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Background
Next-generation sequencing (NGS) has become a foundational tool for both 
biological research and in-vitro diagnostics, particularly in oncology, 
immunology, and detection of genetic disorders. Despite its success, there is 
a need for new DNA sequencing platforms that combine high accuracy, 
speed, and flexible throughput to provide timely results and cost-effective 
operations for research and clinical applications. Here, we evaluate the 
performance of the novel Singular Genomics G4TM Sequencing Platform for 
rapid sequencing-by-synthesis (SBS). We demonstrate its utility for whole 
genome sequencing (WGS), bulk and single cell RNA-seq, and high fidelity 
demultiplexing via unique dual indices (UDIs).

Above Left: To reduce batching-related delays, up to four flow cells of two types 
(F2: 150M, F3: 300M; 2x150bp reads) may be analyzed in parallel. To facilitate 
multiplexing, each flow cell comprises four fluidically-independent lanes.
Above Right: Workflow for library preparation on the G4. Loop adapters are used to 
attach sequencing primer sites. A second PCR step adds index sequences and G4-
specific flow cell adapter sequences.

Results

PolyA RNA-Seq of UHR with 
ERCC spike in

2x100bp, 25M reads

~30x PCR-free whole genome 
sequencing (KAPA) of HG002

2x150bp, ~500M reads

scRNA-Seq of ~7000 human 
healthy donor PBMC via 10x 3’ 

GEX kit
28x91bp, ~150M reads

Libraries Evaluated 

Above Left: Libraries evaluated in this performance study. Each library was 
sequenced using the G4TM and the NextSeq 2000, where applicable.
Above Right: The G4 Sequencing Platform and key value propositions. The G4 
delivers up to four ~30x human genomes in 19 hours.

Whole Genome Sequencing of HG002

Methods – Performance Characterization

Top left: Scatterplot illustrating pseudo-bulk RNA-Seq analysis of scRNA-Seq 
libraries sequenced in replicate on the G4.
Lower left: Pseudo-bulk RNA-seq correlation of libraries sequenced on the G4 and 
NextSeq 2000.
Top right: Immune cell annotations overlayed onto UMAP visualization of G4 and 
NextSeq data following processing by Cell Ranger, scanpy2 and scvi-tools3. The 
gene expression profiles and cell annotations are nearly identical across platforms.

Conclusion
The G4 Sequencing Platform delivers high accuracy and technical reproducibility 
over a range of applications, with a faster turnaround than traditional reversible 
terminated nucleotide sequencing systems. Notably, the error profile of the G4 
platform closely matches that of Illumina platforms, yielding highly correlated 
results for RNA expression profiling and WGS. We expect the rapid turnaround and 
flexible throughput will be especially relevant for future translational and clinical 
research.

Bulk RNA-Seq
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Table 2: RNA-Seq on the G4: Replicate run metrics.

Run Metrics UHR Rep 1 UHR Rep 2
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Paired-Reads (M) ��1 ��1

	�&EWIW�ƶ�5���6� ��	 ��	

	�&EWIW�ƶ�5���6� ��	 ��	

(1A) High Expected vs. Observed ERCC Count Correlation

Figure 1A-1B��,MKL�GSVVIPEXMSR�EGVSWW�VITPMGEXIW����%
�)\TIGXIH�ZW��
SFWIVZIH�)6''�GSYRX�GSVVIPEXMSR����&
�'SVVIPEXMSR�EGVSWW�XVERWGVMTX�
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(1B) High Correlation Across Transcript Counts
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Table 2: RNA-Seq on the G4: Replicate run metrics.

Run Metrics UHR Rep 1 UHR Rep 2
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(1A) High Expected vs. Observed ERCC Count Correlation
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Single Cell RNA-Seq
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(2D)  Read distribution across genic and intergenic regions
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PolyA-selected RNA-Seq libraries were prepared from UHR RNA (Thermo Fisher 
Scientific) with an ERCC spike-in, sequenced via 2x100bp reads on G4 and Illumina 
NextSeq 2000 platforms, then downsampled to 25M read pairs for analysis via STAR1.
Above left: Observed vs expected ERCC counts for a G4 sequencing library.
Middle: Correlation in transcript counts across G4 technical replicates.
Above right: Correlation in transcript counts across platforms.
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3’ end of the stem contain the SP1 sequencing primer sequence, 

while the 5’ half of the loop and the 5’ end of the stem are 

complementary to the standard SP2 sequencing primer (SP2’), 

without the A at the 5’ end. SP1 and SP2 are sequencing primers 

widely used in existing sequencing protocols.

Standard Library Preparation
Adding the necessary sequences for cluster generation and 

sequencing to your library is a straight-forward procedure. After 

[QW�RTQEGUU�CPF�HTCIOGPV�C�&0#�UCORNG��CFF�CP�#�VCKN�VQ�VJG��Ũ�GPFU�
(KI�����UVGR�����6JKU�#�VCKN�RTQXKFGU�CP�GHƒEKGPV�VCTIGV�VQ�
ligate with the 3’ T-tail of the stem-loop adapter (Fig. 3, step 2). Next, the cleavable site in the middle of the loop is excised (Fig. 

3, step 3). UDGs are a family of DNA repair enzymes that excise anomalous uracil bases incorporated in DNA, leaving a gap or a 

break1. Cleaving the backbone opens the loops resulting in a linear fragment with the SP1 sequence at the 5’ end, and the SP2’ 

sequence at the 3’ end. These sequences are then used to add the Singular S1 cluster sequence and index 1 at the SP1 end, and 

5KPIWNCT�5��ENWUVGT�UGSWGPEG�CPF�KPFGZ���CV�VJG�52��GPF�VJTQWIJ�C�NKOKVGF�CORNKƒECVKQP�UVGR�
(KI�����UVGR�������2TKOGTU�YKVJQWV�
indices are used if no multiplexing is required (Table 2).

Figure 2: Sequence of the Singular Universal Stem-Loop Adapter.

Figure 3: Singular Standard Library Preparation.

Primer Sequence of Primer

S1-Index-SP1
                                         S1                                                                       SP1
5’-ACAAAGGCAGCCACGCACTCCTTCCCTGT[index 1]ACACTCTTTCCCTACACGACGC

S2-Index-SP2
                                         S2                                                                       SP2
5’-CTCCAGCGAGATGACCCTCACCAACCACT[index 2]GTGACTGGAGTTCAGACGTGT

S1-SP1
                                         S1                                                       SP1
5’-ACAAAGGCAGCCACGCACTCCTTCCCTGTACACTCTTTCCCTACACGACGC

S2-SP2
                                         S2                                                       SP2
5’-CTCCAGCGAGATGACCCTCACCAACCACTGTGACTGGAGTTCAGACGTGT

Table 2: PCR Primers 
for Introducing Cluster 
Sequences with or without 
Indices.

Normalized GC CoverageCoverage Over Targeted Bases

Metrics 31x Coverage 
Default WGS model

31x Coverage Singular 
WGS model

SNP Precision 99.86% 99.86%

SNP Recall 99.12% 99.10%

SNP F1-Score 99.49% 99.48%

Indel (<50bp) Precision 98.37% 98.56%

Indel (<50bp) Recall 96.27% 96.81%

Indel F1-Score 97.31% 97.68%
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APPENDIX 2:  INDEX HOPPING

Indices are widely used for multiplexing to identify which reads belong to which samples, but sometimes errors happen. There 
are several causes for index misassociation. Some of them, like poor oligo synthesis or well-to-well contamination, can be 
eliminated through good practices. Others are caused by the chemistry employed during cluster formation (for example, index 
hopping).

A common cause of index hopping is contamination with free adapters and primers during cluster generation. These free 
adapters can hybridize with the complementary sequence of an adapter from a different sample and extend. This free hybrid 
molecule can seed a cluster with an incorrect index for that insert in a different well. There are other causes of index hopping, 
like low diversity in sequence that allows two fragments to bind to each other. These fragments can then form hybrids that 
extend and seed clusters with mismatched indices.2,7

While index hopping in bridge amplifi cation usually stays well below 1% of the reads, levels close to 2%, with levels as high as 
10% have been reported on other SBS platforms.2,3,4 These levels can lead to serious problems in downstream analysis in a 
variety of applications, like somatic variant detection and differential expression.8,9,10 We therefore wanted to characterize the 
potential for index hopping on the patterned flow cells of the G4 Sequencing Platform.

We ran 4 lanes each with 24 indexed Salmonella whole-genome samples using different unique dual indices for each lane. 
The data were analyzed to detect any unexpected dual index pairs between the 24 dual indices, which are indicative of index 
hopping events. As shown in Fig. 7, in all lanes, index hopping events were rare, with on average only 0.07% of reads having 
aberrant dual index combinations.

Even though index hopping on the G4 Sequencing Platform occurs at low frequency, its impact on downstream analysis can 
still be minimized further. Singular Genomics uses unique dual indices and fi lters out unexpected dual index pairs during 
demultiplexing. In addition, there are laboratory best practices to prevent index misassignment: 
• Make sure to completely remove free adapters after the ligation step.
• Store prepared libraries at the recommended temperature of -20° C. 
• Employ good practices to prevent cross-contamination of oligos during library preparation.
• Singular Genomics provides adapters of high purity. If you plan to use custom adapters, make sure they are of the highest 

quality.

In conclusion, a low level of inherent index hopping, dual indices, and best practices combine to ensure that index hopping is 
not a substantial source of artifacts for the G4 Sequencing Platform.

Figure 7: Counts of dual index pairs between 24 dual indices on each lane. Expected combinations are located on the diagonals.
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Above: Performance of default and custom DeepVariant v1.4 WGS models applied 
to HG002 high confidence regions, as determined by hap.py. Both default and 
custom models show robust performance, reflecting the compatibility of G4 data 
with tools developed for market leading reversible terminator nucleotide 
sequencing systems.

To assess the fidelity of demultiplexing, 
96 libraries were prepared using the 
Singular Genomics UDI barcoding kit, 
then sequenced in multiplex.
Right: matrix of index assignment. 
Barcode misassignment presents as 
colored cells outside of the identity line. 
The single index misassignment rate was 
<0.5% for all indices, implying a dual index 
misassignment rate of <2.5x10-5.
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+WJXM��KWT_JS��MJFQYM^�ITSTW�5'2(X�\JWJ�UWTHJXXJI�
ZXNSL�YMJ�(MWTRNZR�3J]Y�,*2�8NSLQJ�(JQQ��ѣ�5WTYTHTQ�
(FY�
����������KTQQT\JI�G^�)3&�HQJFS�ZU�[NF�8UFW6�5ZWJ2FL�
GJFIX�
(FY����������9MJ�WJXZQYNSL�H)3&�\FX�XUQNY�NS�Y\T�
KWFHYNTSX�FSI�5(7�FRUQNܪHFYNTS�
���H^HQJX��\FX�HFWWNJI�TZY�
using either Singular Genomics non-indexed PCR primers 

�Z2ܪ�SFQ�HTSH��JFHM��KTW�YMJ�,��XJVZJSHNSL�WZSX�TW���]�
,JSTRNHX�)ZFQ�.SIJ]�99�8JY�&�
RFSZKFHYZWJW�WJHTRRJSIJI�
�SFQ�HTSH���KTW�YMJ�3J]Y8JV������XJVZJSHNSL�WZS��1NGWFWNJXܪ
\JWJ�FXXJXXJI�[NF�6ZGNY�FSI�9FUJXYFYNTS�-8)�����PNY��,��
QNGWFWNJX�\JWJ�XJVZJSHJI�NS�WJUQNHFYJ�ZXNSL�Y\T�+ܫ��T\�HJQQX�
FSI�YMJ�3J]Y8JV�QNGWFW^�\FX�XJVZJSHJI�TS�F�5ܫ��T\�HJQQ��
GTYM�\NYM�F���=���H^HQJ�WZS�KTWRFY�
 
+NQYJWJI��UFNWJI�+&896X�\JWJ�UWTHJXXJI�ZXNSL�(JQQ�7FSLJW�
HTZSY�
[�������FSI�YMJ�WJXZQYNSL�Mܪ��QJ�\FX�UWTHJXXJI�
using scanpy4�
[��������+NWXY��ITZGQJYX�\JWJ�WJRT[JI�ZXNSL�
XHFSU^ѣX�\WFUUJW�TK�8HWZGQJY��
[�������\NYM�FS�J]UJHYJI�
ITZGQJY�WFYJ�TK��
��3J]Y��HJQQX�GJQT\�YMJ��YM�UJWHJSYNQJ�TK�YMJ�
number of UMIs per cell and the number of unique genes per 
cell in the dataset, in addition to cells that had greater than 
or equal to 10% of their UMIs coming from mitochondrially 
JSHTIJI�LJSJX��\JWJ�WJRT[JI��9MJS��ZSIJYJHYJI�LJSJX�
NS�FY�QJFXYܪ�[J�HJQQX�\JWJ�WJRT[JI��9MJ�YTU�������MNLMQ^�
[FWNFGQJ�LJSJX�
-;,X��\JWJ�IJYJWRNSJI�ZXNSL�XHFSU^ѣX�
NRUQJRJSYFYNTS�TK�YMJ�8JZWFY�[��-;,�IJYJHYNTS�RJYMTI�6 
+NSFQQ^��F�QFYJSY�WJUWJXJSYFYNTS�TK�YMJ�IFYFXJYX�\FX�LJSJWFYJI�
ZXNSL�YMJ�XH[N�YTTQX����XH;.�RTIJQ�
[������ �QF^JWX�"����JUTHMX�
"������TS�YMJ�YTU�������-;,X �STYJ��YMNX�NX�UJWKTWRJI�TS�
the raw count data. Nearest-neighbor graphs, UMAPs, and 
1JNIJS�HQZXYJWX�\JWJ�LJSJWFYJI�ZXNSL�XHFSU^ѣX�RTIZQJX�
TS�YMJ�XH;.�QFYJSY�WJUWJXJSYFYNTS��&ZYTRFYJI�HJQQ�Y^UJ�
NIJSYNܪHFYNTS�\FX�UJWKTWRJI�ZXNSL�(JQQ9^UNXY9�
[�������FSI�
YMJ�Ѧ.RRZSJD&QQD-NLMѧ�RTIJQ�\NYM�RFOTWNY^�[TYNSL�FUUQNJI��
)NKKJWJSYNFQ�LJSJ�J]UWJXXNTS�FSFQ^XNX�\FX�UJWKTWRJI�ZXNSL�
XHFSU^ѣX�WFSPDLJSJX�RTIZQJ�\NYM�YMJ�<NQHT]TS�RJYMTI�TS�
YMJ�QNGWFW^�XN_J�STWRFQN_JI��QTL�YWFSXKTWRJI�HTZSYX�

Results 

7JUQNHFYJ�XJVZJSHNSL�TS�Y\T�+ܫ��T\�HJQQX�^NJQIJI�
FUUWT]NRFYJQ^����2�UFNWJI�WJFIX�
���2�FSI����2�UFNWJI�
WJFIX�WJXUJHYN[JQ^��WJUQNHFYJ���FSI�����(JQQ�7FSLJW�VZFQNY^�
metrics produced for each replicate were highly concordant 
\NYM�WJXUJHY�YT�YMJ�SZRGJW�TK�NIJSYNܪJI�HJQQX��WJFIX�UJW�HJQQ��
SZRGJW�TK�LJSJX�NIJSYNܪJI�UJW�HJQQ��FSI�WJFI�INXYWNGZYNTS�
across genic and intergenic regions (Table 2). Uniform 
RFSNKTQI�FUUWT]NRFYNTS�FSI�UWTOJHYNTS�
:2&5��FSI�1JNIJS�
HQZXYJWNSL�WJ[JFQJI�F�SJFWQ^�NIJSYNHFQ�LWTZUNSL�TK�XNSLQJ�HJQQ�
transcriptomes across technical replicates (Figure 1A). 
(TSXNXYJSY�\NYM�MNLM�YJHMSNHFQ�WJUWTIZHNGNQNY^��\J�TGXJW[JI�
F�XYWTSL�HTWWJQFYNTS�TK�UXJZIT�GZQP�UWTܪQJX�FHWTXX�YMJ�
replicates (R2�"���������(Figure 1B). 

Table 1��,��8NSLQJ�(JQQ�73&�8JVZJSHNSL�8UJHNܪHFYNTSX
a8NSLQJ�HJQQ�73&�8JV�FXXZRUYNTSX�FWJ�GFXJI�TS����2�WJFIX�UJW�                           
 sample. 
b&XXZRJX�����,��XJVZJSHNSL�WZSX�UJW�\JJP�
�3TYJ��8UJHNܪHFYNTSX�FWJ�H^HQJ�IJUJSIJSY��-JWJ��F�����H^HQJ�PNY�NX�ZYNQN_JI�

Table 2: G4 Single Cell RNA-Seq Metrics. 

Figure 1 (A) UMAP 
embedding of single 
cell gene expression 
UWTܪQJX�TGYFNSJI�KWTR�
technical replicate 
sequencing of a PBMC 
library. (B)�8UJFWRFSѣX�
HTWWJQFYNTS�TK�F[JWFLJ�
gene expression across 
technical replicates.
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Figure 2 (A) UMAP 
embedding of single cell 
LJSJ�J]UWJXXNTS�UWTܪQJX�
obtained from sequencing 
of a PBMC library on the 
G4 and NextSeq platforms. 
(B)�*]UWJXXNTS�TK�QNSJFLJ�
IJܪSNSL�RFWPJWX�KTW�9�HJQQX��
Monocytes, and B-cells in 
G4 and Illumina datasets 
T[JWQFNI�TS�YMJ�:2&5�
embedding. (C) 8UJFWRFSѣX�
HTWWJQFYNTS�TK�F[JWFLJ�
gene expression across 
platforms.

In order to compare data produced on the G4 and on an 
Illumina sequencer, we generated an Illumina-compatible 
QNGWFW^�\NYM�YMJ�XFRJ�NSNYNFQ�5'2(�H)3&�YMFY�\FX�ZXJI�KTW�
the G4 libraries, and sequenced the library on a NextSeq 
2000. Then, we performed UMAP dimensional reduction 
\NYM�YMJ�HTRGNSJI�,��FSI�3J]Y8JV�IFYFXJYX��<J�TGXJW[JI�
nearly identical embeddings across platforms (Figure 2A), 
with comparable representation of T-cells, Monocytes, and 
B-cells, as inferred by marker gene expression (Figure 2B) 
FSI�XYWTSL�HTWWJQFYNTS�TK�UXJZIT�GZQP�UWTܪQJX�GJY\JJS�YMJ�
two platforms (Figure 2C). To perform a more in-depth and 
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Unsupervised Clustering (ARI = 0.9874)
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GNTQTLNHFQQ^�WJQJ[FSY�HTRUFWNXTS��\J�UJWKTWRJI�
ZSXZUJW[NXJI�HQZXYJWNSL�FSI�FS�FZYTRFYJI�HJQQ�Y^UJ�
annotation with CellTypist on the combined dataset. The 
adjusted rand index (ARI), a measure of similarity between 
sets of labels, demonstrated nearly identical cell type and 
ZSXZUJW[NXJI�HQZXYJW�QFGJQX�GJY\JJS�YMJ�,��FSI�3J]Y8JV�
IFYFXJYX�\NYM�HTRUFWFGQJ�QNSJFLJ�RFWPJW�J]UWJXXNTS�UWTܪQJX�
(Figure 3A, 3B). The comparability across platforms was 
further underscored by strong correlation of pseudo-bulk 
UWTܪQJX�FSI�INKKJWJSYNFQ�LJSJ�J]UWJXXNTS�FSFQ^XNX�WJXZQYX�KTW�
YMJ�RFOTW�HJQQ�Y^UJX�NIJSYNܪJI�(Figure 3C, 3D).
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Results (Continued)

References: 1. Dobin, 2016; 2. Wolf, 2018; 3. Lopez, 2018


