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Abstract: Droplet microfluidics has made high-throughput single-cell RNA sequencing 

accessible to more laboratories than ever before, but is restricted to capturing information 

from the ends of A-tailed messenger RNA (mRNA) transcripts. Here, we describe a 

versatile technology, Droplet Assisted RNA Targeting by single cell sequencing (DART-

seq), that surmounts this limitation allowing investigation of the polyadenylated 

transcriptome in single cells, as well as enriched measurement of targeted RNA loci, 

including loci within non-A-tailed transcripts. We applied DART-seq to simultaneously 

measure transcripts of the segmented dsRNA genome of a reovirus strain, and the 

transcriptome of the infected cell. In a second application, we used DART-seq to 

simultaneously measure natively paired, variable region heavy and light chain (VH:VL) 

amplicons and the transcriptome of human B lymphocyte cells. 
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INTRODUCTION 1 

  2 

High-throughput single-cell RNA-seq (scRNA-seq) is being widely adopted for 3 

phenotyping of cells in heterogeneous populations1–5. The most common 4 

implementations of this technology utilize droplet microfluidics to co-encapsulate single 5 

cells with beads that are modified with barcoded poly-dT oligos to enable capture of the 6 

polyadenylated 3' ends of RNA transcripts2,4,5. Although these approaches provide a 7 

means to perform inexpensive single-cell gene expression measurements at scale, they 8 

are limited to assaying the ends of mRNA transcripts. Therefore, they are ill-suited for the 9 

characterization of non-A-tailed RNA, including the transcripts of many RNA viruses. They 10 

are also uninformative of RNA segments that are located at a distance greater than a few 11 

hundred bases from transcript ends that often comprise essential functional information, 12 

for example the complementarity determining regions (CDRs) of immunoglobulins (B cell 13 

antibody)6. 14 

  15 

Here we report DART-seq, a method that combines enriched measurement of targeted 16 

RNA sequences, with unbiased profiling of the poly(A)-tailed transcriptome across 17 

thousands of single cells in the same biological sample. DART-seq achieves this by 18 

implementing a simple and inexpensive alteration of the Drop-seq strategy2. Barcoded 19 

primer beads that capture the poly(A)-tailed mRNA molecules in Drop-seq are 20 

enzymatically modified using a tunable ligation chemistry7. The resulting DART-seq 21 

primer beads are capable of priming reverse transcription of poly(A)-tailed transcripts as 22 

well as other RNA species of interest. 23 

  24 

DART-seq is easy to implement and enables a range of new biological measurements. 25 

Here, we explored two applications. We first applied DART-seq to profile viral-host 26 

interactions and viral genome dynamics in single cells. We implemented two distinct 27 

DART-seq designs to investigate murine L929 cells (L cells) infected by the reovirus strain 28 

Type 3 Dearing (T3D). We demonstrate the ability of DART-seq to profile all 10 non-A-29 

tailed viral gene transcripts of T3D reovirus individually, as well as to recover a complete 30 

genome segment, while simultaneously providing access to the transcriptome of the 31 

infected L cells. In the second application, we applied DART-seq to determine natively 32 

paired antibody sequences of human B cells. DART-seq was able to determine B cell 33 

clonotype distribution, as well as variable heavy and light (VH:VL) pairings, in CD19 34 

positive B cell population, as well as in a mixed human peripheral blood mononuclear 35 

cells (PBMCs), highlighting the versatility of the approach. 36 

 37 

 38 

 39 

 40 
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RESULTS 1 

  2 

DART-seq primer bead synthesis 3 

  4 

Droplet microfluidics based scRNA-seq approaches rely on co-encapsulation of single 5 

cells with barcoded primer beads that capture and prime reverse transcription of mRNA 6 

molecules expressed by the cell2,4. In Drop-seq, the primers on all beads comprise a 7 

common sequence used for PCR amplification, a bead-specific cell barcode, a unique 8 

molecular identifier (UMI), and a poly-dT sequence for capturing polyadenylated mRNAs 9 

and priming reverse transcription. To enable simultaneous measurement of the 10 

transcriptome and multiplexed RNA amplicons in DART-seq, we devised a scheme to 11 

enzymatically attach custom primers to a subset of poly-dTs on the Drop-seq bead (Fig. 12 

1a). This is achieved by annealing a double stranded toehold probe with a 3’ ssDNA 13 

overhang that is complementary to the poly-dT sequence of the Drop-seq primers. The 14 

toehold is then ligated to the bead using T4 DNA ligase. Custom primers with a variety of 15 

different sequences can be attached to the same beads in a single reaction in this 16 

manner. The complementary toehold strand is removed after ligation.  17 

 18 

We examined the efficiency, tunability and variability of the ligation reaction using 19 

fluorescence hybridization assays. Here, fluorescently labeled DNA hybridization probes 20 

were designed for complementarity to ligated primer sequences (Fig. 1b and 21 

Supplementary Fig. 1). We found that the fluorescence hybridization signal is directly 22 

proportional to the number of custom primers included in the ligation reaction (bulk 23 

experiment, 3000 beads per reaction, Fig. 1b). The probe ligation reaction is highly 24 

efficient (25-40%, Fig. 1b). This is true for a wide range of toehold concentrations, and for 25 

four different sequences tested, making the reaction highly tunable. The efficiency of 26 

probe ligation decreased for ligation reactions with more than 1010 molecules per bead, 27 

indicating saturation of the available oligo(dT) primers on the Drop-seq beads. To 28 

examine bead-to-bead variability in the probe ligation reaction, we measured the 29 

fluorescence intensity for individual beads using an epifluorescence microscope. We 30 

found that the measured fluorescence signal after ligation is similar among beads (mean 31 

intensity of 28.2% compared to maximum pixel intensity, standard deviation 3.0%, n = 32 

741 beads; Fig. 1c).  33 

  34 

After synthesis of DART-seq primer beads, DART-seq follows the Drop-seq workflow 35 

without modification (see Methods). Briefly, cells and barcoded primer beads are co-36 

encapsulated in droplets using a microfluidic device. Cellular RNA is captured by the 37 

primer beads, and is reverse transcribed after breaking the droplets. The DART-seq 38 

beads prime reverse transcription of both A-tailed mRNA transcripts and RNA segments 39 

complementary to the custom primers ligated to the beads. The resulting complementary 40 
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DNA (cDNA) is PCR-amplified, randomly fragmented via tagmentation, and again PCR 1 

amplified to create libraries for sequencing. Sequences of mRNAs and RNA amplicons 2 

derived from the same cells are identified by decoding cell-specific barcodes, allowing for 3 

gene expression and amplicon measurements across individual cells.  4 

 5 

We assessed the efficiency of reverse transcription priming by DART-seq beads as 6 

function of the amount of custom primers ligated to the beads. We used quantitative PCR 7 

(qPCR) to measure the yield of cDNA copies of a non-A-tailed viral mRNA in reovirus-8 

infected murine fibroblasts (Fig. 1d, bulk experiment, see methods). Two distinct custom 9 

primers were ligated to the beads, both targeting the T3D reovirus S2 segment. The yield 10 

of cDNA copies of viral mRNA, relative to cDNA copies of a host transcript (Gapdh), 11 

increased with increasing number of primers included in the bead-synthesis reaction, and 12 

saturated for bead synthesis reactions with more than 109  custom primers per bead (Fig. 13 

1d). Reverse transcription of Gapdh was not affected by the presence of custom primers 14 

on the beads, for beads prepared with up to 1010 primers per bead in the ligation reaction.  15 

 16 

Next, we measured the abundance of amplicons in the resulting sequencing libraries 17 

using qPCR (Fig. 1e). Here, we compared sequencing libraries of T3D reovirus-infected 18 

L cells generated by Drop-seq and libraries for the same cells generated by DART-seq 19 

with amplicons targeting all ten genome segments of the virus. We designed seven PCR 20 

assays with 84-120 bp amplicons distributed across the L3 and S3 viral genome 21 

segments. To account for assay-to-assay and sample-to-sample variability, we 22 

normalized the number of molecules detected in Drop-seq and DART-seq libraries to the 23 

number of Gapdh transcripts. We observed significant enrichment upstream (5’ end) of 24 

the custom primer ligation site for both the L3 and S3 segment (Fig. 1d). As expected, 25 

there was no enrichment downstream of the custom primer ligation site (3’ end). 26 

Consistent with sequencing library preparation via tagmentation, we found that the degree 27 

of enrichment achieved by DART-seq at a given position decreased exponentially with 28 

distance from the target up to roughly 400 bp. 29 

 30 
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 1 
Fig. 1: DART-seq primer bead synthesis and validation of RNA priming. (a) Protocol for converting 2 

Drop-seq primer beads (left) to DART-seq primer beads (right). (b) Number of fluorescence probes bound 3 

per bead as function of the number of primers per bead included in the ligation reaction (four distinct custom 4 

primer sequences). Points are mean for three replicate measurements, bars indicate the minimum and 5 

maximum. The dotted line indicates expected values for 100% ligation efficiency. Inset: Schematic of 6 

fluorescence hybridization assay. (c) Bead-to-bead variability in fluorescence pixel intensity (n = 741 beads, 7 

maximum pixel intensity is 255). Inset: representative fluorescence microscopy image of beads. (d) cDNA 8 

copies of reovirus RNA relative to Gapdh as function of the number of custom primers included in the 9 

ligation reaction (bulk experiment, 80000 cells, 12000 beads). Points are mean of three replicate 10 

measurements while error bars represent minimum and maximum of the three measurements. (e) 11 

Enrichment of PCR amplicons relative to Gapdh in DART-seq sequencing libraries versus Drop-seq 12 

libraries as function of distance to the target locus. Measurement for two reovirus genes (S3 in green and 13 

L3 in violet).  14 

______________________________________________________________________ 15 

  16 

  17 

DART-seq enables investigation of the heterogeneity of cellular phenotypes and 18 

viral genotypes during viral infection. 19 

  20 

The basic unit of RNA virus infection is the cell8. Only a small number of studies have 21 

evaluated the transcription and replication of RNA viruses within single cells9–12, and 22 

these studies relied on low throughput scRNA-seq technologies or scRNA-seq 23 

technologies that are unresponsive to non-polyadenylated viral RNAs. Here, we used 24 

DART-seq to examine infection of murine L cells with T3D reovirus. The reovirus 25 

polymerase transcribes non-A-tailed mRNAs from each of its 10 dsRNA genome 26 

segments13,14. We infected L cells at a multiplicity of infection of 10 (MOI 10), and allowed 27 

the virus to replicate for 15 hours after inoculation, creating a condition for which nearly 28 
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all cells are infected (Fig. 2a). We performed Drop-seq and DART-seq experiments on 1 

infected L cells and non-infected L cells as control. We implemented two distinct DART-2 

seq designs. The first DART-seq design targeted each viral genome segment with a 3 

single amplicon. The second DART-seq design was comprised of seven amplicons 4 

targeting loci distributed evenly across the S2 genome segment (Fig. 2b). 5 

  6 

To determine the efficiency by which DART-seq retrieves viral transcripts near the target 7 

sequence, we analyzed the per-base coverage of positions upstream of the DART-seq 8 

target sites. For DART-seq design-1, we observed a mean enrichment of 34.7x in the 9 

gene regions 200 nt upstream of the ten custom primers. In both DART-seq design-1 and 10 

2, all targeted sites were enriched compared to standard Drop-seq beads (Fig. 2c,d). Viral 11 

transcripts were detected in Drop-seq libraries upstream of A-rich sequences in the viral 12 

genome, consistent with spurious priming of reverse transcription by poly-dT sequences 13 

on the oligo, as expected for Drop-seq. For example, a 200 nt gene segment upstream 14 

of an A5 sequence on segment M3 (position 1952) was significantly enriched in the Drop-15 

seq dataset (Fig. 2c; marked by arrow). Viral sequences were not detected in DART-seq 16 

or Drop-seq assays of non-infected cells. 17 

  18 

To test the utility of DART-seq to measure the heterogeneity of viral genotypes in single 19 

infected cells, we used DART-seq design-2 (Fig. 2b), which was tailored to retrieve the 20 

complete S2 viral gene segment. The S2 segment encodes inner capsid protein σ2. 21 

Across cells with at least 1500 UMIs, DART-seq design-2 increased the mean coverage 22 

across the S2 segment 430-fold compared to Drop-seq (Fig. 2e), thereby enabling the 23 

investigation of the rate and pattern of mutations. 176 single-nucleotide variants (SNVs) 24 

were identified across the S2 segment (minor allele frequency greater than 10%, and per-25 

base-coverage greater than 50x). Mutations from guanine-to-adenine (G-to-A) were most 26 

common (58%; Fig. 2f, top). We did not observe such a mutation pattern in a highly-27 

expressed host transcript (Actb). We examined the mutation load of viral transcripts at 28 

the single cell level, and observed a wide distribution in mutation load, with a mean G-to-29 

A conversion rate of 13%, and up to 41% (Fig. 2f, bottom). The reason for this level of 30 

hypermutation is unclear. G-to-A transamidation is an uncommon post-transcriptional 31 

modification that has not been previously seen as a host response to viral infection15,16. 32 

The high rate of G-to-A transition in the viral transcript could also be secondary to a defect 33 

in the fidelity of viral transcription. The T3D strain used in this study has strain-specific 34 

allelic variation in the viral polymerase co-factor, µ2, that has been shown to affect the 35 

capacity of µ2 to associate with microtubules and the encapsidation of viral mRNAs within 36 

capsids17,18. To assess the reproducibility of DART-seq, we repeated these experiments 37 

on an independent sample; we observed similar patterns in the coverage tracks for the 38 

ten reovirus genome segments (Supplementary Fig. 2). 39 
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 1 
Figure 2 - DART-seq reveals heterogeneity in viral genotypes and host response to infection. (a) 2 

Experimental design. Single cell analysis using Drop-seq and two distinct DART-seq designs of murine L 3 

cells infected with a reovirus, and a non-infected control. (b) Schematic of two DART-seq designs. Design-4 

1 (red bars) targets all 10 reovirus gene segments (3 x L (Large), 3 x M (Medium), and 4 x S (Small) 5 

segments). Design-2 (blue bars) targets seven loci on the S2 gene segment. (c) Comparison of the 6 

sequence coverage (normalized to host UMI detected x 106) of the 10 reovirus gene segments (columns) 7 

for three different library preparations (rows). The arrow indicates an A5 pentanucleotide sequence part of 8 

segment M3. Dotted lines indicate DART-seq target positions. (d) Per-base coverage upstream (5’ end) of 9 

10 custom primers of DART-seq design-1 (light red, average shown in dark red), and mean coverage 10 

achieved with Drop-seq (yellow). (e) Per-base coverage of the S2 gene segment achieved with DART-seq 11 

design-2 (bottom, dashed lines indicate custom primer positions) and Drop-seq (top). (f) Frequency and 12 

pattern of base mutations. Across all cells, the average nucleotide profile for positions on the S2 segment 13 

with SNPs such that the major allele is < 90% are shown (top); the distribution of nucleotide ratios for 14 

positions with reference nucleotide G is depicted for single cells (bottom). (g) Clustering analysis of reovirus 15 

infected L cells (DART-seq design-1). Hierarchical clustering of clusters displayed as a heatmap 16 

(yellow/purple is higher/lower expression). (h) Relative abundance of viral transcripts in L-cell clusters (* 17 

and ** indicates significant p-value of 10-3 and 10-4, respectively). (i) Fraction of cells in meta-clusters for 18 

four experiments depicted in panel a with assay type and infection status (+ or -) indicated. 19 

 20 

To identify distinct host cell populations based on patterns of gene expression, we 21 

performed dimensional reduction and unsupervised clustering using approaches 22 

implemented in Seurat19. We identified four distinct cell clusters for the monoculture 23 

infection model (DART-seq design-1, Fig. 2g). Two major clusters comprised of cells with 24 

elevated expression of genes related to transcription and replication (Rpl36a, cluster 1) 25 

and metabolic pathways (Ugdh, cluster 2). Two additional clusters were defined by the 26 
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upregulation of genes related to mitotic function (Cdc20, Cenpa; cluster 3) and innate 1 

immunity (Ifit1, Rsad2; cluster 4), respectively (Fig. 2g). The abundance of viral gene 2 

transcripts relative to host transcripts was significantly elevated for cells in cluster 3 (n = 3 

69 of 927 total cells) compared to cells in all other clusters (Fig. 2h; two-tailed Mann 4 

Whitney U test, p = 1.0x10-4). We merged datasets for the Drop-seq and three DART-seq 5 

assays and quantified the cell type composition for each experiment. We did not observe 6 

cells related to cluster 4 (immune response) for the non-infected control, though cells in 7 

this state were observed in the other three datasets, as expected (Fig 2i). Together, these 8 

results support the utility of DART-seq to study the single cell heterogeneity in viral 9 

genotypes and cellular phenotypes during viral infection. 10 

  11 

DART-seq allows high-throughput paired repertoire sequencing of B lymphocytes 12 

  13 

As a second application of DART-seq, we explored the biological corollary of viral 14 

infection, the cellular immune response. The adaptive immune response is reliant upon 15 

the generation of a highly diverse repertoire of B lymphocyte antigen receptors (BCRs), 16 

the membrane-bound form of antibodies expressed on the surface of B cells, as well as 17 

antibodies secreted by plasmablasts20,21. Antibodies are comprised of heavy (μ, α, γ, δ, 18 

ε) and light chains (κ, λ), linked by disulfide bonds (Fig. 3a). Each chain contains variable 19 

and constant domains. The variable region of the heavy chain is comprised of variable 20 

(V), diversity (D) and joining (J) segments, whereas the variable region of the light chain 21 

consists of a V and J segment (Fig. 3a). We designed DART-seq to target the site where 22 

the constant domain is joined to the VDJ gene segment in both heavy and light chain 23 

loci22 (Fig. 3a). This design allows us to investigate the complementarity-determining 24 

region 3 (CDR3), which plays a key role in antigen binding. This region often goes 25 

undetected in regular scRNA-seq methods due to its distance from the 3’ end of the 26 

transcript (Fig. 3a).  27 

 28 

As a first test of concept, we examined the efficiency of reverse transcription of heavy 29 

and light chain transcripts by DART-seq primer beads. We created several sets of primer 30 

beads, each with eight constant region custom primers ligated at varying total 31 

concentration. cDNA derived from pure CD19+ B cells for each primer bead set was then 32 

analyzed using qPCR. We observed an increase in the enrichment of transcripts for all 33 

heavy and light chain isotypes tested, as the number of custom primers on the beads was 34 

increased (Fig. 3b).  35 

 36 

Next, we compared the performance of DART-seq and Drop-seq to describe the antibody 37 

repertoire in CD19+ B cells at single cell level (Fig. 3c). Approximately 120,000 B cells 38 

were loaded in each reaction, yielding 4909 and 4965 single-cell transcriptomes for 39 

DART-seq and Drop-seq, respectively. The number of UMIs and genes detected per cell 40 
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was similar for DART-seq and Drop-seq (Supplementary Fig. 3). We mapped transcript 1 

sequences obtained from these cells to the immunoglobulin (Ig) sequence database, to 2 

find matches for the heavy and light chain transcripts in these cells, using MiXCR 2.1.523. 3 

For both DART-seq and Drop-seq, the percentage of cells for which Ig transcript 4 

sequences were detected was directly correlated to the total number of unique transcripts 5 

detected in the cells (Fig. 3c). For cells with 1000-1200 UMI in the DART-seq assay, we 6 

identified either a heavy or a light chain transcript in at least 67% of B cells, and in 29% 7 

of B cells both the light and heavy chain transcripts were identified (Fig. 3c, top). In 8 

contrast, in the same UMI range, Drop-seq identified either a heavy or light chain 9 

transcript in only 35% of cells, and both heavy and light chain transcripts in only 3% of B 10 

cells (Fig. 3c, bottom).  11 

 12 

To test the ability of DART-seq to delineate immune repertoires from a mixed population 13 

of cells, we further applied DART-seq to study the B cell antibody repertoire in human 14 

PBMCs. We loaded 120,000 PBMCs in the DART-seq reaction, yielding 4997 single-cell 15 

transcriptomes. To identify the population of B cells within PBMCs, we used dimensional 16 

reduction and clustering approaches implemented in Seurat19. We identified Ig transcripts 17 

in 564 cells out of 818 cells in the B cell cluster, Ig expression mapped accurately onto 18 

the B cell population (visualized by t-distributed Stochastic Neighbor Embedding24, tSNE, 19 

Fig. 3d).  20 

 21 

In line with the pure B cell experiment, we observed a correlation between the recovery 22 

of Ig transcripts and the number of UMIs recorded in a cell (Supplementary Fig. 4). Also 23 

here, DART-seq outperforms Drop-seq in the recovery of antibody transcripts for B cells 24 

(PBMC-1, Supplementary Fig. 4). To test the reproducibility of DART-seq, we assayed 25 

an additional PBMC sample and observed similar Ig transcript recovery rates (PBMC-2, 26 

Supplementary Fig. 4). We further classified the B cells derived from the PBMCs into 27 

CD27(+) B cells based on the recovery of CD27. We performed isotype distribution 28 

analysis on these cells (Fig. 3d). CD27(+) B cells consists of either IgM+ or class switched 29 

mature memory cells25. As expected we saw a mixed population of heavy chain isotypes 30 

in these cells, with the highest frequency of IgM, followed by IgD and IgA (Fig. 3e). Among 31 

the light chain isotypes, kappa and lambda were equally represented, as expected26–28 32 

(Fig. 3e). The B cells in which we did not detect the CD27 marker were predominantly 33 

IgM isotype29 (Fig. 3e). B cells derive their repertoire diversity from the variable regions 34 

of their heavy (IGHV) and light chains30 (IGKV, IGLV). We measured the representation 35 

of variable isoforms captured by DART-seq and present the diversity of these isoforms in 36 

Supplementary Figure 5.  37 

 38 

Another significant feature of DART-seq is the capability to sequence the paired variable 39 

heavy and light chain transcripts in single cells. Out of the 564 cells for which we detected 40 
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Ig transcripts, we were able to map the complete CDR3L (V+D+C region) in 339 cells and 1 

the complete CDR3H (V+D+J+C region) in 236 cells. The entire CDR3L as well CDR3H 2 

region was detected in 120 B cells. We mapped the CDR3 length distribution, and found 3 

that the CDR3L length peaks around 30 nucleotides while the CDR3H length distribution 4 

peaks around 50 nucleotides, in agreement with previous reports22,31,32 (Fig. 3f). We also 5 

examined the incidence of promiscuous light chain pairing (pairing of light chains to two 6 

or more VH sequences), and found that for CD27 7 

(-) B cells, promiscuous CDR-L3 junctions comprised 73.5% of the repertoires, which is 8 

in close agreement with a previous observation31. 9 

______________________________________________________________________ 10 

 11 
Fig. 3 DART-seq measures paired heavy and light chain B cell transcripts at single cell resolution. 12 

(a) DART-seq beads comprise of probes that target the constant region of all human heavy and light 13 

immunoglobulins. (b) cDNA copies of Ig transcripts relative to GAPDH as a function of the number of custom 14 

primers included in the ligation reaction (left panel, LCλ+V primers; right panel: IgG+V primers, cDNA 15 

derived from bulk DART-seq experiment, 62500 cells, 12000 beads). Points are mean of two replicate 16 

measurements, bars indicate the minimum and the maximum. (c) Percentage of B cells for which heavy 17 

and/or light chain transcripts were detected as a function of the UMI count per cell. Cells were binned by 18 

the number of UMI detected (bin width 200 UMI, 0-2400 UMI per cell, bins with fewer than 20 cells omitted, 19 

26 - 2396 cells per bin). Distributions were fit with a sigmoid curve (Methods). (d) Drop-seq and DART-seq 20 

assays of human PBMCs. Representation of DART-seq single-cell transcriptomes on a tSNE, cells are 21 

colored based on heavy and/or light chain transcript detection. (e) Bar graph of isotype distribution for 22 

CD27(+) B cells and B cells in which CD27 transcripts were not detected. (f) CDR3L and CDR3H length 23 

distribution. 818 B cells were used for the analysis. (g) Paired heavy (IGHV) and light (IGKV and IGLV) 24 

variable chain usage in B cells, pairing data from 164 single cells was used to generate this collective plot. 25 
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Finally, we measured clone specific paired usage for the heavy variable regions (IGHV) 1 

and light variable regions (IGKV, IGLV) in 164 single B cells (Fig. 3g). The highest pairing 2 

frequency was observed between the most highly expressed heavy and light chain 3 

transcripts. This trend for preferred pairings in single cells was similar to previous 4 

reports21,33.  5 

 6 

 DISCUSSION 7 

  8 

We have presented an easy-to-implement, high-throughput scRNA-seq technology that 9 

overcomes the limitation of 3’ end focused transcriptome measurements. DART-seq 10 

allows assaying additional RNA types in single cells while maintaining the ability to 11 

perform single-cell transcriptome profiling. This is achieved with a straightforward and 12 

inexpensive ligation assay to adapt the primer beads used in Drop-seq (Fig. 1). The 13 

additional assay time required to implement DART-seq compared to Drop-seq is minimal 14 

(2 hours), as is the cost per experimental design (~ $100 per experiment). DART-seq is 15 

compatible with simultaneous querying of many amplicons. Here, we present example 16 

designs with 7-10 amplicons. The design and ratio of probes can be tailored to individual 17 

applications, allowing researchers the flexibility to use their existing droplet microfluidics 18 

scRNA-seq set-up for a wide variety of biological measurements. 19 

  20 

We have highlighted two potential applications of DART-seq technology. First, we 21 

demonstrated that DART-seq provides a means to study the heterogeneity in viral 22 

genotypes and cellular phenotypes during viral infection. We were able to recapitulate a 23 

full segment of a dsRNA viral genome, while simultaneously profiling the transcriptome 24 

of the infected host cells (Fig. 2). DART-seq opens new avenues for studies of host-virus 25 

interactions.  26 

  27 

We further applied DART-seq to measure endogenously paired, heavy and light chain 28 

amplicons within the transcriptome of human B lymphocyte cells in a mixed human PBMC 29 

population, while having access to transcriptome data of the B cells and all other cell 30 

types (Fig. 3). Determination of the paired antibody repertoire at depth can provide 31 

insights into several medically and immunologically relevant issues, including vaccine 32 

design and deployment34–37.  33 

 34 

While we focus here on DART-seq assays that combine transcriptome profiling and 35 

targeted amplicon sequencing, assays that focus the sequencing budget to a few targets 36 

of interest can also be envisioned. This can be achieved by saturating Drop-seq beads 37 

with modified primers, or by using primer beads that lack poly(dT) primers but have a 38 

common 3’ end sequence suitable for custom primer ligation. 39 

 40 
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METHODS 1 

 2 

Step-by-step protocol. A detailed step-by-step protocol, including all reagents and 3 

primers used, is included as a supplemental file. 4 

Primer bead synthesis. Single-stranded DNA (ssDNA) primer sequences were 5 

designed to complement regions of interest. The probes were annealed to the 6 

complementary splint sequences that also carry a 10-12 bp overhang of A-repeats 7 

(Supplementary table). All oligos were resuspended in Tris-EDTA (TE) buffer at a 8 

concentration of 500 μM. Double-stranded toehold adapters were created by heating 9 

equal volumes (20 μL) of the custom primer and splint oligos in the presence of 50 mM 10 

NaCl. The reaction mixture was heated to 95 °C and cooled to 14 °C at a slow rate (-0.1 11 

°C/s). The annealed mixture of dsDNA probes was diluted with TE buffer to obtain a final 12 

concentration of 100 μM. Equal amounts of custom primer probes were mixed and the 13 

final mixture diluted to obtain the desired probe concentration (8.03x108 custom primers 14 

per bead for reovirus DART-seq design-1 and B-cell DART-seq, and 4.01x109 custom 15 

primers for reovirus DART-seq design-2). 16 μL of this pooled probe mixture was 16 

combined with 40 μL of PEG-4000 (50% w/v), 40 μL of T4 DNA ligase buffer, 72 μL of 17 

water, and 2 μL of T4 DNA Ligase (30 U/μL, Thermo Fisher). Roughly 12,000 beads were 18 

combined with the above ligation mix and incubated for 1 hr at 37 °C (15 second 19 

alternative mixing at 1800 rpm). After ligation, enzyme activity was inhibited (65 °C for 3 20 

minutes) and beads were quenched in ice water. To obtain the desired quantity of DART-21 

seq primer beads, 6-10 bead ligation reactions were performed in parallel. All reactions 22 

were pooled, and beads were washed once with 250 μL Tris-EDTA Sodium dodecyl 23 

sulfate (TE-SDS) buffer, and twice with Tris-EDTA-Tween 20 (TE-TW) buffer. DART-seq 24 

primer beads were stored in TE-TW at 4 °C. 25 

Cell preparation. Murine L929 cells (L cells) in suspension culture were infected with 26 

recombinant Type 3 Dearing reovirus at MOI 10. After 15 hours of infection, the cells were 27 

centrifuged at 600 x g for 10 minutes and resuspended in PBS containing 0.01% BSA. 28 

Two additional washes were followed by centrifugation at 600 x g for 8 min, and then 29 

resuspended in the same buffer to a final concentration of 300,000 cells/mL (120,000 30 

cells/mL in replicate experiment). Human CD19(+) B cells or PBMCs were obtained from 31 

Zen-Bio (B cells: SER-CD19-F, PBMCs: SER-PBMC-F). Cells were washed three times 32 

with PBS containing 0.01% BSA, each wash followed by centrifugation at 1500 rpm for 5 33 

min, and then resuspended in the same buffer. The cell suspension was filtered through 34 

a 40 μm filter and resuspended to a final concentration of 120,000 cells/mL. 35 

Single cell library preparation. Single cell library preparation was carried out as 36 

described2. Briefly, single cells were encapsulated with beads in a droplet using a 37 

microfluidics device (FlowJEM, Toronto, Ontario). After cell lysis, cDNA synthesis was 38 

carried out (Maxima Reverse Transcriptase, Thermo Fisher), followed by PCR (2X Kapa 39 

Hotstart Ready mix, VWR, 15 cycles). cDNA libraries were tagmented and PCR amplified 40 
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(Nextera tagmentation kit, Illumina). Finally, libraries were pooled and sequenced 1 

(Illumina Nextseq 500, 20x130 bp). 2.6x107 to 3.7x107 sequencing reads were generated 2 

for the experiments described in Figure 2. 4.2x107 to 6.8x108 sequencing reads were 3 

generated for the experiments described in Figure 3. 4 

qPCR measurement of reverse transcription yield. 80,000 L cells or 62,500 B cells 5 

were lysed in one mL of lysis buffer, and placed on ice for 15 minutes with brief vortexing 6 

every 3 minutes. After lysis and centrifugation (14,000 RPM for 15 minutes at 4℃), the 7 

supernatant was transferred to a tube containing 12,000 DART-seq beads. The bead and 8 

supernatant mixture was rotated at room temperature for 15 minutes and then rinsed 9 

twice with 1 mL 6x SSC. Reverse transcription, endonuclease treatment, and cDNA 10 

amplification steps performed as described above, with the exception that all reagent 11 

volumes were decreased by 80%. Following cDNA amplification and cleanup (following 12 

manufacturer’s instructions, Beckman Coulter Ampure beads), the total yield of cDNA 13 

was measured (Qubit 3.0 Fluorometer, HS DNA).  14 

qPCR measurements of amplicon enrichment in sequencing libraries. 0.1 ng DNA 15 

from sequencing libraries was used per qPCR reaction. Each reaction was comprised of 16 

1 μL cDNA (0.1 ng/μL), 10 μL of iTaq™ Universal SYBR® Green Supermix (Bio-Rad), 17 

0.5 μL of forward primer (10 μM), 0.5 μL of reverse primer (10 μM) and 13 μL of DNAse, 18 

RNAse free water. Reactions were performed in a sealed 96-well plate using the following 19 

program in the Bio-Rad C1000 Touch Thermal Cycler: (1) 95 °C for 10 minutes, (2) 95 °C 20 

for 30 seconds, (3) 65 °C for 1 minute, (4) plate read in SYBR channel, (5) repeat steps 21 

(2)-(4) 49 times, (6) 12 °C infinite hold. The resulting data file was viewed using Bio-Rad 22 

CFX manager and the Cq values were exported for further analysis. Each reaction was 23 

performed with two technical replicates. 24 

Fluorescence hybridization assay. Roughly 6,000 DART-seq beads were added to a 25 

mixture containing 18 uL of 5M NaCl, 2 μL of 1M Tris HCl pH 8.0, 1 μL of SDS, 78 μl of 26 

water, and 1 μL of 100 μM Cy5 fluorescently labeled oligo (see Supplementary Table). 27 

The beads were incubated for 45 minutes at 46 ˚C in an Eppendorf ThermoMixer C (15”, 28 

at 1800 RPM). Following incubation, the beads were pooled and washed with 250 μL TE-29 

SDS, followed by 250 μL TE-TW. The beads were suspended in water and imaged in the 30 

Zeiss Axio Observer Z1 in the Cy5 channel and bright field. A custom Python script was 31 

used to determine the fluorescence intensity of each bead.  32 

Fluorescence hybridization assay to determine ligation efficiencies. Roughly 3,000 33 

DART-seq beads were added to a mixture containing 18 uL of 5M NaCl, 2 μL of 1M Tris 34 

HCl pH 8.0, 1 μL of SDS, 78 μl of water, and 1 μL of 100 μM Cy5 fluorescently labeled 35 

oligo (see Supplementary Table). The beads were incubated for 45 minutes at 46 ˚C in 36 

an Eppendorf ThermoMixer C (15”, at 1800 RPM). Following incubation, the beads were 37 

pooled and washed with 250 μL TE-SDS, followed by 250 μL TE-TW. The beads were 38 

suspended in 200 μl of DNAse/RNAse free water and transferred to a Qubit assay tube 39 

(ThermoFisher Scientific, Q32856). Qubit 3.0 Fluorometer was set to “Fluorometer” mode 40 
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under the “635 nm” emission setting. The tube was vortexed briefly and placed in the 1 

fluorometer for immediate readout. Two additional vortexing and measurement steps 2 

were performed. 3 

Single cell host transcriptome profiling. We used previously described bioinformatic 4 

tools to process raw sequencing reads2, and the Seurat package for downstream 5 

analysis19. Cells with low overall expression or a high proportion of mitochondrial 6 

transcripts were removed. For clustering, we used principal component analysis (PCA), 7 

followed by k-means clustering to identify distinct cell states. For meta-clustering, host 8 

expression matrices from all four experiments were merged using Seurat. Cells with fewer 9 

than 2000 host transcripts were excluded from the analysis in Figure 2. Cells with fewer 10 

than 100 unique genes detected were excluded from the analysis in Figure 3.  11 

Viral genotype analysis. Sequencing reads that did not align to the host genome were 12 

collected and aligned to the T3D reovirus genome38 (GenBank Accession EF494435-13 

EF494445). Aligned reads were tagged with their cell barcode and sorted. The per-base 14 

coverage across viral gene segments was computed (Samtools39 depth). Positions where 15 

the per-base coverage exceeded 50, and where a minor allele with frequency greater 16 

than 10% was observed, were labeled as SNV positions. The frequency of SNVs was 17 

calculated across all cells. For the combined host virus analysis, the host expression 18 

matrix and virus alignment information were merged. The per-base coverage of the viral 19 

genome was normalized by the number of host transcripts. Cells with fewer than 1500 20 

host transcripts were excluded from the analysis. 21 

Immunoglobulin identification and analysis. Sequences derived from B cells were 22 

collected and aligned to a catalog of human germline V, D, J and C gene sequences using 23 

MiXCR version 2.1.523. For each cell, the top scoring heavy and light chain variable 24 

regions were selected for subtyping and pairing analyses (Fig. 3e and Fig. 3g). 25 

Sigmoidal fitting heavy/light chain capture. The mapping for the fractions of B cells 26 

containing heavy chains or light chains was fit with the following sigmoidal function: 27 

 𝑓(𝑥)  =  
1

1+ 𝑒−𝑏/(𝑥−𝑐)
 . 28 

Where the parameter b was a free parameter for the fit of the light chain or heavy chain 29 

data, and then fixed for the light chain only, heavy chain only, and combined light chain 30 

and heavy chain data. 31 

Statistical analysis. Statistical tests were performed in R version 3.3.2. Groups were 32 

compared using the two-tailed nonparametric Mann-Whitney U test. 33 

  34 

DATA AVAILABILITY 35 

Raw sequencing data and corresponding gene expression matrices have been made 36 

available: NCBI Gene Expression Omnibus; Project ID GSE113675. 37 

  38 

CODE AVAILABILITY 39 

Custom scripts are available at: https://github.com/pburnham50/DART-seq. 40 
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