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Abstract

Advances in single-cell sequencing technologies have provided novel insights into the
dynamics of gene expression throughout development, been used to characterize somatic
variation and heterogeneity within tissues, and are currently enabling the construction of
transcriptomic cell atlases. However, despite these remarkable advances, linking anatomical
information to transcriptomic data and positively identifying the cell types that correspond to
gene expression clusters in single-cell sequencing data sets remains a challenge. We describe
a straightforward genetic barcoding approach that takes advantage of the powerful genetic
tools available in Drosophila to allow in vivo tagging of defined cell populations. This method,
called Targeted Genetically-Encoded Multiplexing (TaG-EM), involves inserting a DNA
barcode just upstream of the polyadenylation site in a Gal4-inducible UAS-GFP construct so
that the barcode sequence can be read out during single-cell sequencing, labeling a cell
population of interest. By creating many such independently barcoded fly strains, TaG-EM
will enable a number of potential applications that will improve the quality and information
content of single-cell transcriptomic data including positive identification of cell types in cell
atlas projects, identification of multiplet droplets, and barcoding of experimental timepoints,
conditions, and replicates. Furthermore, we demonstrate that the barcodes from TaG-EM fly
lines can be read out using next-generation sequencing to facilitate population-scale
behavioral measurements. Thus, TaG-EM has the potential to enable large-scale behavioral
screens in addition to improving the ability to reliably annotate cell atlas data, expanding the
scope, and improving the robustness of single-cell transcriptomic experiments.

eLife assessment

This useful study presents a genetically encoded barcoding system that could not
only advance transcriptomic studies but that also has potential further applications,
such as in high-throughput population-scale behavioral measurements. The evidence
supporting the claims of the authors are currently inadequate to demonstrate that
the method is indeed greatly superior to existing approaches in behavioural and
transcriptomic studies.
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7 eLife
Introduction

Spatially and temporally regulated gene expression patterns are a hallmark of multicellular life
and function to orchestrate patterning, growth, and differentiation throughout development
(Ingham, 1988 Z; Reeves et al., 2006 (2). In mature organisms, spatial expression patterns both in
tissues and within cells define functionally distinct compartments and determine many aspects of
cellular and organismal physiology (Martin and Ephrussi, 2009 ). In addition, such expression

types and provide insight into cellular function, also provide a means to understand the
organization and physiology of complex tissues such as the brain (Thompson et al., 2014 ). Thus,
robust and scalable tools for measuring spatial and temporal gene expression patterns at a
genome-wide scale and at high resolution would be transformative research tools across many
biological disciplines.

Single-cell sequencing technologies have provided insights into the dynamics of gene expression
throughout development, been used to characterize somatic variation and heterogeneity within
tissues, and are currently enabling the construction of transcriptomic cell atlases (Klein et al.,
2015 ; Macosko et al., 20157 ; Zheng et al., 2017 ). However, linking anatomical information to
transcriptomic data and positively identifying the cell types that correspond to gene expression
clusters in single-cell sequencing data sets remains a challenge. The cellular identities of gene
expression clusters identified in cell atlas data sets are typically inferred from the expression of
distinctive gene sets (Hung et al., 2020(%; Li et al., 2022 (% ; Ma et al., 2021 (%), and the lack of
positive identification of gene expression clusters introduces an element of uncertainty in this
analysis. Moreover, this process of manual annotation is labor-intensive and often requires
additional experiments to determine or confirm the expression patterns of marker genes.
Emerging spatial genomics technologies hold promise in linking anatomical and transcriptomic
information (Lee et al., 2015 ; Lein et al., 2017 (). Several of the emerging commercial spatial
genomics technologies rely on in situ sequencing of marker genes allowing droplet-based single-
cell transcriptomic data to be mapped onto a tissue. However, these technologies currently suffer
from constraints related to cost, content, or applicability to specific model systems.

In addition to descriptive cell atlas projects, studies involving multiple experimental timepoints
throughout development and aging, or to assess the effects of experimental exposures or genetic
manipulations would benefit from increased ability to multiplex samples. Given the fixed costs of
droplet-based single-cell sequencing, generating data for single-cell transcriptomic time courses or
experimental manipulations can be costly. These costs are also a barrier to including replicates to
assess biological variability; consequently, a lack of replicates is a common shortcoming of single-
cell sequencing experiments. Antibody-based cell hashing or feature barcoding approaches have
been developed to allow multiplexing of samples in droplet-based single-cell sequencing reactions
(Stoeckius et al., 20182, 2017 ). In addition, other multiplexing strategies for single-cell
sequencing based on alternative methods for tagging cells (Cheng et al., 2021 (%) or making use of
natural genetic variation have been used (Kurmangaliyev et al., 2020 @ ). While such approaches
can reduce per-sample costs, typically samples are barcoded at a population level and thus do not
enable labeling of cell subpopulations within a sample.

We have developed a straightforward genetic barcoding approach that takes advantage of the
powerful genetic tools available in Drosophila to allow deterministic in vivo tagging of defined cell
populations. This method, called Targeted Genetically-Encoded Multiplexing (TaG-EM), involves
inserting a DNA barcode just upstream of the poly-adenylation site in a Gal4-inducible UAS-GFP
construct so that the barcode sequence can be read out during droplet-based single-cell
sequencing, labeling a cell population of interest.
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Genetic barcoding approaches have been employed in many unicellular systems, cell culture, and
viral transfection, to facilitate high throughput screening using sequencing-based readouts (Bhang
et al., 2015; Smith et al., 2009 Z; van Opijnen et al., 2009 %). In multicellular animals, techniques
such as GESTALT have enabled lineage tracing by using CRISPR to create unique barcodes in
differentiating tissue (McKenna et al., 2016 2), and barcode sequencing has also been employed to
map connectivity in the brain (Chen et al., 2019(%). In addition to improving single-cell
sequencing-based measurements, genetically barcoded fly lines can enable highly multiplexed
behavioral assays read out using high throughput sequencing. Flies carrying TaG-EM barcodes can
be exposed to different experimental perturbations and then run through assays where flies,
larvae, or embryos are fractionated based on behavioral outcomes or other phenotypes. Thus,
TaG-EM has the potential to enable large-scale next-generation sequencing (NGS)-based behavioral
or other fractionation screens analogous to BAR-Seq or Tn-Seq approaches employed in microbial
organismes.
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Results

TaG-EM: A novel genetic barcoding strategy for

multiplexed behavioral and single-cell transcriptomics

We cloned a fragment containing a PCR handle sequence and a diverse 14 bp barcode sequence
into the SV40 3’ untranslated region (UTR) sequence just upstream of the polyadenylation sites in
the 10XUAS-myr::GFP (pJFRC12, (Pfeiffer et al., 2010 @)) backbone (Figure 1A%). A pool containing
29 unique barcode-containing plasmids was injected into Drosophila embryos for PhiC31-
mediated integration into the attP2 landing site (Groth et al., 2004 ) and transgenic lines were
isolated and confirmed by Sanger sequencing (Supplemental Figure 1@). We recovered 20
distinctly barcoded Drosophila lines, with some barcodes recovered from multiple crosses
(Supplemental Figure 1®). Such barcoded fly lines have the potential to enable population
behavioral measurements, where different exposures, experimental timepoints, and genetic or
neural perturbations can be multiplexed and analyzed by measuring barcode abundance in
sequencing data (Figure 1B @). In addition, the barcodes, which reside on a Gal4-inducible UAS-
GFP construct, can be expressed tissue-specifically and read out during droplet-based single-cell
sequencing, labeling a cell population and/or an experimental condition of interest (Figure 1C®).

Testing the accuracy and reproducibility of TaG-EM

behavioral measurements using structured pools

We conducted initial experiments to optimize amplification of the genetic barcodes using primers
targeting the PCR handle inserted just upstream of the 14 bp barcode sequence and PCR primers
downstream of the TaG-EM barcode in the SV40 3’ UTR sequence (Supplemental Figure 22). To
test the accuracy and reproducibility of sequencing-based measurements of TaG-EM barcodes, we
constructed structured pools containing defined numbers of flies pooled either evenly with each
of the 20 barcode constructs comprising 5% of the pool, or in a staggered manner with sets of
barcodes differing in abundance in 2-fold increments (Figure 2A). To examine the impact of
technical steps such as DNA extraction and PCR amplification on TaG-EM barcode measurements,
even pools were made and extracted in triplicate and amplicon sequencing libraries were made in
triplicate for each independently extracted DNA sample for both the even and staggered pools. The
resulting data indicated that TaG-EM measurements are highly accurate and reproducible.
Technical replicates (indicated by error bars in Figure 2B-E2) showed minimal variability.
Likewise, the three independently extracted replicates of the even pools produced consistent data
with all 20 barcodes detected at levels close to the expected 5% abundance (Figure 2B-C(%).
Barcode abundance values for the staggered structured pools was generally consistent with the
input values and in most cases, the 2-fold differences between the different groups of barcodes
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Figure 1.

Overview of TaG-EM system

A) Schematic illustrating the design of the TaG-EM constructs, where a barcode sequence is inserted in the 3’ UTR of a UAS-GFP construct and inserted in
a specific genomic locus using PhiC31 integrase. B) Use of TaG-EM barcodes for sequencing-based population behavioral assays. C) Use of TaG-EM
barcodes expressed with tissue-specific Gal4 drivers to label cell populations in vivo upstream of cell isolation and single-cell sequencing.
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could be distinguished (Figure 2D-E (@). For the staggered pools, abundances correlated well with
the expected values, particularly when multiple barcodes for an input level were averaged, in
which case R? values were >0.99 (Figure 2D-E ™, inset plots). This indicates that a high level of
quantitative accuracy can be attained using sequencing-based analysis of TaG-EM barcode
abundance, particularly when averaging data for three to four independent barcodes for an
experimental condition.

7 eLife

TaG-EM measurement of phototaxis behavior

correlate well with video-based measurements

Next, we tested whether TaG-EM could be used to measure a phototaxis behavior. A mixture of
barcoded wild type or blind norpA mutant flies were run together through a phototaxis assay. At
the end of a period of light exposure, test tubes facing toward or away from the light were capped,
DNA was isolated, and barcodes were amplified and sequenced for each tube. Raw read counts
were scaled in proportion to the number of flies per tube and a preference index was calculated
for each barcode (Figure 3A2). In parallel, individual preference indices were calculated based
on manual scoring of videos recorded for each line (Figure 3B(%). Preference indices calculated
for the pooled, NGS-based TaG-EM measurements were nearly identical to conventional
behavioral measurements for both wild type and norpA mutants (Figure 3A-B(2).

TaG-EM measurement of oviposition

behavior and age-dependent fecundity

We next tested whether NGS-based pooled measurements of egg laying could be made. Fertilized
females from each of the 20 barcode lines were placed together in egg laying cups, embryos were
collected, aged for 12 hours to enable cell numbers to stabilize in the developing eggs, and then
DNA was extracted from both the pooled adult flies and the embryos. In general, TaG-EM
measurements of oviposition correlated with fly numbers, with the exception of barcode 14 which
had reduced barcode abundance across multiple trials (Supplemental Figure 3(2). This suggests
that despite the fact that the genetic barcode constructs are inserted in a common landing site,
differences with respect to specific behaviors may exist among the lines and thus one should test
to make sure given lines are appropriate to use in specific behavioral assays.

To determine whether TaG-EM could be used to measure age-dependent fecundity, we collected
flies from twelve different TaG-EM barcode lines at four time points separated by one week (three
barcode lines per timepoint). We collected eggs from these fly lines individually and scored the
number of viable eggs per female. Next, we pooled the barcoded flies from all timepoints and
collected eggs from the pooled flies. These eggs were aged, DNA was extracted, and the TaG-EM
barcodes were amplified and sequenced. While measurements from individual barcode lines were
noisy, both for manual counts and sequencing based measurements, there was a general trend
toward declining fecundity over time (Supplemental Figure 4 @), consistent with published
reports (David et al., 1975 ). Manually scored viable egg numbers and TaG-EM barcode
abundances were well correlated across two independent experimental trials (R? values of 0.52-
0.61 for Trial 1 and 0.74-0.84 for Trial 2). When barcodes from each individual timepoint were
averaged, R? values for the correlation between manual and sequencing-based measurements
were 0.95 for Trial 1 and 0.99 for Trial 2 (Figure 3C(%, Supplemental Figure 4(2).

Tissue-specific expression of TaG-EM GFP constructs

To facilitate representation of the TaG-EM barcodes in single-cell sequencing data, genetic
barcodes were placed just upstream of the polyadenylation signal sequences and polyA cleavage
sites (Figure 4A(2). To verify that the inserted sequences did not interfere with Gal4-driven GFP
expression, we crossed each of the barcoded TaG-EM lines to decapentaplegic-Gal4 (dpp-Gal4). We
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Figure 2.

Structured pool tests

A) Overview of the construction of the structured pools for assessing the quantitative accuracy of TaG-EM barcode measurements. Male and female
even pools were constructed and extracted in triplicate. The table shows the number of flies that were pooled for each experimental condition. B)
Barcode abundance data for three independent replicates of the female even pool. C) Barcode abundance data for three independent replicates of the
male even pool. D) Barcode abundance data for the female staggered pool. Inset plot shows the average observed barcode abundance among lines
pooled at each level compared to the expected abundance. E) Barcode abundance data for the male staggered pool. Inset plot shows the average
observed barcode abundance among lines pooled at each level compared to the expected abundance. For all plots, bars indicate the mean barcode
abundance for three technical replicates of each pool, error bars are +/- S.E.M.
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Figure 3.

TaG-EM barcode-based behavioral measurements

A) TaG-EM barcode lines in either a wild-type or norpA background were pooled and tested in a phototaxis assay. After 30 seconds of light exposure, flies
in tubes facing the light or dark side of the chamber were collected, DNA was extracted, and TaG-EM barcodes were amplified and sequenced. Barcode
abundance values were scaled to the number of flies in each tube and used to calculate a preference index (P.L.). Average P.I. values for four different
TaG-EM barcode lines in both the wild-type and norpA backgrounds are shown (n=3 biological replicates, error bars are +/- S.E.M.). B) The same eight
lines used for the sequencing-based TaG-EM barcode measurements were independently tested in the phototaxis assay and manually scored videos
were used to calculate a P.L for each genotype. Average P.1. values for each line are shown (n=3 biological replicates, error bars are +/- S.E.M.). C) Flies
carrying different TaG-EM barcodes were collected and aged for one to four weeks and then eggs were collected and egg number and viability was
manually scored for each line. In parallel the barcoded flies from each timepoint were pooled, and eggs were collected, aged, and DNA was extracted,
followed by TaG-EM barcode amplification and sequencing. Average number of viable eggs per female (manual counts) and average barcode
abundance are shown both as a bar plot and scatter plot (n=3 biological replicates for 3 barcodes per condition, error bars are +/- S.E.M.).
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observed GFP expression in the expected characteristic central stripe (Teleman and Cohen,
2000%) in the wing imaginal disc for 19/20 lines at similar expression levels to the base pJFRC12
UAS-myr::GFP construct inserted in the same landing site (Figure 4B2, Supplemental Figure
6%). No GFP expression was visible for TaG-EM barcode number 8. Gal4-driven expression levels
of TaG-EM barcoded GFP constructs were also similar to that of the pJFRC12 base construct for
multiple driver lines (Supplemental Figure 72) indicating that the presence of the barcode does

not generally impair expression of GFP.

7 eLife

Boosting the GFP signal of TaG-EM

constructs to enable robust cell sorting

While with some driver lines, expression of the myr::GFP from the TaG-EM construct may be too
weak to allow robust enrichment of the tagged cells, adding an additional hexameric GFP
construct (Shearin et al., 2014®) could boost expression of weak driver lines to levels that are
sufficient for robust detection of labeled flies or larvae (Figure 4C ) and for labeling of
dissociated cells for flow cytometry (Supplemental Figure 8(%). Stocks with an additional UAS
hexameric GFP construct recombined onto the same chromosome as the TaG-EM construct have
been established for all 20 TaG-EM barcode lines.

Correlation between expression of TaG-EM barcodes and

intestinal cell marker genes in single-cell sequencing data

To test whether we could detect TaG-EM barcodes in single-cell sequencing data, we crossed three
TaG-EM barcode lines to two different gut Gal4 driver lines (Ariyapala et al., 2020%), one
expressing in the enterocytes (EC-Gal4) and the other in intestinal precursor cells (PC-Gal4),
including stem cells and enteroblasts (EBs). Due to weak GFP expression with the EC-Gal4 driver,
we did not see visible GFP positive cells for this driver line. The PC-Gal4 driver line contained an
additional UAS-Stinger (2xGFP) construct and expressed GFP at a level sufficient for flow sorting
when crossed to the TaG-EM line (Supplemental Figure 7 (%). Larval guts were dissected,
dissociated, stained with propidium iodide (PI) to label dead cells, and flow sorted to recover PI
negative and GFP positive cells. Approximately 10,000 cells were loaded into a 10x Genomics
droplet generator and a single-cell library was prepared and sequenced. Two clusters were
observed in the resulting sequencing data, one of which had high read counts from mitochondrial
genes suggesting that this cluster consisted of mitochondria, debris, or dead and dying cells, after
filtering the cells with high mitochondrial reads, a single cluster remained (Supplemental Figure
9@). This cluster expressed known intestinal precursor cell markers such as escargot (esg),
klumpfuss (klu), and Notch pathway genes like E(sp)mbeta-HLH (Supplemental Figure 9@).
Expression of all three PC-Gal4 driven TaG-EM barcodes was observed in this cluster
(Supplemental Figure 9 @) indicating that TaG-EM barcodes can be detected in single-cell
sequencing data. Interestingly, TaG-EM barcode 8, for which no GFP expression was observed was
represented in the single-cell sequencing data indicating that the insertion of this specific barcode
sequence may affect GFP translation, but not mRNA expression for this line.

A previous study used droplet-based single-cell sequencing to characterize the cell types that make
up the adult midgut (Hung et al., 2020 ). This study took advantage of two fluorescent protein
markers, an escargot (esg)-GFP fusion protein and a prospero (pros)-Gal4 driven RFP to label the
intestinal stem cells (ISCs) and enteroendocrine cells (EECs), respectively (Hung et al., 2020%). The
authors compared the resulting clusters to a list of known marker genes in the literature,
including antibody staining, GFP, LacZ, and Gal4 reporter expression patterns to classify the cells
in individual clusters, and also found that the esg-GFP expression was present in a broader subset
of cells than anticipated. Thus, most of these cell classifications relied upon inference as opposed
to direct positive labeling. Recently, a large collection of split-Gal4 lines were screened for
expression in the adult and larval gut (Ariyapala et al., 2020 @). These include pan-midgut driver
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Figure 4.

Gal4 driven expression of GFP from TaG-EM lines

A) Detailed view of the 3' UTR of the TaG-EM constructs showing the position of the 14 bp barcode sequence (green highlight) relative to the
polyadenylation signal sequences (underlined) and polyA cleavage sites (red highlights). pJFRC12 backbone schematic is from (Pfeiffer et al., 20102). B)
Comparison of endogenous GFP expression and GFP antibody staining in the wing imaginal disc for the original pJFRC12 construct inserted in the attP2
landing site or for a TaG-EM barcode line driven by dpp-Gal4. Wing discs are counterstained with DAPIL. C) Expression of GFP from either a TaG-EM
barcode construct (left column), a hexameric GFP construct (middle column), or both a line carrying both a TaG-EM barcode construct and a hexameric

GFP construct (right column) driven by the indicated gut driver line (PMG-Gal4: Pan-midgut driver; EC-Gal4: Enterocyte driver; EE-Gal4: Enteroendocrine
driver; EB-Gal4: Enteroblast driver).
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lines, split-Gal4 lines specific for the EBs, ECs, EECs, and ISC/EBs, as well as driver lines with
regionalized gene expression. We crossed four different TaG-EM barcode lines with the pan-
midgut driver (PMG-Gal4), and one barcode line to each of the precursor cell (PC-Gal4), enterocyte
(EC-Gal4), enteroblast (EB-Gal4) and enteroendocrine (EE-Gal4) drivers (Ariyapala et al., 2020 @).
Larval guts were dissected from these lines and cells were dissociated, flow sorted as described
above to select live, GFP positive cells, and approximately 30,000 cells were loaded into a 10x
Genomics droplet generator for single-cell sequencing. Using the additional hexameric GFP
construct to boost GFP expression resulted in visible fluorescent signal for all eight barcode Gal4
line combinations.

7 eLife

An advantage of cell barcoding both for cell hashing (Stoeckius et al., 2018 ) and for TaG-EM in
vivo barcoding is that such labeling facilitates the identification and removal of multiplets, which
are an artifact of droplet-based single-cell sequencing approaches. After filtering and removing
cells with a high percentage of mitochondrial or ribosomal reads, we searched for cells that co-
expressed multiple TaG-EM barcodes. Out of 8,847 cells, we identified and removed 854 cells
(9.65%) that expressed two different TaG-EM barcodes (Figure 5A 2, Supplemental Figure 102).
We additionally attempted amplifying the TaG-EM barcodes in parallel to preparation of the gene
expression library, following a modified cell hashing enrichment protocol. However, this
enrichment was unsuccessful (resulting sequencing reads were predominantly off-target) and
thus amplification of TaG-EM barcodes will require further troubleshooting.

After doublet removal, the remaining cells were clustered (Figure 5B () and analyzed using
ScanPy (Wolf et al., 2018 @). Analysis of differentially expressed genes identified clusters
expressing marker genes previously reported for adult gut cell types (Hung et al., 2020@). These
included genes associated with precursor cells (Notch pathway genes), enterocytes (trypsins,
serine proteases, amalyse, mannosidases), and enteroendocrine cells (neuropeptides and
neuropeptide receptors) (Supplemental Figure 11%, Supplemental Figure 123).

As expected, the barcodes expressed by the pan-midgut driver were broadly distributed across the
cell clusters (Supplemental Figure 13 (@). In contrast, expression of the cell type-specific barcodes
showed more restricted patterns of expression among the cell clusters and were co-localized with
known marker genes for these cell types (Figure 5C-N@). For instance, TaG-EM barcode 4
expression (Figure 5F @), which was driven by the EC-Gal4 line, was seen in clusters that
expressed enterocyte markers such as the serine protease Jon99Ciii (Figure 5C %) and other
enterocyte marker genes such as the amylase, Amy-d (not shown). TaG-EM barcode 4 did not label
other classes of enterocyte cells such as beta-Trypsin or LManVI positive enterocytes (Figures 5D-
E®). TaG-EM barcode 6 (Figure 5) @), driven by the EB-Gal4 line, was strongly expressed in cells
that also expressed precursor cell markers such as esg (Figure 5G @), klu (Figure 5H (), and
Notch pathway genes such as e(sp)mbeta-HLH (Figure 51(%) and e(sp)m3-HLH (not shown).
Finally, expression of TaG-EM barcode 9 (Figure 5N @), which was expressed using the EE-Gal4
driver line, was observed in clusters of cells that also expressed enteroendocrine cell derived
neuropeptide genes such as Dh31 (Figure 5K @) and other enteroendocrine markers such as IA-2,
a tyrosine phosphatase involved in the secretion of insulin-like peptide (Figure 5L%). As with the
enterocyte labeling, the EE-Gal4 expressed TaG-EM barcode 9 did not label all classes of
enteroendocrine cells and other clusters of presumptive enteroendocrine cells expressing other
neuropeptides such as Orcokinin (Figure 5M %), AstA (not shown), and AstC (not shown), or
neuropeptide receptors such as CCHa2 (not shown) were also observed. The EE-Gal4 driver uses
Dh31 regulatory elements, so it is not surprising that the TaG-EM barcodes specifically labeled
Dh31-positive enteroendocrine cells and this result further highlights the ability to target specific
genetically defined cell types using TaG-EM based on in vivo cell labeling. Taken together, these
results demonstrate that TaG-EM can be used to label specific cell populations in vivo for
subsequent identification in single-cell sequencing data.
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% elLife Discussion

Advances in next-generation sequencing, as well as single-cell and spatial genomics are enabling
new types of detailed analyses to study important biological processes such as development and
nervous system function. Here we describe TaG-EM, a genetic barcoding strategy that enables
novel capabilities in several different experimental contexts (Figure 1®).

We demonstrate that the genetic barcodes can be quantified from mixtures of barcoded fly lines
using next-generation sequencing. Analysis of structured pools of flies with defined inputs
suggests that TaG-EM barcode measurements are highly accurate and reproducible, particularly in
cases where multiple barcodes are used to label an experimental condition and averaged (Figure
2([@). Sequencing-based TaG-EM measurements recapitulated more laborious, one-at-a-time
measurements in both a phototaxis assay and an age-dependent fecundity assay, demonstrating
that TaG-EM can be used to measure behavior or other phenotypes in multiplexed, pooled
populations (Figure 3@). We did note that one line (TaG-EM barcode 14) exhibited poor
performance in oviposition assays, suggesting that barcode performance should be verified for a
specific assay, though other strategies such as averaging across multiple barcode lines or
permutation of barcode assignment across replicates could also mitigate such deficiencies.
Currently, up to twenty conditions can be multiplexed in a single pooled experiment with existing
TaG-EM lines, but because sequencing indices can be added after amplification in a separate
indexing PCR step, hundreds or even thousands of such experiments can be multiplexed in a
single sequencing run.

In addition, we show that TaG-EM barcodes can be expressed by tissue-specific Gal4 drivers and
used to tag specific cell populations upstream of single-cell sequencing (Figures 4% -5(%). This
capability will allow for positive identification of cell clusters in cell atlas projects and will
facilitate multiplexing of single-cell sequencing experiments. Recently, a conceptually similar
approach called RABID-Seq (Clark et al., 2021 %) has been described, which allows trans-synaptic
labeling of neural circuits using barcoded viral transcripts. However, one distinction between the
two approaches is that RABID-Seq relies on stochastic viral infection of mammalian cells while
TaG-EM allows reproducible targeting of defined cell populations allowing unambiguous cell
identification and potentially allowing the same cell populations to be assessed at different
timepoints or in the context of different experimental manipulations. One current limitation is
that TaG-EM barcodes are not observed in all cells in single-cell gene expression data and low
expressing driver lines may result in particularly sparse labelling. In antibody-conjugated oligo
cell hashing approaches, this sparsity of barcode representation is overcome by spiking in an
additional primer at the cDNA amplification step and amplifying the hashtag oligo by PCR. A
similar enrichment approach could be employed to generate dense labeling of the TaG-EM
barcodes, improving upon the current mapping of barcode-containing transcripts observed in the
gene expression data, and facilitating comparison between replicates and robust detection of
multiplets.

In the future, generation of additional TaG-EM lines will enable higher levels of multiplexing. In
addition, while the original TaG-EM lines were made using a membrane-localized myr::GFP
construct, variants that express GFP in other cell compartments such as the cytoplasm or nucleus
could be constructed to enable increased expression levels or purification of nuclei. Nuclear
labeling could also be achieved by co-expressing a nuclear GFP construct with existing TaG-EM
lines in analogy to the use of hexameric GFP described above.

In summary, combined with the large collections of Gal4 and split-Gal4 lines that have been

et al., 2020 @; Aso et al., 2014 ; Davis et al., 2020@; Gohl et al., 2011 ; Namiki et al., 20182 ;
Pfeiffer et al., 20102, 2008 3; Venken et al., 2011 %), TaG-EM provides a means to target and label
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cells in vivo for subsequent detection in single-cell sequencing. Moreover, these genetic barcodes
can be used to multiplex behavioral or other phenotypic measurements. Thus, TaG-EM provides a
flexible system for barcoding cells and organism:s.

Methods

Drosophila stocks and maintenance

Drosophila stocks were grown at 22°C on cornmeal agar unless otherwise indicated. The following
stocks were used in this study:

Stock name Source

IsoD1 Clandinin Lab, Stanford University
w-; +; + (IsoD1) Clandinin Lab, Stanford University
attP2 line BDSC #25710

norpA BDSC# 9048

UAS-myr::GFP (pJFRC12)
Hexameric GFP lines
dpp-Gal4 driver

Act-Gal4 driver

BDSC #32197

BDSC #91402, #91403
BDSC #1553

BDSC #4414

Tub-Gal4 driver BDSC #5138

Mhc-Gal4 driver BDSC #55132
PC-Gal4 driver BDSC #91400 + #91401
EC-Gal4 driver BDSC #91405

EB-Gal4 driver
EE-Gal4 driver

BDSC #91398 + #91404
BDSC #91402 + #91403

PMG-Gal4 driver BDSC #91398 + #91399
TaG-EM lines (x20) This study
TaG-EM lines + 6xGFP (x20) This study

Design and cloning of TaG-EM constructs

A gBlock with the following sequence containing a part of the SV40 3’ UTR with a PCR handle
(uppercase, below) and a 14 bp randomer sequence just upstream of the SV40 polyadenylation site
(bold and underlined, below) was synthesized (Integrated DNA Technologies, IDT):
caaaggaaaaagctgcactgctatacaagaaaattatggaaaaatatttgatgtatagtgecttgactagagatcataatcagecata
ccacatttgtagaggttttacttgctttaaaaaacctcccacacctceecctgaacctgaaacataaaatgaatgeaattgttgttgttaact
tgtttattgcagcttataaCTTCCAACAACCGGAAGTGANNNNNNNNNNNNNNtggttacaaataaagcaatag
catcacaaatttcacaaataaagcatttttttcactgcattctagttgtggtttgtccaaactcatcaatgtatcttatcatgtctggatcgatcet
ggceggeegtttaaacgaattcttgaagacgaaagggectegtgatacgectatttttataggttaatgtcatgataataatg The gBlock
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was resuspended in 20 pl EB, incubated at 50°C for 20 minutes and then cut with Psil and EcoRI
(New England Biolabs, NEB) using the following reaction conditions: 4 ul gBlock DNA (35 ng), 2 ul
10x CustSmart buffer (NEB), 1 ul EcoRI enzyme (NEB), 1 pl Psil enzyme (NEB), and 12 pl nuclease-
free water were mixed and incubated at 37°C for 1 hour followed by 65°C for 20 minutes to heat
inactivate the restriction enzymes. pJFRC12-10XUAS-IVS-myr::GFP plasmid (Addgene, Plasmid
#26222) (Pfeiffer et al., 2010 @) was digested with the following reaction conditions: 5 pl pJFRC12-
10XUAS-IVS-myr::GFP plasmid DNA (~3 pg), 5 yl 10x CutSmart buffer (NEB), 1 ul Psil enzyme
(NEB), 1 ul EcoRI enzyme (NEB), and 38 ul nuclease-free water, were mixed and incubated at 37°C
for 1 hour, followed by addition of 1 ul of CIP and incubation for an additional 30 minutes. The
digested vector backbone was gel purified using the QiaQuick Gel Purification Kit (Qiagen). The
digested gBlock was ligated into the digested pJFRC12-10XUAS-IVS-myr::GFP backbone using the
following reactions conditions: 4 ul T4 ligase buffer (10x) (NEB), 20 pl plasmid backbone DNA
(0.005 pmol), 5 ul gBlock digest DNA (0.03 pmol), 2 yl of T4 DNA ligase (NEB), and 9 pl nuclease-free
water were mixed and incubated at 22°C for 2 hours. 2 pl of the ligation reaction was transformed
into 50 pl of TOP10 competent cells (Invitrogen), and the cells were incubated on ice for 30
minutes, then heat shocked at 42°C for 30 seconds, and incubated on ice for 5 minutes. 250 pl SOC
was added and the cells were plated on LB+ampicillin plates and incubated overnight at 37°C. DNA
was isolated from 36 pJFRC12-gBlock colonies using a QIAprep Spin MiniPrep kit (Qiagen).
Expected construct size was verified by diagnostic digest with EcoRI and ApaLl. DNA
concentration was determined using a Quant-iT PicoGreen dsDNA assay (Thermo Fisher Scientific)
and the randomer barcode for each of the constructs was determined by Sanger sequencing using
the following primers:

7 eLife

SV40_post_R: GCCAGATCGATCCAGACATGA

SV40_5F: CTCCCCCTGAACCTGAAACA

Generation of TaG-EM transgenic lines

29 sequence verified constructs were normalized, pooled evenly, and injected as a pool into
embryos (Rubin and Spradling, 1982 @) expressing PhiC31 integrase and the carrying the attP2
landing site (BDSC #25710). Injected flies were outcrossed to w-flies, and up to three white+
progeny per cross were identified, and the transgenic lines were homozygosed. DNA was extracted
(GeneJET genomic DNA purification Kit, Thermo Scientific) and the region containing the DNA
barcode was amplified with the following PCR reaction: 2.5 pl 1:10 diluted template DNA, 2 ul 10x
Reaction Buffer (Qiagen), 0.2 pl dANTP mix (10 pM), 1 pul 10 uM SV40_5F primer (10 uM), 1 pl
SV40_post_R primer (10 uM), 0.8 ul MgCl, (3 mM), 0.1 ul Taq polymerase (Qiagen), 12.4 yl nuclease-
free water. Reactions were amplified using the following cycling conditions: 95°C for 5 minutes,
followed by 30 cycles of 94°C for 30 seconds, 55°C for 30 seconds, 72°C for 30 seconds, followed by
72°C for 5 minutes. PCR products were treated with Exo-CIP using the following reaction
conditions: 5 ul PCR product, 1 ul Exo-CIP Tube A (NEB), 1 ul Exo-CIP Tube B (NEB) were mixed and
incubated at 37°C for 4 minutes, followed by 80°C for 1 minute. The barcode sequence for each of
the independent transgenic lines was determined by Sanger sequencing using the SV40_5F and
SV40_PostR primers. Transgenic lines containing 20 distinct DNA barcodes were recovered
(Supplemental Figure 1®).

Optimizing amplification of TaG-EM
barcodes for next-generation sequencing

The following primers were evaluated to amplify the TaG-EM barcodes upstream of NGS: Forward
primer pool; four primers with frameshifting bases to increase library sequence diversity in initial
sequencing cycles were normalized to 10 pM and pooled evenly to make a B2_3’F1_Nextera_0-6
primer pool:

B2_3’F1_Nextera:
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Ze . TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCTTCCAACAACCGGAAG*TGA
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B2_3’F1_Nextera_2

TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGAGCTTCCAACAACCGGAAG*TGA

B2_3’F1_Nextera_4

TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGTCGACTTCCAACAACCGGAAG*TGA

B2_3’F1_Nextera_6

TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGGAAGAGCTTCCAACAACCGGAAG*TGA

The following two reverse primers were tested:

SV40_pre_R_Nextera:

GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGATTTGTGAAATTTGTGATGCTATTGC*T TT

SV40_post_R_Nextera:

GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGCCAGATCGATCCAGACA*TGA

SV40_pre_R_nextera is designed to produce a shorter amplicon (200 bp with Illumina adapters and

indices added) and SV40-post_R_Nextera is designed to produce a longer amplicon (290 bp with

INumina adapters and indices added).

An initial test was performed with three different polymerases (Qiagen Q5, KAPA HiFi, and Qiagen

Taq) at two different annealing temperatures and with both the B2_3’F1_Nextera/

SV40_pre_R_Nextera and B2_3’F1_Nextera/ SV40_post_R_Nextera primer sets to determine whether

the primers amplify as expected (Supplemental Figure 1@ ). Two different samples were tested:
1. Pool of 8 putative transformant samples (pooled 5 ul each of 1:10 diluted sample)

2. OreR (wild type - diluted 1:10)

Set up the following PCR reactions:

Q5 polymerase

2.5 yl template DNA, 1 pl 10 uM Forward primer (10 uM), 1 ul Reverse primer (10 uM), 10 pl 2x Q5
Master Mix (Qiagen), 5.5 pl nuclease-free water. Reactions were amplified using the following
cycling conditions: 98°C for 30 seconds, followed by 30 cycles of 98°C for 20 seconds, 55°C or 60°C
for 15 seconds, 72°C for 30 seconds, followed by 72°C for 5 minutes.

KAPA HiFi polymerase

2.5 pl template DNA, 1 pl 10 pM Forward primer (10 puM), 1 pl Reverse primer (10 uM), 10 ul 2x
KAPA HiFi ReadyMix (Roche), 5.5 pyl nuclease-free water. Reactions were amplified using the
following cycling conditions: 95°C for 5 minutes, followed by 30 cycles of 98°C for 20 seconds, 55°C
or 60°C for 15 seconds, 72°C for 30 seconds, followed by 72°C for 5 minutes.
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% eLife Taq polymerase

2.5 ul template DNA, 2 pl 10x Reaction Buffer (Qiagen), 0.2 pl ANTP mix (10 uM), 1 ul 10 yM
Forward primer (10 uM), 1 ul Reverse primer (10 pM), 0.8 ul MgCl, (3 mM), 0.1 ul Taq polymerase
(Qiagen), 12.4 yl nuclease-free water. Reactions were amplified using the following cycling
conditions: 95°C for 5 minutes, followed by 30 cycles of 94°C for 30 seconds, 55°C or 60°C for 30
seconds, 72°C for 30 seconds, followed by 72°C for 5 minutes. Samples were run on a 2% agarose
gel to verify amplification products (Supplemental Figure 12).

Next, the TaG-EM barcode lines were pooled in either an even or staggered manner. To optimize
reaction conditions for the barcode measurements, either 5 ng or 50 ng of DNA was amplified in
triplicate for each pool for either 20, 25, or 30 cycles with either KAPA HiFi using the B2_Nextera_F
0-6 forward primer pool together with either the SV40_pre_R_Nextera or the SV40_post_R_Nextera
reverse primer. Next, PCR reactions were diluted 1:100 in nuclease-free water and amplified in the
following indexing reactions: 3 ul PCR 1 (1:100 dilution), 1 pl indexing primer 1 (5 uM), 1 ul
indexing primer 2 (5 puM), and 5 pl 2x Q5 master mix. The following indexing primers were used (X
indicates the positions of the 8 bp indices):

Forward indexing primer:
AATGATACGGCGACCACCGAGATCTACACXXXXXXXXTCGTCGGCAGCGTC
Reverse indexing primer:
CAAGCAGAAGACGGCATACGAGATXXXXXXXXGTCTCGTGGGCTCGG

Reactions were amplified using the following cycling conditions: 98°C for 30 seconds, followed by
10 cycles of 98°C for 20 seconds, 55°C for 15 seconds, 72°C for 1 minute, followed by 72°C for 5
minutes. Amplicons were then purified and normalized using a SequalPrep normalization plate
(Thermo Fisher Scientific), followed by elution in 20 pl of elution buffer. An even volume of the
normalized libraries was pooled and concentrated using 1.8x AmpureXP beads (Beckman Coulter).
Pooled libraries were quantified using a Qubit dsDNA high sensitivity assay (Thermo Fisher
Scientific) and libraries were normalized to 2 nM for sequencing on the Illumina MiSeq (see
below).

Structured fly pool experiments

Male or female flies from TaG-EM barcode lines were pooled in either an even or staggered
manner (Figure 2A2). For the even pools, three independently pooled samples were constructed
in order to assess sample-to-sample variability. DNA was extracted from these structured pools
using a protocol adapted from Huang et al., 2009 @ (Huang et al., 2009 (#), using homemade SPRI
beads (DeAngelis et al., 1995[@) in the last purification step and amplified in triplicate using 2.5 pl
template DNA (50 ng), 1 pl 10 pM B2_Nextera_F 0-6 primers (10 pM), 1 ul SV40_post_R_Nextera (10
uM), 10 ul 2x KAPA HiFi ReadyMix (Roche), 5.5 pyl nuclease-free water. Reactions were amplified
using the following cycling conditions: 98°C for 5 minutes, followed by 30 cycles of 98°C for 20
seconds, 60°C for 15 seconds, 72°C for 30 seconds, followed by 72°C for 5 minutes. Amplicons were
indexed, normalized, quantified, and prepared for sequencing as described above.
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Video-based measurements

A pair of white LED strip lights with Muzata LED Strip Light Diffusers (U1SW WW 1M, LU1) were
mounted withing a light-tight box and controlled using an Vilros Uno Rev 3 microcontroller. Test
tubes containing flies were held in place with Acoustic Foam Panels (1”x12”x12”, ALPOWL). Videos
and images were acquired using an Arducam 1080P Day & Night Vision USB Camera with an IR
filter and using Photo Booth software (Apple). Wild type and norpA flies carrying one of 4 different
TaG-EM barcodes were tested in three independent experimental replicates. 20 male flies of each
genotype were transferred into 25 mm x 150 mm glass test tubes, incubated at 34°C for 10 minutes
and then run in the phototaxis assay, where a light at one end of the chamber was turned on for 30
seconds. Videos of all tests were recorded through the end of the 30 second light pulse. Videos
were independently scored by two observers to determine the number of flies in the light-facing
or dark-facing tubes and the results were averaged. A preference index (P.I.) was calculated using
the following formula: [(number of flies in light tube) - (number of flies in dark tube)]/(total
number of flies).

TaG-EM measurements

For TaG-EM barcode-based phototaxis measurements, the following genotypes were consolidated
into a single test tube:

Pool A

norpA/Y;TaG-EM BC4/+
norpA/Y;TaG-EM BC3/+
w-/Y;TaG-EM BC2/+
w-/Y;TaG-EM BC1/+
Pool B
norpA/Y;TaG-EM BC2/+
norpA/Y;TaG-EM BC1/+
w-/Y;TaG-EM BC4/+
w-/Y;TaG-EM BC3/+

These pools were individually incubated at 34°C for 10 minutes and then run in the phototaxis
assay. Videos of all tests were recorded and at the end of a 30 second light pulse the two test tubes
were quickly separated and capped. Flies in each of these tubes were counted, then DNA was
extracted from the flies from the light-facing or dark-facing tubes and amplified using 2.5 pl
template DNA (50 ng), 1 ul 10 uM B2_Nextera_F 0-6 primers (10 uM), 1 ul SV40_post_R_Nextera (10
uM), 10 pl 2x KAPA HiFi ReadyMix (Roche), 5.5 pl nuclease-free water. Reactions were amplified
using the following cycling conditions: 95°C for 5 minutes, followed by 30 cycles of 98°C for 20
seconds, 60°C for 15 seconds, 72°C for 30 seconds, followed by 72°C for 5 minutes. Amplicons were
indexed, normalized, quantified, and prepared for sequencing as described above.
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% eLife Oviposition experiments
Newly hatched flies (males and females) from three barcode lines were collected at one-week
intervals during 4 consecutive weeks (12 barcode lines in total). Fresh fly food was provided every
3-4 days. Ten days after the last collection, 10 females from each barcode line were taken and
pooled together in a collection cage (10 females x 12 barcode lines= 120 females). The remaining
females from each barcode line were separated from the males and put in individual collection
cages. Two days later, the experiment started and run for 3 consecutive days. Each day a 1-1.5
hour pre-collection was followed by a 6 hour collection, both at 25°C. 100 embryos from each
individual collection plate were transferred to new plates and incubated for 2 days at 18°C. The
number of hatched larvae were counted and used to calculate the egg survival rate. The pooled
collection plate was also incubated at 18°C and the next day the embryos were dechorionated and
frozen. The 12 individual collection plates were kept at 4°C and the number of embryos counted in
the following days. For the barcode measurements, DNA was extracted from the embryos, and
amplified using 2.5 pl template DNA (50 ng), 1 pl 10 uM B2_Nextera_F 0-6 primers (10 uM), 1 pl
SV40_post_R_Nextera (10 uM), 10 ul 2x KAPA HiFi ReadyMix (Roche), 5.5 pl nuclease-free water.
Reactions were amplified using the following cycling conditions: 95°C for 5 minutes, followed by
30 cycles of 98°C for 20 seconds, 60°C for 15 seconds, 72°C for 30 seconds, followed by 72°C for 5
minutes. Amplicons were indexed, normalized, quantified, and prepared for sequencing as
described above.

Cell dissociation and isolation

Midguts from 3rd instar larvae were dissected in phosphate-buffered saline (PBS) and transferred
to microcentrifuge tubes on ice containing PBS + 30% normal goat serum (NGS). After dissection,
150 pL of 2.7 mg/mL elastase was added to each sample tube. The tubes were then incubated at
27°C for one hour. During incubation, samples were mixed by pipetting ~30 times every 15
minutes to improve elastase dissociation of the cells. Samples were then filtered through a 40 pM
FlowMI tip filter (Bel-Art) to reduce debris. Afterwards, the samples were quantified on the LUNA-
FL Dual Fluorescence Cell Counter (Logos Biosystems) using 9 uL of sample to 1uL AO/PI dye to
ensure there were enough viable cells for flow sorting.

Once quantified, the samples were brought up to a volume of ~1.1mL with the PBS + 30% NGS
solution to facilitate flow sorting. The samples were then fluorescently sorted on a FACSAria II Cell
Sorter (BD Biosciences) to isolate GFP+ cells. Following sorting, samples were centrifuged at 300x g
for 10 minutes to concentrate the cells. The supernatant was aspirated off until 50 uL cell
concentrate remained in each sample. Then, the samples were carefully resuspended using wide
bore pipette tips before being combined into one sample tube. This sample was quantified on the
LUNA-FL Dual Fluorescence Cell Counter (Logos Biosystems) as described above. If necessary, cells
were centrifuged, concentrated, and re-counted.

Preparation of single-cell sequencing libraries

The resulting pool was prepared for sequencing following the 10X Genomics Single Cell 3’ protocol
(version CG000315 Rev C). Custom nested primers were used to attempt enrichment of TaG-EM
barcodes after cDNA creation using PCR. The remaining cDNA followed the 10X 3’ protocol
without modification while the enriched TaG-EM portion followed BioLegends’ “Total-Seq-A
Antibodies and Cell Hashing with 10X Single Cell 3’ Reagents Kit v3 or v3.1” Protocol starting at
step III. The resulting 3’ gene expression library and TaG-EM enrichment library were sequenced
together following Scenario 1 of the BioLegends protocol. Later, the TaG-EM library was
sequenced alone following Scenario 2 from the same protocol.
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+% eLife Sequencing
Libraries for TaG-EM barcode analysis from structured pools or from phototaxis or oviposition
experiments were denatured with NaOH and prepared for sequencing according to the protocols
described in the Illumina MiSeq Denature and Dilute Libraries Guides. Single-cell libraries were
sequenced on the Illumina NextSeq 2000 or Illumina NovaSeq 6000.

Data analysis

Behavioral experiments

Demultiplexed fastq files were generated using bcl2fastq or bel-convert. TaG-EM barcode data was
analyzed using custom R and Python scripts and BioPython (Cock et al., 2009 ). Leading primer
sequences were trimmed using cutadapt (Martin, 2011 %) and the first 14 bp of the remaining
trimmed read were compared to a barcode reference file, with a maximum of 2 mismatches
allowed, using a custom script which is available via Github: https://github.com/darylgohl/TaG

-EM3Z.

Single-cell experiments

Data was initially mapped and analyzed using the Cellranger software package (version 7.0.1, 10X
Genomics). A custom reference Drosophila genome was created by starting with the BDGP6.28
reference genome assembly and Ensembl gene annotations. Custom gene definitions for each of
the TaG-EM barcodes were added to the fasta genome file and gtf gene annotation file and a
Cellranger reference package was generated with the cellranger mkref command. Subsequent
analysis was performed using Scanpy (version 1.9.3) (Wolf et al., 2018 @). Cells expressing less
than 200 genes and genes expressed in fewer than three cells were filtered from the expression
matrix. Next, cells expressing more than 4,000 genes, cells expressing more than 15%
mitochondrial transcripts, and cells expressing more than 30% ribosomal (RpL) genes were
filtered out. Expression counts were log normalized and highly variable genes were filtered out
(min_mean=0.0125, max_mean=3, min_disp=0.5). Cells expressing multiple TaG-EM barcodes were
identified and removed and cells were clustered using the Leiden algorithm (Traag et al., 2019 @)
and projected with UMAP. Scanpy was used to call and visualize differentially expressed genes.
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Barcode sequence

Transgenic line

ATTTTGCGCCTTAG 1-2
CCCTAAAGTACCGT 4-3
TAGTTAGGCGGAAA 5-4
TTGCTCTTTCGTTT 6-4
TTGCTGCGCACGGC 7-1
CGTTTATATCCTGT 10-1
AGCAGGTGATGTAC 1-1, 1-3, 10-2
TATGCCTCATTTCT 13-2
GTTTGATCAGTACC 13-4
GGTTTACCACAAAG 14-2
AGACACATCCTGTG 15-1
GAATTTATCAGTTA 15-2
TCTTCATGACCAGC 2-1,2-2,2-3,11-1,11-2, 11-4
TATGTCAATATGGA 3-1, 3-2, 3-3, 9-2
ACTCTCTCTTAAGG 4-1,4-4
CTTTAATTGCAGTC 5-3, 5-5, 9-1, 9-3
TACTGTACATGCTC 6-2, 10-4, 14-3, 14-4
TACCTTTGAATTCG 6-3, 12-2, 124
CATCGAGTTCACCT 8-1,12-3
GTCCTTCTACCCCG 8-2,8-4

Consensus

+ Junctions (78 documents)

Ce REV pJFRC12_SV40_Post R_G10.ab1

Ce REV pJFRC12-gBlock_DG25_SV40_Post_R_A09.ab1
Ce REV pJFRC12-gBlock_DG34_5V40_Post R_B10.ab1
Ce REV pJFRC12-gBlock_DG15_SV40_Post R_G07.ab1
Ce REV p|FRC12-gBlock_DG31_SV40_Post_R_G09.ab1
De REV pJFRC12-gBlock_DGO_5V40_Post_R_A07.ab1
Ce REV pJFRC12-gBlock_DG32_SV40_Post R_H09.ab1
Ce REV pJFRC12-gBlock_DG14_SV40_Post R_F07.ab1
Ce REV pJFRC12-gBlock_DG10_SV40_Post_R_B07.ab1
De REV pJFRC12-gBlock_DG22_5VA40_Post_R_F08.ab1
Ce REV p|FRC12-gBlock_DG5_SV40_Post R_E06.ab1
Ce REV pJFRC12-gBlock_DG6_SV40_Post R_F06.ab1
Ce REV p]FRC12-gBlock_DG12_SV40_Post_R_D07.ab1
De REV pJFRC12-gBlock_DG24_SV40_Post_R_H08.ab1
Ce REY p|FRC12-gBlock_DG35_SV40 Post R_C10.ab1
Ce REV pJFRC12-gBlock_DG26_5VA40_Post_R_B09.ab1
Pe REV p]FRC12-gBlock_DG13_SV40_Post_R_E07.ab1
De REV pJFRC12-gBlock_DG20_SV40_Post_R_D08.ab1
Ce REV pJFRC12-gBlock_DG27_SV40_Post_R_C09.ab1
De REV pJFRC12-gBlock_DG29_SVA40_Post R_E09.ab1
Ce REV p]FRC12-gBlock_DG16_SV40_Post R_H07.ab1
e REV p|FRC12-gBlock_DG28_SV40_Post R_D09.ab1
Ce REV pJFRC12-gBlock_DG19_SV40_Post_R_C08.ab1
Ce REV p]FRC12-gBlock_DG33_5V40_Post_R_A10.ab1
Ce REV p]FRC12-gBlock_DG36_SV40_Post_ R_D10.ab1
Ce REV p|FRC12-gBlock_DG3_SV40_Post R_C06.ab1
Ce REV p]FRC12-gBlock_DG11_SV40_Post_R_C07.ab1
Ce REV pJFRC12-gBlock_DG21_SV40 Post R_E08.ab1

Le REV pJFRC12-gBlock_DG8_5V40_Post R_H06.ab1
Ce REV pJFRC12-gBlock_DG30_SV40_Post R_F09.ab1
D# REV pJFRC12-gBlock_DGA4_SV40_Post_R_D06.ab1
De REV p|FRC12-gBlock DG1_5V40_Post R_A06.ab1
Ce REV pJFRC12-gBlock_DG7_5V40_Post R_G06.ab1
Le REV pJFRC12-gBlock_DG17_SV4D_Post_R_A08.ab1
[+ REV pJFRC12-gBlock_DG2_5V40_Post R_BO06.ab1
De REV pJFRC12-gBlock DG18_SV40_Post R_BO08.ab1

TAGCATCACAAATT TCAC AAA
ATCACAAATT TCACAAA
ATCACAAATT TCACAAA
LATCACAAATT TCAC AAA
ACAAATTTCAC
ACAAATTTC
ACAAATTTCAC
LATCACAAATTTCAC
ATCACAAATT TCACAAA
L ATCACAAATTTCAC AAA

A IR CGRTRNG T/ T TAC AAATAA
A EATGAGTIRARET T/ T TAC AAATAA

AACTTCCAAC AACC GGAS
AACAACC

LATCACAAATT TCACAAA"
ATCACAAATTTCACAA

ATCACAAATTTC AA
L ATCACAAATTTCAC AAA

CACAAATTTCAC AAA
ATCACAAATT TCAC AAA
L ATCACAAATTTCAC AAA
AGCATCACAAATTTCAC AAA
ATC ACAAATTTCAC AAA
ATCACAAATTTCACA
ATCACAAATTTCAC
L ATCACAAATTTCAC AA
LA ACAAATTTCAC
ATCACAAATTTCAC

£ CTTC
LTTATAACTTC
LTTATAACTTCCAAC

Supplemental Figure 1.

Sanger sequencing identification of TaG-EM barcode lines

A) Summary of barcode pool injections. Barcode sequence and transgenic vial identifier in which the barcode was identified are shown. B) Sanger
sequencing-based confirmation of the barcode sequence and PCR handle in TaG-EM transgenic lines.
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Supplemental Figure 2.

Optimization of TaG-EM barcode amplification

A) Gels showing bands produced when amplifying TaG-EM flies or a wild type control with the indicated polymerase, annealing temperature, and primer
pair (short = B2_3'F1_Nextera/ SV40_pre_R_Nextera; long = B2_3'F1_Nextera/ SV40_post_R_Nextera). B-E) Mean error (R.M.S.D. root mean squared
deviation from expected value) for even pool amplified with the indicated primer set, input amount, and cycle number using KAPA HiFi polymerase (n=3,
error bars are +/- S.E.M.). F-G) Mean error (R.M.S.D. root mean squared deviation from expected value) for staggered pool amplified with the indicated
primer set, input amount, and cycle number using KAPA HiFi polymerase (n=3, error bars are +/- S.E.M.).
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Supplemental Figure 3.

Oviposition tests with TaG-EM barcode lines

Plots showing mean TaG-EM barcode abundance for adult females used in oviposition experiments (top) and eggs collected from these females
(bottom). Data from two independent trials is shown (n=3 for each trial, error bars are +/- S.E.M.).
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Supplemental Figure 4.

Fecundity data for individual TaG-EM lines

Manually collected data for mean number of viable eggs per female, barcode abundance data, and barcode abundance data normalized to adult fly
barcode data for each of the TaG-EM barcode lines used in the age-dependent fecundity experiment. Scatterplots show correlations between manually
collected data and barcode sequencing results. Data from two independent trials is shown (n=3 for each trial, error bars are +/- S.E.M.).

Jorge Blanco Mendana et al., 2023 eLife. https://doi.org/10.7554/eLife.88334.1 24 of 41


https://doi.org/10.7554/eLife.88334.1

Trial 1

18 50 50
16 45 45

o 14 I 40 % _ 40
® 35 © X
5 2 | I 30 5 g% $
o : @ .
» 10 2 % 30 r—§—|
2 25 3 © -
0 c o

o 8 © S5 25 ot
] 20 ) fa) .-'.
e 6 - o © o
® 15 8 > 20 +
b3 I c 3 o

4 10 S 15

©
2 5 @ 49 .%
0 0 5
1 2 3 4 R?=0.9542
Age (weeks) 0
0 5 10 15 20
m Manual counts TaG-EM barcodes Viable eggs/female

Supplemental Figure 5.

Average age-dependent fecundity data for Trial 1

Average number of viable eggs per female (manual counts) and average barcode abundance are shown both as a bar plot and scatter plot (n=3
biological replicates for 3 barcodes per condition, error bars are +/- S.E.M.). Data from Trial 2 is shown in Figure 3C (2.
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Supplemental Figure 6.

Expression driven by dpp-Gal4 for 20 TaG-EM lines

GFP antibody staining in the wing imaginal disc for the indicated TaG-EM barcode line driven by dpp-Gal4. Wing discs are counterstained with DAPIL.
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Act-Gal4>10xUAS-myr::GFP (pJFRC12 in attP2) Act-Gal4>10xUAS-myr::GFP[BC5] (TaG-EM line in attP2)

Tub-Gal4>10xUAS-myr::GFP (pJFRC12 in attP2) Tub-Gal4>10xUAS-myr::GFP[BC5] (TaG-EM line in attP2)

sem

Mhc-Gal4>10xUAS-myr:.GFP (pJFRC12 in attP2) Mhc-Gal4>10xUAS-myr::GFP[BCS5] (TaG-EM line in-attP2)

EC-Gal4>10xUAS-myr::GFP (pJFRC12 in attP2) EC-Gal4>10xUAS-myr::GFP[BC5] (TaG-EM line in attP2)

PC-Gal4>2xUAS-GFP PC-Gal4>2xUAS-GFP;10xUAS-myr::GFP[BC1]

Supplemental Figure 7.

TaG-EM line GFP expression driven by different Gal4 drivers

A) Comparison of GFP expression in larvae for the original pJFRC12 construct inserted in the attP2 landing site (left) or for a TaG-EM barcode line (right)
expressed under the control of the indicated driver line. B) GFP expression of the PC-Gal (Precursor-Gal4) driver line together with either UAS-2xGFP or a
combination of UAS-2xGFP and a TaG-EM barcode line.
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Supplemental Figure 8.

Dissociated intestinal cell viability

A) GFP expression visualized in dissociated cells from gut driver lines crossed to hexameric GFP and TaG-EM line. B) Proportion of live (left) and dead
(right) cells post-isolation and flow sorting as assessed by GFP expression and propidium iodide staining.
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Supplemental Figure 9.
Expression of TaG-EM genetic barcodes in larval intestinal precursor cells
UMAP plots showing gene expression levels of A) enteroblast/ISC marker genes esg, klu, and E(sp/)mbeta-HLH; and B) the TaG-EM barcodes 7, 8, and 9
driven by the PC-Gal4 line.
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Supplemental Figure 10.

Identification of doublets based on co-expression of TaG-EM barcodes

UMAP plots of all 28 pairwise barcode combinations showing cells co-expressing both of the indicated barcodes in blue (True).
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Supplemental Figure 11.

Differentially expressed genes

Dotplot showing the top three differentially expressed genes by log-fold change for each cluster.
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Plots showing t-test-based rankings of the top 25 differentially expressed genes for each cluster.

Top 25 marker genes for each cell cluster

Supplemental Figure 12.
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Supplemental Figure 13.
Expression of the PMG-Gal4 driven TaG-EM barcodes
UMAP plots showing expression of the four PMG-Gal4 driven TaG-EM barcodes (BC1, BC1, BC3, and BC7).
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Reviewer #1 (Public Review):

The aim of this paper is to describe a novel method for genetic labelling of animals or cell
populations, using a system of DNA/RNA barcodes.

Strengths:

* The author's attempt at providing a straightforward method for multiplexing Drosophila
samples prior to sScRNA-seq is commendable. The perspective of being able to load multiple
samples on a 10X Chromium without antibody labelling is appealing.

* The authors are generally honest about potential issues in their method, and areas that
would benefit from future improvement.

* The article reads well. Graphs and figures are clear and easy to understand.

Weaknesses:

* The usefulness of TaG-EM for phototaxis, egg laying or fecundity experiments is
questionable. The behaviours presented here are all easily quantifiable, either manually or
using automated image-based quantification, even when they include a relatively large
number of groups and replicates. Despite their claims (e.g., L311-313), the authors do not
present any real evidence about the cost- or time-effectiveness of their method in comparison
to existing quantification methods.

* Behavioural assays presented in this article have clear outcomes, with large effect sizes, and
therefore do not really challenge the efficiency of TaG-EM. By showing a T-maze in Fig 1B, the
authors suggest that their method could be used to quantify more complex behaviours. Not
exploring this possibility in this manuscript seems like a missed opportunity.

» Experiments in Figs S3 and S6 suggest that some tags have a detrimental effect on certain
behaviours or on GFP expression. Whereas the authors rightly acknowledge these issues,
they do not investigate their causes. Unfortunately, this question the overall suitability of TaG-
EM, as other barcodes may also affect certain aspects of the animal's physiology or behaviour.
Revising barcode design will be crucial to make sure that sequences with potential regulatory
function are excluded.

* For their single-cell experiments, the authors have used the 10X Genomics method, which
relies on sequencing just a short segment of each transcript (usually 50-250bp - unknown for
this study as read length information was not provided) to enable its identification, with the
matching paired-end read providing cell barcode and UMI information (Macosko et al., 2015).
With average fragment length after tagmentation usually ranging from 300-700bp, a large
number of GFP reads will likely not include the 14bp TaG-EM barcode. When a given cell
barcode is not associated with any TaG-EM barcode, then demultiplexing is impossible. This is
a major problem, which is particularly visible in Figs 5 and S13. In 5F, BC4 is only detected in
a couple of dozen cells, even though the Jon99Ciii marker of enterocytes is present in a much
larger population (Fig 5C). Therefore, in this particular case, TaG-EM fails to detect most of
the GFP-expressing cells. Similarly, in S13, most cells should express one of the four barcodes,
however many of them (maybe up to half - this should be quantified) do not. Therefore, the
claim (L277-278) that "the pan-midgut driver were broadly distributed across the cell
clusters” is misleading. Moreover, the hypothesis that "low expressing driver lines may result
in particularly sparse labelling" (1.331-333) is at least partially wrong, as Fig S13 shows that
the same Gal4 driver can lead to very different levels of barcode coverage.

» Comparisons between TaG-EM and other, simpler methods for labelling individual cell
populations are missing. For example, how would TaG-EM compare with expression of
different fluorescent reporters, or a strategy based on the brainbow/flybow principle?

* FACS data is missing throughout the paper. The authors should include data from their
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comparative flow cytometry experiment of TaG-EM cells with or without additional
hexameric GFP, as well as FSC/SSC and fluorescence scatter plots for the FACS steps that they
performed prior to scRNA-seq, at least in supplementary figures.

* The authors should show the whole data described in L.229, including the cluster that they
chose to delete. At least, they should provide more information about how many cells were
removed. In any case, the fact that their data still contains a large number of debris and dead
cells despite sorting out PI negative cells with FACS and filtering low abundance barcodes
with Cellranger is concerning.

7 eLife

Overall, although a method for genetic tagging cell populations prior to multiplexing in
single-cell experiments would be extremely useful, the method presented here is inadequate.
However, despite all the weaknesses listed above, the idea of barcodes expressed specifically
in cells of interest deserves more consideration. If the authors manage to improve their
design to resolve the major issues and demonstrate the benefits of their method more clearly,
then TaG-EM could become an interesting option for certain applications.

Reviewer #2 (Public Review):

In this manuscript, Mendana et al developed a multiplexing method - Targeted Genetically-
Encoded Multiplexing or TaG-EM - by inserting a DNA barcode upstream of the
polyadenylation site in a Gal4-inducible UAS-GFP construct. This Multiplexing method can be
used for population-scale behavioral measurements or can potentially be used in single-cell
sequencing experiments to pool flies from different populations. The authors created 20
distinctly barcoded fly lines. First, TaG-EM was used to measure phototaxis and oviposition
behaviors. Then, TaG-EM was applied to the fly gut cell types to demonstrate its applications
in single-cell RNA-seq for cell type annotation and cell origin retrieving.

This TaG-EM system can be useful for multiplexed behavioral studies from next-generation
sequencing (NGS) of pooled samples and for Transcriptomic Studies. I don't have major
concerns for the first application, but I think the scRNA-seq part has several major issues and
needs to be further optimized.

Major concerns:

1. It seems the barcode detection rate is low according to Fig S9 and Fig 5F, ] and N. Could the
authors evaluate the detection rate? If the detection rate is too low, it can cause problems
when it is used to decode cell types.

2. Unsuccessful amplification of TaG-EM barcodes: The authors attempted to amplify the TaG-
EM barcodes in parallel to the gene expression library preparation but encountered
difficulties, as the resulting sequencing reads were predominantly off-target. This
unsuccessful amplification raises concerns about the reliability and feasibility of this
amplification approach, which could affect the detection and analysis of the TaG-EM
barcodes in future experiments.

3. For Fig 5, the singe-cell clusters are not annotated. It is not clear what cell types are
corresponding to which clusters. So, it is difficult to evaluate the accuracy of the assignment
of barcodes.

4. The scRNA-seq UMAP in Fig 5 is a bit strange to me. The fly gut epithelium contains only a
few major cell types, including ISC, EB, EC, and EE. However, the authors showed 38 clusters
in fig 5B. It is true that some cell types, like EE (Guo et al., 2019, Cell Reports), have sub-
populations, but I don't expect they will form these many sub-types. There are many
peripheral small clusters that are not shown in other gut scRNA-seq studies (Hung et al., 2020;
Li et al., 2022 Fly Cell Atlas; Lu et al., 2023 Aging Fly Cell Atlas). I suggest the authors try
different data-processing methods to validate their clustering result.

5. Different gut drivers, PMC-, PC-, EB-, EC-, and EE-GAL4, were used. The authors should
carefully characterize these GAL4 expression in larval guts and validate sequencing data. For
example, does the ratio of each cell type in Fig 5B reflect the in vivo cell type ratio? The
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authors used cell-type markers mostly based on the knowledge from adult guts, but there are
significant morphological and cell ratio differences between larval and adult guts (e.g.,
Mathur...Ohlstein, 2010 Science).

6. Doublets are removed based on the co-expression of two barcodes in Fig 5A. However,
there are also other possible doublets, for example, from the same barcode cells or when one
cell doesn't have detectable barcode. Did the authors try other computational approaches to
remove doublets, like DoubleFinder (McGinnis et al., 2019) and Scrublet (Wolock et al., 2019)?
7. Did the authors remove ambient RNA which is a common issue for scRNA-seq
experiments?

8. Why does TaG-EM barcode #4, driven by EC-GAL4, not label other classes of enterocyte cells
such as betaTry+ positive ECs (Figures 5D-E)? similarly, why does TaG-EM barcode #9, driven
by EE-GAL4, not label all EEs? Again, it is difficult to evaluate this part without proper data
processing and accurate cell type annotation.

9. For Figure 2, when the authors tested different combinations of groups with various
numbers of barcodes. They found remarkable consistency for the even groups. Once the
numbers start to increase to 64, barcode abundance becomes highly variable (range of 12-
18% for both male and female). I think this would be problematic because the differences
seen in two groups for example may be due to the barcode selection rather than an actual
biologically meaningful difference.

10. Barcode #14 cannot be reliably detected in oviposition experiment. This suggests that the
BC 14 fly line might have additional mutations in the attp2 chromosome arm that affects this
behavior. Perhaps other barcode lines also have unknown mutations and would cause issues
for other untested behaviors. One possible solution is to back-cross all 20 lines with the same
genetic background wild-type flies for >7 generations to make all these lines to have the same
(or very similar) genetic background. This strategy is common for aging and behavior assays.
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Reviewer #3 (Public Review):

The work addresses challenges in linking anatomical information to transcriptomic data in
single-cell sequencing. It proposes a method called Targeted Genetically-Encoded
Multiplexing (TaG-EM), which uses genetic barcoding in Drosophila to label specific cell
populations in vivo. By inserting a DNA barcode near the polyadenylation site in a UAS-GFP
construct, cells of interest can be identified during single-cell sequencing. TaG-EM enables
various applications, including cell type identification, multiplet droplet detection, and
barcoding experimental parameters. The study demonstrates that TaG-EM barcodes can be
decoded using next-generation sequencing for large-scale behavioral measurements. Overall,
the results are solid in supporting the claims and will be useful for a broader fly community. I
have only a few comments below:

Specific comments:

1. The authors mentioned that the results of structure pool tests in Fig. 2 showed a high level
of quantitative accuracy in detecting the TaG-EM barcode abundance. Although the data were
generally consistent with the input values in most cases, there were some obvious exceptions
such as barcode 1 (under-represented) and barcodes 15, 20 (over-represented). It would be
great if the authors could comment on these and provide a guideline for choosing the
appropriate barcode lines when implementing this TaG-EM method.

2. In Supplemental Figure 6, the authors showed GFP antibody staining data with 20 different
TaG-EM barcode lines. The variability in GFP antibody staining results among these different
TaG-EM barcode lines concerns the use of these TaG-EM barcode lines for sequencing
followed by FACS sorting of native GFP. I expected the native GFP expression would be
weaker and much more variable than the GFP antibody staining results shown in
Supplemental Figure 6. If this is the case, variation of tissue-specific expression of TaG-EM
barcode lines will likely be a confounding factor.
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5:/‘,‘." ELife 3. As the authors mentioned in the manuscript, multiple barcodes for one experimental
condition would be a better experimental design. Could the authors suggest a recommended
number of barcodes for each experiential condition? 3? 4? Or more? Also, it would be great if
the authors could provide a short discussion on the cost of such TaG-EM method. For
example, for the phototaxis assay, if it is much more expensive to perform TaG-EM as
compared to manually scoring the preference index by videotaping, what would be the
practical considerations or benefits of doing TaG-EM over manual scoring?
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