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Supplementary Figure 1. Sequence analysis and filtering pipeline for DoTA-seq. Boxed 
text represent data and arrows represent scripts or programs used to process the data. 
Green box contains analysis specific to communities of known composition, and blue box 
contains analysis specific to communities of unknown composition. Raw reads obtained 
from the sequencer are processed in Python (R4parser.ipynb) to remove low quality 
barcodes and associate the droplet barcodes with the amplicon reads. The resulting 
reads are processed differently depending on the source sample material. For defined 
microbial communities, reads are mapped to a reference containing all target genes and 
taxonomic marker genes using Bowtie2, obtaining a SAM file. This SAM file is analyzed 
using Python (SAMparser.ipynb) to filter droplet barcodes based on evidence of cross-
contamination and minimum numbers of reads (more details in the Github README file). 
For reads from unknown (i.e. naturally derived) communities, all reads are first mapped 
to a reference containing the non-taxonomic marker target genes using Bowtie2. For 
taxonomic classification, all reads are first clustered by pairwise similarity using mmseqs2, 
then the consensus sequence for each grouped cluster is used to search a BLAST 
database of taxonomic markers (such as 16S rRNA database). These results are 
combined with the Bowtie2 results then filtered based on markers of cross-contamination 
and minimum numbers of reads using Python (Unknown-sample-analysis.ipynb). More 
details are available in the README file on the Github page.  



Supplementary Note 1: Poisson statistics for DoTA-seq  

To achieve single-cell sequencing in DoTA-seq, limiting dilution is used to ensure that 
most droplets contain at most one cell and one unique DNA barcode. Assuming uniformity 
of droplet sizes, the distribution of cells or barcodes per droplet at limiting dilution follows 
the Poisson distribution: 

𝑃(𝑘) = 𝜆𝑒ିఒ/𝑘! 
 
Where λ represents the average number of cells or barcodes expected per droplet, and 
k represents the number of cells or barcodes per droplet. For λ = 0.1, the proportion of 
droplets expected to contain greater than one cell or barcode P(k > 1) is 0.00468 or ~0.5% 
of the droplets. On the other hand, the fraction of empty droplets P(k = 0) is 0.905 or ~90% 
of the droplets. The fraction of droplets containing exactly one cell or barcode is P(k = 1) 
is 0.090 or ~ 9%. 

As a result, assuming that we use a λ = 0.1 for both cell encapsulation in step 1 
and barcode encapsulation in step 2, we will expect that the majority of the droplets will 
contain no cell or barcode. We would expect that P(k = 1) for cells x P(k = 1) for barcodes 
= ~9% x 9% = ~8% of total droplets will contain exactly one cell and one barcode.  

 
  



Supplementary Note 2: Filtering out barcodes containing multiple cells through unique 
sequence signatures 

Multiple cells can be tagged by a single barcode through multiple processes. Here they 
are in increasing order of relevance: 

1. The probability of two randomly sampled barcodes containing the same 
sequence is exceedingly rare and is not expected to contribute noticeably to the 
data generated. 

2. During the second droplet making step of DoTA-seq, two gels can sometimes be 
encapsulated into a single droplet when the frequency of droplet making does not 
perfectly match the frequency of gel reinjection. The rate of this happening 
depends on how well the microfluidics device is functioning, which is dependent 
on quality of fabrication and mono-dispersity of the gels. For a well-functioning 
device with high quality gels, this effect is negligible. The extent to which this is 
happening can be estimated by looking at the emulsion under the microscope 
post encapsulation. Droplets containing multiple gels will appear larger and 
irregularly sized under the microscope. 

3. The probability of randomly encapsulating two cells in a single gel during the first 
encapsulation step is described by the Poisson distribution. For a Poisson 
loading ratio of 0.1 cells per droplet, the expected rate of two or more cells per 
droplets approximately 5% of all droplets that contain cells. We can confirm the 
expected rate of multi-encapsulated gels through fluorescence microscopy of 
SYBRGreen stained cells. 

4. Droplets may coalesce during handling of emulsion and PCR thermocycling, 
which may result in droplets containing different cells merging into a single 
droplet, thereby producing barcodes that simultaneously tag multiple cells. One 
can determine the extent of coalescence by viewing the emulsion under the 
microscope after PCR. Improvements in surfactant chemistry will reduce the 
incidence of droplet coalescence during PCR. Droplet coalescence can also be 
detected by looking at the sequencing data (Fig. SN1). Plotting the normalized 
cumulative fraction of reads against the number of reads per barcode reveals 
barcodes that contain more reads than expected. These likely resulted from 
coalesced PCR droplets which are bigger and produce more reads on average 
than a normal sized droplet. 



 

Figure SN1 Cumulative reads plotted against the barcode group size (number of reads 
tagged by a unique barcode) revealing barcodes from coalesced droplets (circled in 
red). Left: the typical library has a very small population of coalesced droplets (accounts 
for very little cumulative reads). Right: a library with a large proportion of coalesced 
droplets (accounting for >20% of cumulative reads). Vertical line represents the cutoff 
where barcodes to the left represent mutated or erroneous barcodes that are removed 
from analysis (represents <10% of cumulative reads). 

 

Usually, these quality control steps are not crucial as the resulting barcodes that tag 
multiple cells can be filtered out in data processing. To filter out barcodes that have tagged 
multiple cells, we look for signatures of conflicting reads in the sequencing data that 
indicates the presence of multiple cells. For multi-species populations, taxonomic marker 
genes such as the 16S rRNA will contain reads that represent different species, which 
cannot come from a single cell. These can be filtered out. For populations that contain a 
single species, if sequencing reads from the same locus contains conflicting sequences 
(for example, promoter in both the On and Off orientation) indicate that a single barcode 
has tagged multiple cells. Using these methods, we typically remove ~10% to~ 30% of 
our barcodes from our libraries. 

However, this method does not account for cases where the same barcode tags multiple 
cells with the indistinguishable genetic sequences at the targeted (e.g. single population, 
no genetic sequence variation). If such cases are expected to significantly affect 
experimental results, we recommend strictly following the quality control measures 
described above (1-4) to minimize the likelihood of these events. 



Supplementary Note 3: Determining relative capture efficiencies for target primer 
versus 16S primer using sequencing data. 

Differences in primer amplification efficiencies can translate to different ratios of resulting 
amplicons within each droplet. In the extreme case, a droplet could contain mostly the 
16S amplicon and the target gene amplicon could be missed by sequencing despite it 
being present on the cell genome. To avoid this phenomenon, we must ensure that the 
capture efficiencies for each target primer is reasonably balanced with other primers that 
we expect to co-amplify within the same droplet. In most cases, the other amplicon is the 
16S amplicon.  

To determine the relative capture efficiencies between the 16S amplicon and the target 
primer, we perform a DoTA-seq run using a sample that we know to contain cells with the 
target genes. Analyzing the sequencing reads, we tabulate the ratio of the target reads to 
16S reads for each set of reads representing a single droplet. Plotting these ratios for 
each target primer, we will discover a distribution of target/16S ratio of the resulting reads. 
Figure SN2 is an example of a set of distributions for 3 plasmids that were targeted using 
DoTA-seq in an initial pilot run.  

 

Figure SN2 Target primer balance plot for 3 plasmid targets in a DoTA-seq run showing 
relative amplification efficiency of each plasmid target compared to the 16S rRNA 
species marker gene. Y-axis is on a log scale although it looks very similar on a linear 
scale. X-axis represents the fraction of reads for each cell that maps to the 16S rRNA 
gene on a linear scale. Therefore, a distribution skewed towards 16S-only, such as for 
the target plasmid RP4 or R388, represents a lower relative capture efficiency target 
compared to the 16S species marker gene. 

Plasmid R388 and plasmid RP4 distribution skews towards 16S amplicons, which means 
that the capture efficiency for the target primers are lower than that of 16S. Therefore, we 
can adjust the primer concentrations for the R388 and RP4 target primers accordingly to 
result in more balanced capture efficiencies (Figure SN3).  



 

Figure SN3 Target primer balance plot for the 3 plasmid targets in Figure SN2 after 
adjusting primer concentrations to increase skew towards plasmid targets. Due to the 
changes in primer concentrations, the distributions of reads now skew slightly towards 
mapping to plasmid targets. 

Sometimes it’s desirable to even skew the distribution towards the target genes so that 
we maximize gene capture at the cost of throwing aways more cells that do not have any 
16S reads. It is impossible to always capture both the 16S amplicon and target amplicon 
in all cases, but adjusting the primer ratios will serve to maximize the effectiveness of 
DoTA-seq. 

When many amplicons are expected to be amplified simultaneously in the same cell, such 
as in the case of Fig. 2 (B. fragilis CPS operons), it may be advantageous to fuse the P5 
sequencing adaptor to each of the locus-specific primers (Supplementary Table 11). In 
this way, each target amplicon is not competing for the same pool of the P5-adaptor 
forward primer. The amplicon yield generated for each target will be determined by the 
amount of target specific primer (containing the P5 adaptor sequence) in the reaction. 
The downside of this approach is the necessity of synthesizing the long primers 
(containing the full sequencing adaptor sequence in addition to the target specific 
sequence) for DoTA-seq. 

 

 
 

  



Supplementary Note 4: Stochastic limit of detection for rare populations/variants and 
considerations for number of cells to sequence per sample. 

The probability of detecting k cells from a population with relative frequency p by randomly 
sampling n cells is described by the binomial distribution: 
 

𝑃(𝑘, 𝑝) = ቀ
𝑛

𝑘
ቁ 𝑝(1 − 𝑝)(ି) 

 
For the B. fragilis capsule subpopulations, the probability of detecting at least one cell is 
equal to the probability of not detecting any cells P(k > 0, p) = 1 – P(k = 0, p). We set the 
stochastic limit of detection to the frequency p where we would detect at least one cell 
80% of the time P(k>0, p) = 0.8.  
 
This equation simplifies to 

𝑃(𝑘 > 0, 𝑝) = 1 − (1 − 𝑝) =  0.8 
 
For n = 5000 cells, we calculate P to be approximately 3e-4. More generally, the 
probability of detecting at least m cells from a population of frequency p in the sample is 
equal to P(k ≥ m, p) = 1 – P(k < m, p). These probabilities can be solved with a computer 
to derive the probability of seeing a rare population with frequency p, m times, for n cells 
sequenced in total.  An example of the results of this calculation is provided below for p 
= (0.1, 0.01, and 0.001) and m = 100 (To detect at least 100 cells of a specific type that 
is present at 10% – 0.1% relative abundance). 

 

These calculations assume that every cell sequenced contains information about all loci 
of interest. This is the case for B. fragilis analysis since we remove all cells that do not 
have reads covering all promoter sequences. If we do not assume that every cell analyzed 
contains full information about the loci of interest, then these calculations represent a 
lower-bound for limit of detection for a given number of cells sequenced. 

  



Supplementary Note 5: Recipe for Bacteroides Minimal Media  

For 100 mL Bacteroides minimal media (BMM)   

1.5 g Agar (BD) 
(for 1.5% agar 
plates) 

0.5 g Glucose (Thermofisher)  

200 µL Hemin (2.5 mg/mL) (Sigma) 
dissolved in 50 mM 
NaOH 

2 mg L-Methionine (Dot Scientific)  

5 mL Mineral 3B solution (See below)  

100 mg L-cysteine (Dot Scientific)  

150 µL 
FeSO4 (2.8 mg/mL, 
FeSo4.7H2O) (Alfa Aesar) 

add HCl to dissolve 

Adjust to PH 7.1 autoclave  

Add    

2 mL 
10% (w/v) Sodium Bicarbonate 
(Sigma) (Sterilized)  

Needed! pH is 3 
without this step 

 

For 100 ml Mineral 3B solution 

   
1.8 G KH2PO4 (Alfa Aesar) 
1.8 g NaCl (Sigma) 
40 mg MgCl2.6H2O (Sigma) 
39 mg CaCl2 (Sigma) 
2 mg CoCl2.6H2O (Sigma) 

20 mg MnCl2.4H2O (Alfa Aesar) 
1 g NH4Cl (Fisher) 

500 mg Na2SO4 (Sigma) 
 

 



 

Supplementary Note 6: Recipe for YBHI Media 

For 200mL: 

7.4 g of BHI Broth (Acumedia Lab) 

1 g of Yeast Extract (BD Bacto) 

100 mg of D-Cellobiose (Chem-Impex) 

200 mg of D-Maltose Monohydrate (Sigma) 

100 mg of L-Cysteine (Sigma) 

Add 200 mL of MilliQ Water 

 

Autoclave 

For plates, add 1.5% w/v Agar 

 

 

 


