but the transcripts
of these genes are not productive, achieving both single promoter
choice observed in mice and feedback transcriptional repression of
non-chosengenes. The upstream Or genes are not transcribed inthese
cellsbecause of promoter interference by the antisense transcripts. This
highlights differences in how insects and mammals solved the prob-
lem of gene regulation when Or gene repertoires expanded through
tandem duplications.

The co-expression pattern seenin ants resembles the transcription
pattern in several chemosensory receptor loci in Drosophila, such as
Ir75¢, Ir75b and Ir75a™%. Nevertheless, there appear to be important
mechanistic distinctions. First, the transcriptional readthrough at
the Drosophila Ir75¢/b/a locus was proposed to stem from the lack of
canonical polyadenylation signals at the end of Ir75¢c and Ir75b, while
we show that ant Or genes possess polyadenylation signals. Instead, we
propose that transcriptional termination is defective due to inefficient
removal of RNA Pol Il by Xrn2 exonuclease. Second, antisense RNAs
potentially repressing genes upstream of the chosen promoter have
not been reported in any Drosophila chemoreceptor arrays. Instead,
cells that co-express Ir75b and Ir75a express a TF that represses the
more upstream/r75c, and cells that express only Ir75a repress both Ir75¢
and /r75b through this mechanism?. Considering that the duplications
giving rise to the Ir75¢/b/a complex occurred a relatively long time
(45-60 millionyears) ago®, itis plausible that repression of individual
genes by TFs evolves gradually over time, rendering the transcription
interference obsolete. The mechanism we propose here—repression
of upstream genes through antisense transcription—may serve as an
immediate regulatory solution after extensive gene duplications.

Onthe mechanistic side, it remains unclear why exonuclease activity
in the ant Or gene arrays is reduced to such an extent that transcrip-
tional termination is defective, enabling readthrough. This phenom-
enon could be specific to Or genes. For example, Or RNAs may possess
structural motifs that block or slow down the exonuclease, preventing
it from catching up with PolIl. However, this would lead to the produc-
tion of nascent transcripts truncated at specific locations, which is
not what we observed. Alternatively, the chromatin environment in
Or loci could inhibit exonuclease activity through the recruitment of
afactor that slows down the exonuclease. For example, H3K9me3 in
Drosophila piRNA loci recruits the Rhino-Deadlock-Cutoff complex,
where Cutoffbinds to the ends of nascent RNAs, protecting them from
the Xrn2 exonuclease*. We do observe accumulation of a repressive
mark, H3K27me3, at Or loci. Alternatively, exonuclease expression
could be specifically downregulated in OSNs, or perhaps H. saltator
exonuclease acquired mutationslead toits reduced processivity. Asa
possibleindication that reduced exonuclease activity is found outside
of OSNs, we have previously described that Or genes are sometimes
expressedinnon-neuronaltissuesifthey are adjacenttoanon-Or gene
expressed there;itis conceivable that this apparent ectopic expression
is caused by readthrough from the non-Or genes?. Further investiga-
tion into expression levels of various termination factors in ant OSNs
and the sequence and structure of ant exonuclease may shed light on
this question.

In mammals, shared enhancers or locus control regions mediate
Or gene choice®, ensuring that only one gene is expressed per cell.
However, ant Or loci seem to lack such shared enhancers. Instead, all
of the regulatory elements necessary for gene expression (including
the enhancers of individual Or genes) may be contained within rela-
tively small regions around each promoter, similar to the situationin
flies”. This organization poses a problem: without shared enhancers,
any TF combination that would activate a single gene in flies might
activate anentire arrayinants. The evolution of defective termination

with readthrough sense transcription along with antisense transcrip-
tion provides a solution to this problem: this interferes with the ini-
tiation of transcription of both upstream and downstream genes and
prevents the translation of genes downstream of the chosen one of
which the mRNAs are not capped, allowing each OSN to produce a
single functional protein. Thus, ants have probably co-opted tran-
scriptionalinterference asaregulatory tool, turning defective termina-
tion and antisense transcription into a workable mechanism for gene
expression control. Unravelling the molecular mechanisms behind
defective exonuclease-mediated termination—whether RNA-based,
chromatin-related or due to mutations—will be crucial to fully under-
stand this regulatory strategy. As ants have limited amenability to
genetic manipulation, such experiments could be performedinahet-
erologous system. For example, if an ant Or gene array transformed
into Drosophila showed the same readthrough, it would demonstrate
thatthereadthroughis determined by the locus sequence rather than
adefective transcription termination systeminants. This setup would
also enable follow-up experiments to determine the exact sequences
responsible for the readthrough.
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Methods

Antrearing

Wild-type H. saltator were reared at 25 °Cinside a USDA designated ant
room at New York University. Colonies were maintained in plastic boxes
with a plaster floor, containing a depression covered by a glass plate,
which served as the nest area®. The plaster was watered regularly to
maintain humidity, and ants were fed with crickets (length, one-quarter
to three-eighth inch (6.35 mm to 9.53 mm)) purchased from Ghann’s
Cricket Farm. The animals used in all of the experiments were worker
females randomly picked from stock colonies.

Multiome sequencing

Atleast29individual antennae per reaction were dissected and ground
inametal cupondryice. After grinding, the cup and pestle were moved
onweticetothaw. Once the sample in the metal cup was fully thawed,
1 mlof NP40 lysis buffer (10 mM Tris, pH 7.4,10 mM NaCl, 3 mM MgCl,,
0.1% Nonidet P40 Substitute,] mM DTT, 1U pl™ Protector RNase inhibi-
tor) wasadded, taking care to collect asmuch sample from the walls as
possible. The mixture was transferred intoal ml Dounce homogenizer
pre-wetted with the NP40 lysis buffer. Nuclei were released by applying
20 strokes of loose pestle, 20 strokes of tight pestle and again 20 strokes
of tight pestle. Care was taken to avoid foaming, and the douncer was
keptonicebetween each set of 20 strokes. After douncing, the sample
was splitin half, and each half was passed through a 40-pm Flowmi
and a pre-wetted 20-pum pluriStainer placed over a 1.5-ml tube. The
tubes were centrifuged for 10 min at 500g and 4 °C. The supernatant
was carefully discarded, and the pellet was resuspended in 250 pl PBS
with 1% BSA and 0.4 U pl™ Protector RNase inhibitor and mixed thor-
oughly by pipetting up and down 20 times. The two subsamples were
then combined and filtered through a40-pm Flowmiinto a pre-wetted
10-um pluriStrainer placed over a1.5-ml tube.

The sample was centrifuged for 10 minat 500gand 4 °C. The superna-
tant was carefully discarded, and the pellet was resuspended in 100 pl
0.1x lysis buffer (10 mM Tris, pH 7.4, 10 mM NaCl, 3 mM MgCl,, 0.01%
Tween-20, 0.01% Nonidet P40 Substitute, 0.001% digitonin, 1% BSA,
1mMDTT,1U pl™ Protector RNase inhibitor) and mixed gently by pipet-
ting up and down five times. The sample was incubated onice for 2 min.
Immediately thereafter, 1 ml of wash buffer (10 mM Tris, pH 7.4,10 mM
NaCl,3 mM MgCl,, 0.1% Tween-20,1% BSA,1 mM DTT, 1U pl™ Protector
RNase inhibitor) was added, and the tube was centrifuged for 10 min
at 500g and 4 °C. The supernatant was carefully discarded, and 10 pl
diluted nucleus buffer (10x Genomics) was added to the remaining
sample. Then, 5 pl of the nucleus suspension was processed using the
Chromium Next GEM Single Cell Multiome ATAC + Gene Expression
kit (10x Genomics). The resulting libraries were sequenced either on
the NovaSeq 6000 or NovaSeq X Plus instrument.

Iso-seq

Twenty individual antennae per reaction were dissected and ground
inametal cup ondryice. The powder was resuspended in TRIzol (Inv-
itrogen) and RNA was isolated using TRIzol-chloroform extraction,
followed up by clean-up of the aqueous phase using the RNA Clean &
Concentrator-5kit (Zymo Research).200 ng of RNA was converted to
cDNA using NEBNext Single Cell/Low Input cDNA Synthesis & Amplifica-
tion Module (New England Biolabs), and Iso-seq libraries were prepared
using SMRTbell prep kit 3.0 (Pacific Biosciences). The experiment
included two biological replicates. Each library was sequenced on a
single SMRT Cell of a Sequel lle instrument.

MAS-seq

Two MAS-seq libraries (representing biological replicates) were
prepared from stored cDNA samples from the previously published
snRNA-seq experiment?. cDNA (75 ng) was used for library preparation
using the MAS-seq for 10x Single Cell 3’ kit (Pacific Biosciences). One

library was sequenced on asingle SMRT Cell of a Sequel lle instrument
and the other library was sequenced on a single SMRT Cell of a Revio
instrument.

Sequencing of 5’-capped and 5’-phosphorylated RNA ends
5’-Phosphorylated RNAs were captured by direct adapter ligation to
phosphorylated 5’ ends, as in the degradome method***’, To reduce bias
caused by sequence-dependent efficiency of ligation®, the 5’ adaptor
was amix of two sequences containing random bases® (Supplementary
Table2). To capture 5’-capped RNAs, total RNA was first dephosphoryl-
ated toremove 5’-phosphorylated species, and then decapped, which
resulted in phosphorylated 5’ ends of formerly capped molecules only.
Thisapproachisbased on the TERA-seq method®. The resulting RNAs
were processed as the originally 5’-phosphorylated RNAs.

To extract RNA, at least 25 individual antennae per reaction were
dissected and groundinametal cupondryice. The powder was resus-
pended in TRIzol (Invitrogen) and RNA was isolated using TRIzol-
chloroform extraction, followed up by clean-up of the aqueous phase
using the RNA Clean & Concentrator-5 kit (Zymo Research) and elution
in13 pl of water. rRNA was depleted using the NEBNext RNA Depletion
Core Reagent Set with RNA sample purification beads (NEB, E7870)
using a custom set of probes provided in Supplementary Note 1. At
the end, 15 pl of rRNA-depleted RNA was transferred into two 1.5-ml
low-binding tubes for further processing.

Next, one of the two samples was dephosphorylationand decapped.
Dephosphorylation of transcripts was conducted by adding 145 pl of
water, 20 pl of 10x rCutSmart buffer (New England Biolabs), and 20 pl
of Quick CIP (New England Biolabs) to the samples. After mixing by
pipetting, the samples were incubated in a thermomixer at 37 °C and
300 rpmfor1h. Clean-up was thenagain conducted using RNA Clean &
Concentrator-5, according to the manufacturer’s protocols and eluted
in42 pl of water. To decap the remaining RNAs, 5 pl of 10x Thermopol
buffer (New England Biolabs) and 5 pl of RNA 5’ pyrophosphohydro-
lase (New England Biolabs) were added, and the samples were mixed
by pipetting. The samples were again incubated in a thermomixer at
37 °Cand 300 rpm, and clean-up was conducted using the RNA Clean
& Concentrator-5 kit according to the manufacturer’s protocols but
elutedin16 pl of water.

Next, the formerly capped RNA and the 5’-phosphorylated RNA
samples were processed together. To ligate adapters, 2 pl of 10x T4
RNA ligase buffer,1 pl of 25 uM BAS5 oligo mix and 2 pl of T4 RNA ligase
were added to each sample and mixed by pipetting. The samples were
thenincubatedinathermomixerat16 °Cand 300 rpm overnight. After
incubation, 30 pl of water was added, and clean-up was again conducted
using RNA Clean & Concentrator-5kit according to the manufacturer’s
protocols but with elution in 11 pl of water. Next, 10 pl of each puri-
fied sample were transferred to PCR tubes. To each tube, 5 pl of 5x FS
buffer and 1 pl of 50 uM Deg-RT were added and mixed by pipetting.
The samples were then placed inathermal cycler with the heated lid set
to75°Cfor3 minat 65 °C, followed by ahold at4 °C. After completion,
the tubes were immediately removed, centrifuged and placed onto
ice. To each sample oniice, 5.25 pl of water, 1.5 pl of ANTPs and 1.25 pl
of 100 mM DTT were added, followed by 1 pl of SuperScript Il and all
of the components were mixed by pipetting. The samples were then
placed in a thermal cycler with the heated lid set to 85 °C for 5 min at
25°C, 60 min at 50 °C, 15 min at 75 °C, and followed by a hold at 4 °C.
Next, cDNA was purified using 2 volumes of SPRI beads and eluted in
13.8 pl of water. To each tube, 15 pl of 2x Q5 Master Mix, 0.6 pl of 10 pM
Deg-PCR-1L and 0.6 pl of 10 uM Deg-PCR-1R were added and mixed by
pipetting. The samples were then placed in a thermal cycler with the
heated lid set to 105 °C and subjected to the following programme:
30sat98°C;twocyclesof10sat98°C,30sat59°Cand12sat72°C;
four cyclesof10 sat98 °C,10 sat 68 °C,12 sat 72 °C; and afinalincuba-
tion of 3 min at 72 °C, followed by a hold at 12 °C. After amplification,
200-400 bp products were selected using 2% BluePippin cassettes
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(Sage Science) and cleaned up using 1.5 volumes of SPRI beads and
eluted in 13.8 pl water. A second PCR was performed by adding 15 pl
of 2x Q5 Master Mix, 0.6 pl of 10 pM BPCRP1, 0.6 1l 10 uM of a corre-
sponding BPCRPIdX indexing primer to each sample. Each sample was
thenplacedintoathermal cycler with the heated lid set to 105 °C, and
the following programme was run: 30 s at 98 °C; two cycles of 10 s at
98°C,30sat59°C,and14 sat72°C;tencyclesof 10 sat98 °Cand 14 s
at 72 °C; and afinal incubation of 3 min at 72 °C, followed by a hold at
12 °C.The 250-450 bp products were size-selected using Blue Pippin.
Thelibraries were sequenced on either a NextSeq500 or aNovaSeq X
Plus instrument. The assay included two biological replicates.

CUT&RUN

Nucleiwere extracted from frozen antennae (aminimum of 15 individual
antennae per reaction) asin the snRNA-seq protocol described earlier.
The obtained nucleus suspensionwas used as aninputintoa CUT&RUN
reaction performed using the CUT&RUN Assay Kit (Cell Signaling Tech-
nology). Allantibodies (Supplementary Table 2) were used at adilution
of 1:50 except for the IgG control, which was used at a dilution of 1:20.
Modifications to the manufacturer’s protocol included incubating
samples for 2 days on an end-to-end rotator after adding Concanavalin
Abeadsand primary antibody and overnight onan end-to-end rotator
after adding the pAG-MNase enzyme. DNA spin column purification
was conducted after digestion using the Monarch PCR & DNA Cleanup
Kit 5 pg (New England Biolabs).

Library preparation was conducted using the NEBNext Ultra Il DNA
Library PrepKit for llluminaaccording to manufacturer’s protocols with
several modifications aimed at preserving short fragments®. Workflow
3Bwasusedinplaceof 3Atoclean up adaptor-ligated DNA without size
selectionand 202.6 pl (2.1x) of beads was used instead of 87 pl (0.9x) in
step2.Instep 3 of PCR enrichment of adaptor-ligated DNA, the anneal-
ing/extension time was shortened from 75 s to 25 s and 17 PCR cycles
were conducted. During the PCR clean-up step, 60 pl (1.2x) of beads
was used instead of 45 pl (0.9%) instep 2and DNA was eluted in 23 pl of
0.1x TEinstead of 32 plin step 9. The libraries were size-selected using
2% BluePippin cassettes (Sage Science), keeping fragments between
185and 600 bp. Thelibraries were sequenced on aMiseqor aNovaSeq
X Plus instrument. The assay included three biological replicates for
the IgG control and H3K4me3, two biological replicates for H3K27ac
and H3K27me3, and one biological replicate for H3K36me3.

Updating gene annotations for H. saltator

To refine and standardize Or gene annotations, two genes not previ-
ously labelled as Or in the HSAL60 gene annotations* but annotated as
Orgenesin GenBank were added to the Or genelist: LOC105186223 and
LOC112590023were merged as labelled as HsOr378, and LOC105185051
was renamed to HsOr379. Within the region surrounding HsOr211, a
previously missed neighbouring Or gene was identified: LOC109503732
was labelled as HsOr211.2 and the original HsOr211 was renamed to
HsOr211.1.Moreover, LOC112588771 was removed due toits overlap with
HsOr211.1. Similarly, in the vicinity of HsOr307, an additional Or gene
wasidentified. It was designated HsOr307.2 and the existing HsOr307
was renamed to HsOr307.1. Finally, for each Or gene, only a single iso-
formwasretained, andits TSS and transcription termination site were
updated using Iso-seq data. The resulting set of gene predictions was
named HSAL70 and it was uploaded to Gene Expression Omnibus under
accession code GSE280492. Thelist of Orlociand genesis also provided
in Supplementary Table 1.

Quantifying Or gene clustering in different species

Mouse Or genes* were grouped into arrays by applying a clustering cri-
terionwhereby any genes separated by less than 500 kb were assigned
to the same array**. By contrast, the ant genome is considerably more
compact®, making a fixed-distance criterion unnecessary. Instead,
Or gene arrays are readily apparent as contiguous groups of genes

arranged in tight proximity, and individual arrays are typically confined
to different scaffolds. As the assembly is not chromosome level, this
naturally eliminates the ambiguity of assigning Or genes spanning large
genomicintervalstoanarray. The fulllist of Or gene arrays in H. saltator
isprovidedin Supplementary Table 1. In Drosophila, the genome s even
more compactand Or genes are generally not arranged in clear clusters.
Consequently, afixed distance criterion was also not suitable. Instead,
werelied onamore ad hoc approach based on published chromosomal
maps of Or gene positions®®.

snRNA-seq analysis

The multiome sequencing data were converted to FASTQ using
cellranger-arc mkfastq (Cell Ranger ARC v.2.0.1)¥, the genome was
indexed using cellranger-arc mkref and reads were counted using
cellranger-arc count. The RNA-seq portion of the multiome data
generated in this study was combined with the previously published
snRNA-seq data® using cellranger aggr (Cell Ranger v.7.0.0)%. To
make the output of cellranger-arc count compatible with cellranger
aggr, the name of the reference stored in the genomes attribute of
barcode_infointhe gex_molecule_info.h5 files was changed to thename
of the reference used for processing the standalone snRNA-seq data.
Using scanpy (v.1.10.3)%, counts were depth-normalized (CP10k) and
log-transformed, 2,000 highly variable genes were selected using the
flavor = “seurat_v3” argument, and only nuclei with 500-1,800 detected
genes and no more than 2.5% mitochondrial reads were retained for
the analysis. Using scvi-tools (v.1.1.6)*°, an scVImodel was set up using
technology (multiome versus standalone snRNA-seq) as a categorical
covariate and UMI counts and percentage of mitochondrial reads as
continuous covariates. The model was trained using the early_stop-
ping = True argument, and obtained latent representation was used to
compute the neighbourhood graph and UMAP. Next, Leiden cluster-
ing was done using an arbitrary resolution of 0.25 and neuronal clus-
ters were subsetted based on their expression of LOC105183410/Syt1,
LOCI105189534/nSyb and LOC105183587/onecut***". The subsetted neu-
ronal data were reanalysed as described above, except nuclei having
exactly 0% mitochondrial reads were eliminated.

To identify the Or gene array expressed in each OSN, we first classi-
fied eachnucleus withrespect to which receptor gene (Or gene, Ir gene,
Gr gene, the mechanoreceptor nompC or the ammonia transporter
Rh50) itexpressed using the approach we previously applied to the stan-
dalone snRNA-seq data®. In brief, we used the Mann-Whitney U-test
implemented in scipy.stats.mannwhitneyu® to determine whether a
nucleus andits nearest neighbours expressed eachreceptor gene ata
higher level than a background subset of non-neuronal cells (the full
dataset was used for this instead of the neuronal subset). Next, for each
nucleusinthe neuronal subset, we determined the receptor gene with
the lowest Pvalue. If this gene was an Or, we extracted its array identity
using the information provided in Supplementary Table 1.

To generate the heat map showing Or gene expression in different
neurons, cells were ordered by the expressed array and then by the
first transcribed gene within the array. To determine the first tran-
scribed gene in each cell, genes within an array were plotted on the
x axis and their expression level was plotted on the y axis. Then, for
each gene, two regression lines were fitted using statsmodels.api.
OLS®: aline using the points upstream of the chosen gene and a line
using the points downstream and including the chosen gene. The
difference in slopes was the greatest when the chosen gene was the
first transcribed gene. As this strategy would not work for the first or
the last gene in the array, five flanking genes from outside the array
were added on each side.

Tosubcluster OSNs expressing Or genes fromarray 5 (Extended Data
Fig.2), the raw data were subsetted to retain only the nuclei classified
asexpressing thatarray, thenanalysed similarly to as described above,
except the only covariate in the scVImodel was technology (multiome
versus standalone snRNA-seq). Removing Or genes from the list of
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variable genes (Extended Data Fig. 2b) was done after highly variable
gene selection.

Tofind TFs differentially expressed between OSN groups expressing
Or genes from different arrays, we first subsetted the data to include
only genes identified as putative TFs in supplementary table 4 of
ref. 64 except LOCI05190671 and to include only nuclei that had an
Or gene array assigned to them (that is, Or-gene-expressing OSNs),
except for array 36, which only had a single nucleus assigned to it. We
nextran sc.tl.rank_genes_groups and sc.tl.filter_rank_genes_groups
and further filtered the list of differentially expressed TFs to retain
only those that had adjusted P < 0.05.

Iso-seq analysis

The first steps of analysis were done in SMRT Link v.7.0.1. Primer
sequences were removed using lima and poly(A) tails were trimmed
and concatemers were identified and removed using isoseq3 refine.
Resulting full-length non-concatemer reads were converted to FASTQ
using bedtools bamtofastq (bedtools v.2.29.2)%, and mapped to the
genome using minimap2 (v.2.22)% with the following parameters: -ax
splice:hq-uf. The aligned reads were sorted using samtools sort (sam-
tools v.1.14)%, split by strand using samtools view, and indexed using
samtoolsindex. Mapped reads fromthe two libraries were merged using
samtools merge. To generate coverage profilesin Extended DataFig. 1a,
alignment BAM files were converted to BigWig files usingbamCoverage
(deeptoolsv.3.5.0)*® with the following parameters: --normalizeUsing
RPGC --effectiveGenomeSize 334200000; then, profiles were plotted
using plotProfile after running computeMatrix scale-regions with the
following parameters:--referencePoint TSS --beforeRegionStartLength
2000 --afterRegionStartLength 2000.

Identification of the putative polyadenylation signal
Iso-seqreads mappedtoeach strand (see above) were filtered toretain
reads ending withat least [A]x10 and having soft-clipped bases at that
end. Thiswasaccomplished by converting BAM to SAM using samtools
view and filtering forward-strand-mapping reads using awk ‘{if ($10 -
JAAAAAAAAAAS/ & & $6 ~ /S$/) {print}} and reverse-strand-mapping
reads using awk ‘{if ($10 ~ /*"TTTTTTTTTT/&&$6 - /*[0-9]1+S/) {print}}.
Coordinates of the mapped portions of retained reads were written to
BED using bedtools bamtobed. The 3’-most-mapped coordinate of each
read, which presumably corresponded to the RNA-cleavage site, was
then extracted and also saved in BED format. Overlapping entries in
theresulting BED file were collapsed using bedtools sort, followed by
bedtools merge using the -c 5-0 sum arguments to count the number of
collapsed entries. Obtained cleavage site coordinates were intersected
with coordinates of Or genes +100 bp using bedtoolsintersect, and the
most frequently used cleavage site in each gene (entry with the highest
value inthe fifth column of the BED) was retained. Sequences of these
cleavage sites +100 bp, as well as negative-control sequences of the
same length, but shifted 1 kb upstream, were generated using bedtools
getfasta and parsed for common motifs using MEME v.5.5.7 runin the
differential enrichment mode (-objfun de)®. The top enriched motif
was AAAATAAA, which contains the canonical polyadenylation signal
AATAAA*, Coordinates of the identified motif within each sequence
were extracted from the MEME output.

snATAC-seq analysis

The outputs of cellranger-arc count (see above) were combined using
cellranger-arcaggr. Next, TSS + 500 bp of all Or genes was added to the
atac_peaks.bed output while making sure to avoid adding overlapping
peaks by first running bedtools subtract -A -a Or_promoters.bed -b
atac_peaks.bed. Then, cellranger-arc aggr was re-run with theamended
peak BED. The ATAC-seq portion of the cellranger-arc aggr output was
further analysed using scanpy. Peaks that were detected in fewer than
5% cells were removed, counts were depth-normalized (CP10k) and
log-transformed, and only nuclei with 1,000-6,000 detected peaks

wereretained for the analysis. Using scvi-tools, apeakVImodel was set
up with total ATAC counts as a continuous covariate. The model was
trained using the early_stopping = True argument, and the obtained
latent representation was used to compute the neighbourhood
graph and UMAP. Cells were classified by an expressed Or gene array
as described for snRNA-seq data above. subset-bam (https://github.
com/10XGenomics/subset-bam) was used to generate pseudobulk
ATAC-seq.

MAS-seq analysis

The first steps of analysis were done in SMRT Link v.13.0.0. Reads
were segmented using skera split, primer sequences were removed
using lima, UMIs and cell barcodes were clipped from the reads using
isoseq tag with the --design argument set to T-12U-16B, and poly(A)
tails were trimmed and concatemers were identified and removed
using isoseq refine. Cell barcodes were corrected and cells versus
empty droplets were identified using isoseq correct using the fol-
lowing list of reference barcodes: https://downloads.pacbcloud.
com/public/dataset/MAS-Seq/REF-10x_barcodes/3M-february-2018-
REVERSE-COMPLEMENTED.txt.gz. PCR deduplication was performed
usingisoseq groupdedup and the resulting reads were mappedto the
genome using pbmm?2 align with the following parameters: --preset
ISOSEQ --sort. The aligned reads were split by strand using samtools
view, and indexed using samtoolsindex. Asthe MAS-seq libraries were
generated from the same cDNA as the previously published 10x data®,
barcodes corresponding to nuclei expressing a given set of Or genes
were extracted fromthe 10x data, reverse-complemented and used as
aninput to subset-bam to generate pseudobulk MAS-seq data for the
desired subset of nuclei. To generate coverage profiles in Extended
DataFig.1a, alignment BAM files were converted to BigWig files using
bamCoverage (deeptools v.3.5.0)°® with the following parameters:
--normalizeUsing RPGC --effectiveGenomeSize 334200000, then
profiles were plotted using plotProfile after running computeMatrix
scale-regions with the following parameters: --referencePoint TSS
--beforeRegionStartLength 2000 --afterRegionStartLength 2000.

Analysis of 5’-capped and 5’-phosphorylated RNA end
sequencing

Reads were mapped to the genome using bwa-mem2 mem (bwa-mem2
v.2.1)”°. Alignment files were sorted using samtools sort, split by strand
using samtools view and indexed using samtools index®’.

Identification of the Initiator motif

Using Iso-seq data, Or genes containing peaked promoters (that is,
promoters at which transcription in one direction predominantly ini-
tiated at the same base”™) were identified, and TSS + 50 bp regions of
these genes were extracted using bedtools getfasta®®. To ensure that any
sequence conservation was not due to selection of recent duplicates,
no more than one gene per array was selected. The resulting set of
sequences was visualized usingJalview (v.2.11.4.1)72. Visual examination
identified asingle conserved region surrounding the TSS. Its sequence
matched closely to the Initiator element of Drosophila®.

CUT&RUN analysis

Reads were mapped to the genome using bwa-mem2 mem. Alignment
files were sorted using samtools sort and indexed using samtools
index®. They were then converted to BigWig files using bamCoverage
(deeptoolsv.3.5.0)¢%, and coverage profileswere plotted using plotHeat-
map after running computeMatrix scale-regions with the following
parameters: --beforeRegionStartLength 3000 --regionBodyLength
5000 --afterRegionStartLength 3000.

Reporting summary
Furtherinformation onresearch designis available in the Nature Port-
folio Reporting Summary linked to this article.
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Data availability

Sequencing data generated in this study have been deposited at the
Gene Expression Omnibus (GSE280477 and GSE280492) and SRA
(PRJNA1178663, PRJNA1178688 and PRJNA1261453).
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Extended DataFig.1|See next page for caption.
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Extended DataFig.1|Additional plots. (A) Long-read RNA-seq coverage (C) Expression of putative transcription factorsin OSN types defined by the
profileinbulkand combined single-nucleus data. One representative expressed Or locus. These genes were identified by searching for protein
biological replicate out of twois shown. (B) CUT&RUN for H3K36me3in domains often presentin transcription factors, and they mayinclude genes

Orlocus 3, alongside the ATAC-seq and CUT&RUN tracks shown in Fig. 4a. thatare not bonafidetranscription factors.
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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  Cell Ranger ARCv2.0.1
Cell Ranger v7.0.0
scanpy v1.10.3
scvi-tools v1.1.6
scipy v1.14.1
statsmodels v0.14.3
SMRT Link v7.0.1
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samtools v1.14
MEME v5.5.7
subset-bam v1.1.0
bwa-mem?2 v2.1
Jalview v2.11.4.1
deeptools v3.5.0

Data analysis Cell Ranger ARCv2.0.1
Cell Ranger v7.0.0
scanpy v1.10.3
scvi-tools v1.1.6

>
Q
—
(e
(D
©
(@)
=
S
<
-
(D
©
O
=
>
(@)
w
[
3
=
Q
<




scipy v1.14.1
statsmodels v0.14.3
SMRT Link v7.0.1
SMRT Link v13.0.0
bedtools v2.29.2
minimap2 v2.22
samtools v1.14
MEME v5.5.7
subset-bam v1.1.0
bwa-mem?2 v2.1
Jalview v2.11.4.1
deeptools v3.5.0
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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

Sequencing data generated in this study have been deposited at GEO (accessions GSE280477 and GSE280492) and SRA (accessions PRINA1178663, PRINA1178688,
and PRINA1261453).

Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender No human data were used or collected.

Reporting on race, ethnicity, or  No human data were used or collected.
other socially relevant

groupings

Population characteristics No human data were used or collected.
Recruitment No human data were used or collected.
Ethics oversight No human data were used or collected.

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

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

Sample size For the multiome experiment, we targeted the number of recovered nuclei similar to what was recovered in our previously published snRNA-
seq experiment (Sieriebriennikov, Sieber et al. 2024).

Data exclusions  No data were excluded from the analysis.

Replication Iso-Seq was performed in duplicates - we visually assessed transcript structure in Or loci using IGV and concluded that the two replicates are
highly consistent with each other and therefore sufficient. MAS-Seq was performed in duplicates - we visually assessed transcript structure in
Or loci using IGV and concluded that the two replicates are highly consistent with each other and therefore sufficient. CUT&RUN was
performed either in triplicates (IgG control and H3K4me3) or duplicates (H3K27ac and H3K27me3) - we visually assessed coverage in Or loci
using IGV and concluded that all replicates are highly consistent with each other and therefore duplicates are sufficient. CUT&RUN against
H3K36me3 had a single replicate because this experiment was done as a quick test of an unlikely model. The result was negative, so it is
mentioned in the manuscript text, but none of the major conclusions are based on this experiment. Sequencing of 5'-capped and 5'-
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monophosphorylated RNA was performed in duplicates - we visually assessed coverage in Or loci using IGV and concluded that the two
replicates are highly consistent with each other and therefore sufficient.

Randomization  We did not perform any group comparisons.

Blinding We did not perform any group comparisons.

Reporting for specific materials, systems and methods

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

Animals and other organisms
|:| Clinical data

|:| Dual use research of concern

|:| Plants

XXXOXX[] s

Antibodies

Antibodies used Tri-Methyl-Histone H3 (Lys4) (C42D8) Rabbit mAb - Cell Signaling Technology Cat#9751
Tri-Methyl-Histone H3 (Lys27) (C36B11) Rabbit mAb - Cell Signaling Technology Cat#9733
Acetyl-Histone H3 (Lys27) (D5E4) XP Rabbit mAb - Cell Signaling Technology Cat#8173
Anti-Histone H3 (tri methyl K36) antibody - ChIP Grade - abcam Cat#ab9050
Rabbit (DA1E) mAb IgG XP Isotype Control (CUT&RUN) - Cell Signaling Technology Cat#66362

Validation Validation statements copied from the manufacturer's websites:

#9751

"This antibody has been validated using SimpleChIP® Enzymatic Chromatin IP Kits."

"Tri-Methyl-Histone H3 (Lys4) Antibody detects endogenous levels of histone H3 when tri-methylated on Lys4. This antibody shows
some cross-reactivity with histone H3 that is di-methylated on Lys4, but does not cross-react with non-methylated or mono-
methylated histone H3 Lys4. In addition, the antibody does not cross-react with methylated histone H3 Lys9, Lys27, Lys36 or
methylated histone H4 Lys20.

Species Reactivity:
Human, Mouse, Rat, Monkey, D. melanogaster, S. cerevisiae"

#9733

"This antibody has been validated using SimpleChIP® Enzymatic Chromatin IP Kits."

"Tri-Methyl-Histone H3 (Lys27) (C36B11) Rabbit mAb detects endogenous levels of histone H3 only when tri-methylated on Lys27.
The antibody does not cross-react with non-methylated, mono-methylated or di-methylated Lys27. In addition, the antibody does
not cross-react with mono-methylated, di-methylated or tri-methylated histone H3 at Lys4, Lys9, Lys36 or Histone H4 at Lys20.

Species Reactivity:
Human, Mouse, Rat, Monkey"

#8173

"This antibody has been validated using SimpleChIP® Enzymatic Chromatin IP Kits."

"Acetyl-Histone H3 (Lys27) (D5E4) XP® Rabbit mAb recognizes endogenous levels of histone H3 protein only when acetylated at
Lys27. This antibody does not cross react with histone H3 acetylated at Lys9, 14, 18, 23, or 56. This antibody shows some cross-
reactivity with acetyl-histone H2B lysine 5.

Species Reactivity:
Human, Mouse, Rat, Monkey"

#ab9050

"Abcam's high quality validation processes ensure Anti-Histone H3 (tri methyl K36) antibody - ChIP Grade (ab9050) has high
sensitivity and specificity."

"Anti-Histone H3 (tri methyl K36) antibody - ChIP Grade (ab9050) specifically detects Histone H3 Tri Methyl-K36 (UniProt ID: P68431;
Molecular weight: 15kDa)."




Species Reactivity (ChIP):

Tested - human

Expected - cow

Predicted - Mouse, Rat, Saccharomyces cerevisiae, Xenopus laevis, Arabidopsis thaliana, Caenorhabditis elegans, Drosophila
melanogaster, Plants, Schizosaccharomyces pombe, Zebrafish, Silk worm, Rice, Xenopus tropicalis, Trypanosoma brucei

#66362

"Rabbit (DA1E) mAb IgG XP® Isotype Control (CUT&RUN) is not directed against any known antigen. It functions as an isotype control
for rabbit 1gG monoclonal antibodies in the CUT&RUN assay."

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in
Research
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Laboratory animals Harpegnathos saltator worker females of random age
Wild animals No wild animals were used.
Reporting on sex The methods section contains a statement that only females were used in the study (ant males are rare and short-lived). The

manuscript makes no mention of any sex differences or the effect of sex.
Field-collected samples  No samples were collected from the field.

Ethics oversight No ethics approval was necessary.

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

Plants

Seed stocks No plants were used in the study.

Novel plant genotypes  No plants were used in the study.

Authentication No plants were used in the study.
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