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A fuzzy sequencer for rapid DNA fragment 
counting and genotyping
 

Wenxiong Zhou    1,11, Li Kang1,2,11, Shuo Qiao1,2,11, Haifeng Duan3,11, 
Chenghong Yin4,11, Chao Liu    5,11, Zhizhao Liao1, Mingchuan Tang1, 
Ruiying Zhang3, Lei Li3, Lei Shi3, Meijie Du6,7, Yipeng Wang4, Wentao Yue4, 
Yan Xiao8, Lin Di1,9, Xiannian Zhang1, Yuhong Pang    1, Mingkun Li    10, Lili Ren8, 
Jianbin Wang    6  , Zitian Chen    3   & Yanyi Huang    1,2,9 

High-throughput sequencing technologies generate a vast number of DNA 
sequence reads simultaneously, which are subsequently analysed using the 
information contained within these fragmented reads. The assessment of 
sequencing technology relies on information efficiency, which measures the 
amount of information entropy produced per sequencing reaction cycle. 
Here we propose a fuzzy sequencing strategy that exhibits information 
efficiency more than twice that of currently prevailing cyclic reversible 
terminator sequencing methods. To validate our approach, we develop 
a fully functional and high-throughput fuzzy sequencer. This sequencer 
implements an efficient fluorogenic sequencing-by-synthesis chemistry 
and we test it across various application scenarios, including copy-number 
variation detection, non-invasive prenatal testing, transcriptome profiling, 
mutation genotyping and metagenomic profiling. Our findings demonstrate 
that the fuzzy sequencing strategy outperforms existing methods in terms 
of information efficiency and delivers accurate resequencing results with 
faster turnaround times.

High-throughput next-generation sequencing (NGS)1,2 has been 
extensively employed for precise quantification of nucleic acids at a 
whole-genome, exome or transcriptome scale3,4. Among the primary 
applications of NGS is resequencing, which encompasses copy-number 
variation (CNV) assessment5,6, transcriptome profiling (RNA sequenc-
ing (RNA-seq))7,8 and non-invasive prenatal testing (NIPT)9 that rely on 
counting sequence-based DNA fragments. The accuracy of counting 
largely depends on the effectiveness of extracting information from 

DNA fragments and accurately mapping it onto reference sequences. 
Although mapping algorithms continue to evolve, the sequencing 
steps themselves have remained largely unchanged for several years.

NGS relies on the incorporation of nucleotides to encode informa-
tion, and the efficiency of information encoding varies across differ-
ent systems. The majority of high-throughput DNA sequencers use 
sequencing-by-synthesis (SBS) chemistries, with signal generation 
schemes falling into two major variations: single-nucleotide addition 
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primer, the DNA fragments could be effectively sequenced through a 
conventional SNA strategy (Fig. 1d).

Fuzzy SBS can be implemented using different flowgrams (Fig. 1e,f 
and Extended Data Fig. 1b), allowing the introduction of nucleotides 
beyond the limitation of a single type per cycle (see Supplementary  
Text 1). Briefly, ‘BitSeq’ employs a double-nucleotide addition flow-
gram, where a combination of two nucleotides is alternately added in 
each cycle. For instance, K (a mix of G and T) is added during odd cycles, 
while M (a mix of A and C) is added during even cycles (see Fig. 1e).  
BitSeq generates fuzzy sequences since it is not possible to distinguish 
the signal associated with the incorporation of the two nucleotides in 
the mix. Similarly, TritSeq employs a triple-nucleotide addition flow-
gram, where a combination of three nucleotides is alternately added 
in each cycle (Extended Data Fig. 1b). All of these fuzzy SBS approaches 
can achieve intrinsic and/or extrinsic information efficiency beyond 2 
bits per cycle, effectively reducing the cycle number required to achieve 
a specific read length and ultimately leading to faster turnaround speed 
(Supplementary Table 1). In this paper, the focus is primarily on BitSeq 
and its dichromatic form SuperBitSeq as they strike a reasonable bal-
ance between information efficiency and signal dynamic range per 
reaction cycle.

We constructed a laboratory prototype sequencer for conducting 
high-throughput BitSeq (Fig. 2a,b). The bit sequencer comprises a 
microfluidic flowcell for implanting clonally amplified DNA fragments 
for sequencing, and an imaging system for signal acquisition (Extended 
Data Fig. 2a–g). We implemented fluorogenic SBS chemistry to natu-
rally align with the BitSeq flowgram13–15,17.

The microfluidic flowcell (Fig. 2c) contains 28 million 30-femtolitre 
microwells (Fig. 2d,e). Each cycle of the SBS reaction can extend one or 
more bases and produce a corresponding amount of fluorophore. The 
microwells can be sealed to prevent signal cross-talk due to fluorophore 
diffusion. These microwells were fabricated by selective wet-etching 
of fibre-optic plates (FOPs), allowing the fluorogenic signal to propa-
gate through the fibre waveguide to the outer surface of the flowcell 
for imaging (Fig. 2f). The inner surface of the microwells was made 
hydrophilic, while the adjoining surface between microwells was topo-
logically coated to be hydrophobic, enabling the highly parallel sealing 
of the SBS reactions using oil (Extended Data Fig. 2h–k).

The oil-based microwell sealing is robust, reversible and com-
patible with fluorogenic SBS reaction conditions. In each cycle of the 
fluorogenic SBS reaction, we first filled the microwells with reaction 
buffer containing polymerase and two fluorogenic unnatural nucleo-
tides at a low temperature of 4 °C. We then sealed the microwells by 
steadily flowing in fluorinated oil (Fig. 2f). Next, we quickly raised the 
temperature of the flowcell to 65 °C to initiate the synthesis reaction, 
followed by cooling down to 25 °C for fluorescence image acquisition. 
After that, we removed the sealing by flowing in isopropanol and 
performed an aqueous wash to reset the reaction conditions for the 
next cycle. The acquired images were aligned to identify each micro-
well, which was then registered for tracking throughout all reaction 
cycles (Fig. 2g).

Defective regions resulting from local sealing or unsealing 
failures were eliminated before further processing (Extended Data 
Fig. 3a). Empty microwells and microwells with multiple beads were 
identified and filtered out of further analysis. The fluorescence sig-
nal of each monoclonal microwell was extracted from the images 
after noise reduction and background correction. Due to the asyn-
chronization of the molecular reaction within each clone, the inten-
sity–cycle series could not be directly converted into bit sequences 
without a meticulous dephasing process. To supervise the dephasing 
algorithm, we spiked a standard DNA library, constructed from the 
lambda phage genome, into the samples to be sequenced together. 
As a result, the sequenced reads could be easily classified into two 
categories: standard dots (SD) and library dots (LD), on the basis of the 
characteristic signal profiles of the first few cycles. We employed the 

(SNA) or cyclic reversible terminator (CRT)10,11. We define the intrinsic 
information efficiency of a sequencer as the information entropy 
per cycle of the sequencing signals. According to this definition, SNA 
chemistry produces natural DNA duplex but suffers from relatively 
low intrinsic information efficiency, averaging at 0.67 nt per cycle or 
1.33 bits per cycle for encoding random sequences. In contrast, mul-
tistep CRT chemistry, although producing scar-containing duplex, 
offers 2 bits per cycle intrinsic information efficiency with an exact 
1 nt per cycle extension rate (Extended Data Fig. 1a). Enhancing the 
information entropy encoding efficiency becomes a clear avenue for 
improving sequencing performance.

While the information entropy embedded in the nucleotide 
sequence plays a decisive role in mapping a read to a reference, map-
ping accuracy is also influenced by the corresponding region of the 
reference. One example is the mate-pair reads which, compared with 
conventional paired-end reads, are more mappable because of larger 
reference target size instead of higher information entropy. This effect 
becomes particularly evident in genomes with a high proportion of 
repeat sequences. From the perspective of the sequencer, we define 
the extrinsic information efficiency as the information entropy per 
cycle of the sequenced DNA fragment, or two times the read length per 
cycle. This reference-side extrinsic information is equally important 
but often overlooked. This oversight is primarily due to prevalent 
DNA sequencers providing explicit sequences of four bases, where 
the intrinsic information efficiency is equal to the extrinsic informa-
tion efficiency, despite the differences in efficiency between SNA and 
CRT. Enhancing the extrinsic information efficiency could also lead to 
improvements in sequencing technology.

Decoupling the intrinsic and extrinsic information entropy 
within the same read suggests a change in sequencing read for-
matting. When aligning a DNA fragment sequence to reference 
sequences, the alignment process relies not on the string format, but 
rather on the information entropy contained within it. The reference 
genome is typically represented by the conventional and natural four 
base letters (A, C, G and T), but the read itself does not necessarily 
need to adhere to the same formatting. As long as the information 
is sufficiently rich for unique alignment, alternative formatting can 
be employed. Although sequencing by oligonucleotide ligation and 
detection is being phased out in the market due to low-efficiency 
chemistry and very short read lengths, it demonstrates the pos-
sibility of sequencing with alternate formatting through a colour– 
space strategy12.

From a sequencing strategy standpoint, achieving higher informa-
tion efficiency (>2 bits per cycle) for both intrinsic and extrinsic infor-
mation entropy could benefit the entire sequencing field. In this report, 
we introduce a fuzzy SBS strategy that sacrifices explicit sequencing 
information in exchange for improved information encoding per-
formance. Implemented as a fully functional and high-throughput 
fuzzy sequencer, this strategy shows consistent results across various 
application scenarios.

Results
The fuzzy SBS sequencing strategy is based on fluorogenic sequenc-
ing chemistry using terminal phosphate-labelled fluorogenic 
nucleotides13–15 (TPLFN, Fig. 1a) we reported earlier. In this chemistry, 
the fluorophore Tokyo green (TG)-labelled TPLFN can turn from a dark 
state to a light state after catalysis by the Bst polymerase and alkaline 
phosphatase, and its fluorescence intensity indicates the number of 
the incorporated nucleotides (Fig. 1b). We constructed DNA fragments 
into a library with two specific end adapters for clonal amplification 
on hydrogel microbeads carrying amplification primers. The DNA 
fragments hybridized on the beads were then amplified into clones 
through emulsion PCR16 or surface-tethered recombinase polymerase 
amplification (RPA) (Fig. 1c). Each clone typically contained ~30,000 
copies of DNA for the SBS reaction. After annealing with the sequencing 
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dual-base flowgram dephasing model to fit the SD signals and obtain 
the parameters18, which were then applied to LD signals to construct 
a flux matrix for dephasing correction and to convert the signals into 
bit sequences.

We initially tested our prototype sequencer on a lambda phage 
genomic library (Extended Data Fig. 3c and Supplementary Table 2). 
After 61 cycles of repeated sealing and sequencing, more than 90% of 
the chip area remained unaffected by stains (Extended Data Figs. 3b 
and 4h,m). In a single run, we generated 6,578,364 reads with an aver-
age length of 112.2 bp (Fig. 2h and Extended Data Fig. 4a–c). To map 
the BitSeq signals, we encoded them as sequence reads that could be 
aligned using conventional mappers such as Burrows–Wheeler Aligner 
(BWA)19,20 and Bowtie2 (Supplementary Text 2 and Tables 3–6)21,22. By 
mapping the bit sequences back to the reference genome, we suc-
cessfully aligned 99.11% of the reads, which had an average length of 
111.6 bp. The error rate of BitSeq was found to be 0.39% in the first 10 bp 
and 0.62% in the 130–140-bp region, which are acceptably low. This 
indicates the feasibility of accurate read mapping and DNA fragment 
counting (Fig. 2i).

Using the same aligning strategy, we then evaluated the perfor-
mance of the BitSeq approach in four widely used resequencing appli-
cations: CNV identification, NIPT, transcriptomic analysis (RNA-seq) 
and metagenomics sequencing (mNGS).

We sequenced two genomic DNA samples collected from a nor-
mal male and a male patient with Down syndrome at low coverage 
(0.1×). The sequencing coverage across the whole genome was mostly 
uniform for both samples (Extended Data Fig. 5a–d) except for the sex 
chromosomes which were half of that of autosomes. The additional 
copy of chromosome 21 in the patient with Down syndrome was 
accurately counted through BitSeq, and validated by an Ion Torrent 
sequencer.

Besides aneuploidies, BitSeq can also faithfully detect the clini-
cally relevant small-size CNVs. We used BitSeq to identify the 2.9-Mb 
deletion at Chr22.q11.21 that is associated with DiGeorge syndrome 
from a patient, and two CNVs (20.8-Mb gain at Chr 11.q and 10.0-Mb 
gain at Chr22.q11) from another patient with developmental delay 
(Fig. 3a), with high concordance with other conventional sequencing 
approaches. Notably, BitSeq showed a lower median of the absolute 
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values of all pairwise differences (MAPD) than CRT when truncated to 
read lengths with the same sequencing cycles, indicating more precise 
CNV determination (Fig. 3b).

We then tested the effectiveness of BitSeq on NIPT, a widely used 
resequencing application in prenatal diagnostics that requires high 
accuracy of DNA counting. We started the test with mock samples 

prepared by spiking fragmented genomic DNA from patients with tri-
somy into circulating cell-free DNA (ccfDNA) of an unpregnant woman 
at different ratios. These 12 mock NIPT samples had trisomy in Chr21, 
Chr18 and Chr13, and the mixing proportions were 10, 5, 3.5 and 2.5%. 
We also collected 28 NIPT ccfDNA samples from pregnant women with 
normal fetuses. We applied BitSeq to all the samples and used 24 out 
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of the 28 normal samples as the control set (the other 4 used as the 
negative test set) to calculate the Z-score for each NIPT sample (Fig. 3c). 
Using Z = 3 as the cut-off, BitSeq shows comparable power to identify 
the positive trisomy NIPT samples when the mock fetal DNA fraction is 

≥3.5%. We further tested 10 single-blinded true NIPT samples, 5 of which 
tested positive based on the same cut-off using BitSeq (Fig. 3d). These 
results were confirmed by parallel tests using Ion Torrent sequencers 
as well as the clinical records (Extended Data Figs. 5e and 6).
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Combined with metagenomic sequencing, BitSeq may identify 
pathogens in acute infections in a timely manner. We tested the capa-
bility of BitSeq in metagenomics by sequencing one anal swab and one 
throat swab from a previously reported paediatric patient suffering 
from multi-organ abscesses23. The 10 species types with the highest 
abundance identified by BitSeq and Illumina sequencer are identical. 
Their abundances, ranging from <0.1% to >95%, are also close (Fig. 3e). 
In addition, using a custom panel, we also tested BitSeq on targeted 
metagenomics by sequencing bronchoalveolar lavage fluid samples 
from 14 patients with community-acquired pneumonia (CAP). The 
species types as well as their normalized read number reflecting their 
relative abundance, are also consistent (Fig. 3f).

We next verified that BitSeq could be used for RNA-seq. Using 
mouse embryonic fibroblasts (mEF) and embryonic stem (mES) cells, 
BitSeq could provide almost identical results as Ion Torrent or Illumina 
sequencers. The number of genes detected was comparable and the 
gene expression levels were correlated with high linearity between 
these approaches (Fig. 3g and Extended Data Fig. 5f,g). We also checked 
the Gene Ontology (GO) terms of genes only detected by one sequencer 
and found no specific preferences in between (Extended Data Fig. 5h–j).

All these experiments show that BitSeq is fully capable for those 
applications based on DNA fragment counting. We expect that other 
resequencing approaches that do not require single-base resolution 
but focus on pattern alterations, such as bisulfite sequencing for DNA 
methylation24–26 or Hi-C for chromatin topology analysis27,28, are also 
possible with BitSeq. Due to its high information and long extension 
length per cycle as well as the fast fluorogenic sequencing chemistry, 
BitSeq would enable more-efficient DNA fragment counting that is 
valuable in both basic science research and clinical testing.

We further considered the possibility to extend the fuzzy sequenc-
ing strategy from BitSeq to SuperBitSeq by labelling the two different 
nucleotides in each reaction cycle with distinguishable fluorophores 
(Fig. 1f). SuperBitSeq possesses the same extrinsic information effi-
ciency as BitSeq, but even higher intrinsic information efficiency 
(Extended Data Fig. 1d).

Similar to BitSeq, we also designed an encoding strategy for Super-
BitSeq that is compatible with prevailing short read mappers such as 
BWA (Fig. 4a). We conducted in silico analysis to validate the alignment 
accuracy of the fuzzy SBS encoding strategy. For our analysis, we ran-
domly selected 1 × 107 positions from the human reference genome and 
1 × 106 positions from the Arabidopsis reference genome. We simulated 
the BitSeq, SuperBitSeq and CRT sequencing from these positions 
by extending the nucleotide strings with certain cycles (Extended 
Data Fig. 7a), and then aligned the simulated reads back to their 
respective reference genomes. We observe that reads generated with 
more sequencing cycles provided greater information, resulting in a 
higher unique mapping rate (UMR) for both fuzzy sequencing and CRT 
approaches. Notably, SuperBitSeq consistently exhibited the highest 
UMR (Fig. 4b, Extended Data Fig. 7b and Supplementary Tables 7–58). 
In addition, the UMR of BitSeq with the M-K form was consistently 
higher than that of CRT and BitSeq with the R-Y form. This preference 
for the M-K form may be attributed to the occurrence of transition base 
substitutions following gene duplication during evolution29.

The elevated information efficiency enables the detection of sub-
stantially more single-nucleotide variants (SNVs) that cannot be iden-
tified through BitSeq (Fig. 4c). For example, in BitSeq, the A > C/G > T 
mutations cannot be identified in the M-K form, or the A > G/C > T 
mutations in the R-Y form. In SuperBitSeq, they can all be well captured, 
except for only specific indistinguishable base swap events such as the 
AC > CA in the M-K form. To evaluate the potential of SuperBitSeq for 
single-nucleotide polymorphism (SNP)/SNV detection, we filtered The 
Single Nucleotide Polymorphism Database (build 155)30 and ClinVar 
(20210908)31 to exclude items with N, and obtained 1,297,977,577 and 
1,009,591 items, respectively. About 17–52% of known human SNPs/
SNVs cannot be distinguished by BitSeq, whereas the non-detection 

rates are ~0.01% or even lower for SuperBitSeq (Fig. 4d). This means 
that SuperBitSeq can de facto detect almost all known SNPs/SNVs. In 
each reaction cycle, the fluorescence signal released by extended bases 
can be split into two channels, resulting in reduced requirement for 
signal detection dynamic range and enhanced accuracy in detecting 
long copolymers (Fig. 4e and Extended Data Fig. 7c). Interestingly, we 
also found that the encoded superbit sequences can form a fractal when 
we mapped the points in a square (Fig. 4f and Supplementary Text 4).

To implement SuperBitSeq experimentally, we synthesized 
a fluorophore, Peking orange (PO), which was designed to exhibit 
excellent fluorogenic properties (on/off ratio ~2,000) when termi-
nally labelled on the tetraphosphate nucleotides (PO-TPLFNs, or 
PO-deoxynucleotide tetraphosphate; Fig. 1a and Extended Data 
Fig. 8a–j). PO was used to pair with TG for labelling two different nucle-
otides in each reaction cycle. PO and TG have similarly high fluores-
cence quantum efficiency but distinct excitation and emission spectra 
to avoid signal cross-talk (Extended Data Fig. 8k). PO-deoxynucleotide 
tetraphosphate has great photo and thermal stability, and showed 
excellent signal-to-base linearity upon nucleotide extension reac-
tion (Extended Data Fig. 8i–n). The same dephasing algorithm we 
optimized for TG-deoxynucleotide tetraphosphate substrates could 
be seamlessly adopted to PO-deoxynucleotide tetraphosphate when 
sequencing a single template (Extended Data Fig. 9a–d). According 
to our previous in silico simulation, dephasing correction for Super-
BitSeq could be built upon the algorithm of BitSeq by separating two 
channels for independent correction with the same dephasing param-
eters18. We also experimentally confirmed this strategy using the same 
single template for SuperBitSeq (Fig. 4g and Extended Data Fig. 9e,f).

We added a fluorescence channel to the bit sequencer and con-
verted it to the superbit sequencer (Fig. 5a and Extended Data Fig. 10a), 
while the image processing and signal extraction pipeline was largely 
adapted from before. We demonstrated the SNV detectability of Super-
BitSeq by sequencing the G719S and T790M mutations of the egfr gene 
(Fig. 5b). The signal acquired from 9 imaging tiles (0.67 × 0.67 mm2 
each, 212,874 reads in total) could be clearly clustered into 4 groups 
(Fig. 5c,d), and each group represented one of the DNA templates with 
single nucleotide difference. With dephasing correction, the signals of 
these clusters clearly unveiled the notable difference at the specific 
reaction cycle, which is associated with the SNVs we targeted.

While BitSeq can only determine the pathogen species and abun-
dances in metagenomic sequencing, SuperBitSeq allows fast path-
ogen genotyping and origin tracing, which is valuable in epidemic 
outbreaks. We sequenced 3 SARS-CoV-2 samples from a previously 
reported epidemiology study32 for 26 cycles using SuperBitSeq33. The 
total reaction time is only 42.6 min and we got ~200,000 reads. After 
mapping the SuperBitSeq reads to the reference genome, we restored 
the SNV information by separating the read and the reference into two 
semi-sequences, aligning individually and then merging together 
(Extended Data Fig. 10b–d and Supplementary Text 5). The experimen-
tal data demonstrated low error rate (~1%; Fig. 5e) and an average read 
length of 43 bp (Extended Data Fig. 10a). The SNVs called by SuperBit-
Seq are consistent with those called by an Illumina sequencer (Fig. 5f).

Discussion
We present a fuzzy sequencing strategy with over twice the information 
efficiency of current CRT sequencing. We developed a high-throughput 
fuzzy sequencer using efficient fluorogenic SBS chemistry. After test-
ing in multiple applications such as CNV detection, it was proven that 
this strategy provides accurate resequencing results with faster turna-
round times.

One reasonable extension of our information-richer SuperBitSeq 
is to combine three rounds of SuperBitSeq with orthogonal dual-base 
mixes for error-correction code (ECC) sequencing, which may surpass 
the previously demonstrated high-accuracy ECC. Our in silico simu-
lation showed that compared with traditional ECC, error correction 
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using three rounds of superbit sequences has lower false-negative rate 
in detecting potential sequencing errors under the same noise level 
(Extended Data Fig. 10f). Both BitSeq and SuperBitSeq are specific 
forms of the fuzzy SBS strategy that encode DNA with high informa-
tion efficiency for sequencing. More advanced forms such as TritSeq 
or SuperTritSeq are definitely worthy of more expectation. However, 
the signal dynamic range of TritSeq would be too large to practice for 
fluorogenic chemistry, although TritSeq would generate longer exten-
sion length and higher information efficiency than BitSeq. One of the 
limitations of BitSeq is its incompatibility with prevailing sequencing 
platforms such as Illumina’s NovaSeq X or other similar instruments. The 
fuzzy SBS strategy relies on fluorogenic sequencing chemistry, in which 
the fluorophore is cleaved off right after nucleotide incorporation. If 
fuzzy SBS is performed in the flowcells in other sequencers without 
microwell sealing, the fluorophore will diffuse, causing signal mixing. 
Fuzzy SBS uses the microwell chip with reversible sealing functions to 
confine reactions and prevent signal mixing. This microwell chip has 
potential applications beyond fuzzy sequencing, including digital 
PCR and single-cell transcriptomics where reaction isolation is crucial.

There are three major challenges that have not been well addressed 
in this work. First, the fundamental mathematical structure of the 
fuzzy coding of DNA is not yet fully understood. For example, after 
transforming the bit sequences into binary fraction numbers and then 
converting into decimal fraction numbers, every infinite long DNA 
sequence can be mapped to a point in the square region [0,1) × [0,1) 
(Fig. 4f) and formed fractal patterns for both SuperBitSeq with M-K 
and W-S forms. These two fractal patterns have identical Hausdorff 
dimension of ~1.7716, although the nature of it is still unknown (Sup-
plementary Text 4). Second, currently available fragment mapping 
algorithms and software, such as BWA or Bowtie2, were designed for 
recognizing natural base format but not the fuzzy sequences. Although 
we have circumvented this problem by renaming the bit strings to be 
compatible with current software, a more-general mapping tool that 
directly handles the nature of fuzzy sequence is still highly desirable. 
Last, further optimizations are still required to reduce the overall 
operational time and cost. Although cycle number reduction by fuzzy 
sequencing leads to reduced reaction time and reagent cost, multiple 
steps such as template amplification, fluidics and imaging still take up 
a large proportion of the time required, and the throughput should be 
further increased to reduce the average cost.

Methods
Ethics and sample collection
Peripheral blood DNA samples of patients with congenital heart disease 
(CHD) were obtained from a previous CHD study34. Sample usage was 
approved by the Medical Ethics Committee of Tsinghua University. 
Peripheral blood plasma cfDNA samples of pregnant women were 
obtained from a previous prenatal diagnostic study35,36. Sample usage 
was approved by the Medical Ethics Committee of Beijing Obstetrics 
and Gynecology Hospital and Tsinghua University. The anal swab and 
throat swab samples were obtained from a previous case study23,37. 
Sample usage was approved by the Medical Ethics Committee of the 
Institute of Pathogen Biology, Chinese Academy of Medical Sciences 
and Peking Union Medical College. The collection and usage of bron-
choalveolar lavage fluid samples of patients with CAP was approved by 
the Medical Ethics Committee of Peking University Third Hospital37. All 
samples were deidentified before use in this study.

DNA extraction and library preparation
Genomic DNA sequencing library preparation. The lambda phage 
genomic DNA was obtained from New England Biolabs (NEB)38. 
Genomic DNA (50 ng) in 130 μl TE buffer was fragmented to ~180 bp 
using sonication (Covaris S220) with the following parameter setting: 
175 W peak incident power, 10% duty factor, 200 cycles per burst, 300 s 
treatment time. Libraries were constructed from fragmented genomic 

DNA using NEBNext Ultra II DNA Library Prep Kit for Illumina (NEB) 
following manufacturer protocol. Standard index PCR primers were 
replaced by custom dual-unique indexing primers for Illumina sequenc-
ing, or Adaptor A and P1 (synthesized by Thermo Fisher; Extended Data 
Fig. 3c and Supplementary Table 2) for Ion Torrent and BitSeq.

ccfDNA extraction. Blood samples (10 ml) were centrifuged at 1,600g 
for 10 min at 4 °C within 8 h after collection. The extracted plasma 
was centrifuged again at 16,000g for 10 min at 4 °C to further remove 
cellular components, before being stored at −80 °C. ccfDNA from the 
plasma was extracted using the CWhipro Circulating Nucleic Acid 
kit (CW Biotech) following manufacturer instruction. The quantity 
and quality of the ccfDNA was checked using a Qubit 3.0 fluorometer 
(Thermo Fisher) and a 2100 Bioanalyzer (Agilent).

Mock trisomy ccfDNA preparation. Genomic DNA from the patient 
with trisomy was sheared using Covaris S220. The 150–250-bp part of 
the fragmented DNA was gel purified. The mock trisomy ccfDNA was 
prepared by mixing fragmented trisomy genomic DNA with ccfDNA 
extracted from non-pregnant female volunteers. The mixing ratios 
were validated through droplet digital PCR.

ccfDNA sequencing library preparation. ccfDNA (2–5 ng) was end 
repaired in a total of 60 μl mix containing 1× T4 polynucleotide kinase 
buffer (TIANGEN), 0.167 mM dNTP mix (NEB), 3 U T4 DNA polymerase 
(TIANGEN), 10 U T4 polynucleotide kinase (TIANGEN), 5 U Klenow frag-
ment (TIANGEN) and sterile water at 25 °C for 25 min, 70 °C for 10 min 
and held in 4 °C. The end-repaired DNA was then ligated in a total of 
100 μl mix with 1× T4 DNA ligase buffer (TIANGEN), 3,600 U T4 DNA 
ligase (TIANGEN), 40 U Bst DNA polymerase (TIANGEN), 50 nM Adaptor 
A and P1 at 25 °C for 15 min, 65 °C for 5 min and held at 4 °C. The ligated 
DNA was cleaned up using 0.9× volume of Agencourt AMPure XP beads 
(Beckman Coulter). The library was sent to Beijing Jinnuo Ruijie Gene 
Science and Technology for Ion Torrent sequencing. This library was 
also used for BitSeq.

RNA extraction and reverse transcription. Total RNA was extracted 
from 106 feeder-free mouse ES cells or mEF cells separately using RNe-
asy Micro kit (Qiagen) following manufacturer instructions. On-column 
DNase digestion was performed to remove genomic DNA. The quantity 
and quality of the RNA was checked using a Qubit RNA HS Assay kit 
(Invitrogen) and a 2100 Bioanalyzer. Messenger RNA was isolated and 
fragmented from 1 μg of extracted total RNA using the NEBNext Poly(A) 
mRNA Magnetic Isolation Module, followed by reverse transcription 
using NEBNext Ultra II RNA First and Second Strand Synthesis Module 
according to manufacturer instructions. Libraries were constructed 
from 10 ng of double-strand cDNA obtained above using NEBNext Ultra 
II DNA Library Prep Kit for Illumina following manufacturer protocol. 
Standard index PCR primers were replaced by custom dual-unique 
indexing primers for Illumina sequencing, or Adaptor A and P1 for 
Ion Torrent and BitSeq. After 10 cycles of PCR amplification, the final 
libraries were quantified using a Qubit dsDNA HS Assay kit (Invitrogen) 
and Agilent Fragment Analyzer39.

Targeted metagenomics sequencing. Briefly, 600 µl of bronchoal-
veolar lavage fluid isolated from each enrolled patient was collected 
and mixed with lysozyme and glass beads. DNA extraction was per-
formed by using the TIANamp Micro DNA kit (TIANGEN). The libraries 
were prepared using the targeted metagenomics sequencing panel of 
Cygnus Biosciences following manufacturer protocol.

Sequencer design
A ×10 microscope objective (NA 0.45, CFI Plan Apo Lambda, Nikon) 
and a scientific complementary metal–oxide semiconductor sen-
sor (Flash 4.0, Hamamatsu) were used for image acquisition in the 
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sequencer prototype. A high-power blue LED with wavelength of 
~460 nm (CBT-90-B-TE, Luminus) was used for excitation. Both exci-
tation (482 ± 20 nm) and emission (536 ± 40 nm) bandpass filters were 
purchased from Semrock. The x-axis translation stage (MSMF012, 
Panasonic) had 2 μm precision, taking ~1 s to move 1.33 mm at each step. 
The y-axis translation stage (IKO) had 1 μm precision and 65 mm moving 
range, taking ~300 ms to move 1.33 mm at each step. We imaged 171 tiles 
(9 × 19) in each reaction cycle to cover the whole reaction chamber. Rea-
gent flow was driven by a syringe pump (Cavro XC, Tecan) and a series of 
solenoid valves (LVM10R6, SMC). The temperature of the reaction was 
controlled by a Peltier device (TE Tech), with a water-cooling system 
connected to the heat sink. We used LabVIEW (National Instruments) 
to control the whole prototype.

Synthesis of Peking orange
Synthesis of (2-bromo-5-methoxyphenyl)(3-methoxyphenyl)meth-
anol. The chemical structure is shown as 1a in Extended Data Fig. 8a. In 
a 250 ml round-bottom flask (flame dried) equipped with a constant 
pressure dropping funnel, 80 ml anhydrous tetrahydrofuran solution 
of m-methoxyphenyl magnesium chloride (1.2 eq) was added and 
cooled to −40 °C with stirring. Then 20 ml anhydrous tetrahydrofuran 
solution of 3-methoxy-o-bromobenzaldehyde (10.8 g) was added drop-
wise to the reaction flask through dropping funnel while being kept at 
−40 °C with stirring. After addition, the reaction was kept for 2–6 h, 
monitored by thin-layer chromatography (TLC) and stopped when 
the raw material, 3-methoxy-o-bromobenzaldehyde, disappeared. 
Saturated ammonium chloride aqueous solution (20 ml) was added 
to quench the reaction. The reaction mixture was subjected to a rotary 
evaporator to remove most of the solvent, and then extracted twice 
with dichloromethane (100 ml each). After separation, the organic 
phases were combined, washed with saturated brine, dried over Na2SO4, 
concentrated by a rotary evaporator and then purified by silica gel col-
umn chromatography with developing solvent: the product (petroleum 
ether/ethyl acetate ~10/1, retention factor (Rf) ~0.3) was collected to 
get 15 g of colourless liquid 1a with 93% yield.

1H NMR (CDCl3, 500 MHz): δ 7.39 (d, J = 10 Hz, 1H, Ar-H), 7.23 (t, 
J = 10 Hz, 1H, Ar-H), 7.13 (d, J = 5 Hz, 1H, Ar-H), 6.96 (m, 1H, Ar-H), 6.81–
6.79 (m, 1H, Ar-H), 6.96 (m, 1H, Ar-H), 6.70 (dd, J = 10 Hz, 5 Hz, 1H, Ar-H), 
6.08 (d,1H, CH), 3.77 (s, 3H), 3.75 (s, 3H).

13C NMR (126 MHz, CDCl3): δ 159.70, 159.29, 143.76, 143.48, 133.41, 
129.51, 119.33, 115.12, 114.01, 113.11, 113.05, 112.80, 74.63, 55.49, 55.23.

HRMS: Calculated for C15H15BrO3Na (M+Na), 345.0097. Found, 
m/z 345.0096.

Synthesis of (2-bromo-5-methoxyphenyl)(3-methoxyphenyl) 
methanone. The chemical structure is shown as 1b in Extended Data 
Fig. 8a. In 80 ml of dichloromethane in a 250 ml flask, 6.5 g of 1a was 
dissolved, added with 10 g of pyridinium chlorochromate (PCC) and 
10 g celite, and the mixture was kept for 2–5 h under rapid stirring at 
room temperature. The reaction was monitored by TLC until the raw 
materials disappeared. The reaction solution was filtered through 
a short column pad with celite and washed with dichloromethane. 
The filtrate was collected, concentrated on a rotary evaporator and 
subjected to silica gel column chromatography. Developing solvent: 
petroleum ether/ethyl acetate ~10/1, Rf ~0.6. A 6.1 g light yellow solid 
was obtained after concentration, with 95% yield.

1H NMR (CDCl3, 500 MHz): δ 7.50 (d, J = 10 Hz, 1H, Ar-H), 7.45  
(m, 1H, Ar-H), 7.35 (d, J = 10 Hz, 1H, Ar-H), 7.31–7.29 (m, 1H, Ar-H), 7.16–
7.14 (m, 1H, Ar-H), 6.91–6.88 (m, 1H, Ar-H), 6.87 (d, J = 5 Hz, 1H, Ar-H), 
3.85 (s, 3H), 3.79 (s, 3H).

13C NMR (126 MHz, CDCl3): δ195.40, 159.92, 158.74, 141.48, 137.29, 
133.93, 129.61, 123.52, 120.47, 117.36, 114.18, 113.76, 109.69, 77.05, 55.65, 
55.49.

HRMS: Calculated for C15H14BrO3 (M + H), 321.0121. Found, m/z 
321.0120.

Synthesis of 1-bromo-4-methoxy-2-(2-(3-methoxyphenyl)
propan-2-yl) benzene. The chemical structure is shown as 1c in 
Extended Data Fig. 8a. Dichloromethane (70 ml) was added to a dry 
250 ml round-bottom flask and then cooled to −40 °C. Then, TiCl4 
(9 ml) and dimethyl zinc solution (80 ml of 1 M toluene solution) were 
slowly added with stirring under the protection of argon. After stirring 
at 40 °C for 15 min, 30 ml of dichloromethane solution of 1b (6.1 g) 
was added dropwise to the above solution and kept at −40 °C for 3 h. 
After that, the temperature was slowly raised to 0 °C and the reac-
tion was continued for 5–10 h. The reaction was monitored by TLC 
and stopped when raw material 1b disappeared. The brown reaction 
solution was quenched by pouring into crushed ice. The mixture was 
extracted with dichloromethane, dried over Na2SO4, concentrated on 
a rotary evaporator and purified by silica gel column chromatography 
with developing solvent: petroleum ether/ethyl acetate ~15/1, Rf ~0.6 
product was collected and concentrated to obtain 5.5 g colourless 
liquid 1c with yield of 87%.

1H NMR (CDCl3, 500 MHz): δ 7.38 (d, J = 10 Hz, 1H, Ar-H), 7.21  
(d, J = 5 Hz, 1H, Ar-H), 7.18–7.14 (m, 1H, Ar-H), 6.87–6.81 (m, 1H, Ar-H), 
6.72–6.69 (m, 1H, Ar-H), 6.63 (dd, J = 10 Hz, 5 Hz, 1H, Ar-H), 3.82 (s, 3H), 
3.74 (s, 3H), 1.73 (s, 6H).

13C NMR (126 MHz, CDCl3): δ 159.51, 158.70, 151.23, 148.67, 135.90, 
133.52, 128.94, 119.03, 115.78, 113.10, 111.93, 109.87, 55.38, 55.14, 44.88, 
30.16, 13.29.

HRMS: Calculated for C17H20BrO2 (M + H), 335.0642. Found, m/z, 
335.0641.

Synthesis of 1-bromo-4-methoxy-2-(2-(3-methoxyphenyl)
propan-2-yl) benzene. The chemical structure is shown as 1d in 
Extended Data Fig. 8a. Compound 1c (3 g) in 30 ml anhydrous tetrahy-
drofuran was added into a dry 100 ml round-bottom flask and cooled 
to −78 °C under argon. t-Butyllithium n-hexane solution (~9–10 mmol) 
was added ‘with extreme caution’ using a well-dried syringe. The solu-
tion was kept with constant stirring at −78 °C to ~−60 °C for 1 h. Then 
10 ml anhydrous tetrahydrofuran solution of o-methyl benzaldehyde 
(11.5 mmol) was slowly added to the reaction at −78 °C with a syringe 
pump. After the addition was completed, the temperature was allowed 
to increase slowly with stirring for 2–6 h and monitored by TLC. The 
reaction was quenched by adding 10 ml of saturated ammonium chlo-
ride solution. After removing most of the solvent by rotary evaporator, 
the residue mixture was extracted three times with dichloromethane 
(100 ml each), the organic phase was collected, dried over Na2SO4 and 
concentrated to obtain the crude compound 1d, which was directly 
used in the next reaction step.

Synthesis of 1-bromo-4-methoxy-2-(2-(3-methoxyphenyl)
propan-2-yl) benzene. The chemical structure is shown as 1e in 
Extended Data Fig. 8a. The compound 1d from the previous step was 
dissolved in 40 ml of dichloromethane and 4 g of PCC was added under 
rapid stirring. The reaction was kept for 2–4 h at room temperature and 
monitored by TLC until the raw material disappeared. The reaction 
solution was filtered through a short column pad with celite aid and 
washed with dichloromethane. The filtrate was collected, concentrated 
on a rotary evaporator and subjected to silica gel column chromatog-
raphy. Developing solvent: petroleum ether/ethyl acetate ~7/1, Rf ~0.5 
product was collected. After concentration, 2.9 g of yellowish solid was 
obtained as crude compound 1e, which was directly used in the next 
reaction step without further purification needed.

Synthesis of 1-bromo-4-methoxy-2-(2-(3-methoxyphenyl)
propan-2-yl) benzene. The chemical structure is shown as 1 in 
Extended Data Fig. 8a. Compound 1e (2.9 g) from the above step was 
dissolved in 40 ml anhydrous dichloromethane under ice-water-bath 
cooling, and boron tribromide (2–5 eq) was added dropwise (with 
extreme caution). The reaction was kept for ~2–5 h after the addition 
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was completed. Then, 20 ml of ice water was carefully added to 
quench the reaction with stirring for 30 min. After that, the reaction 
was adjusted to pH ~7.0 with saturated aqueous NaHCO3, extracted 
twice with 150 ml of dichloromethane, and the organic phase washed 
with water and saturated brine, and dried over anhydrous Na2SO4. 
The organic phase was concentrated using a rotary evaporator and 
then drained using a vacuum oil pump under reduced pressure to 
obtain a slightly yellow oil. Then, 5 ml of methanesulfonic acid was 
added to the oil and the mixture heated to ~80–100 °C with stirring. 
The reaction was stopped and cooled to room temperature after 1 h 
of heating. The reactant was poured into crushed ice while stirring, 
the precipitated solid was collected by filtration, washed with water 
and dried under vacuum to obtain ~2.2 g of crude product of the 
target product 1. The crude product was separated and purified by 
silica gel column chromatography to obtain 1.8 g of orange-red solid 
PO with yield of 72%.

1H NMR (CDCl3, 500 MHz): δ 7.32–7.29 (m, 1H, Ar-H), 7.24–7.18 (m, 
2H, Ar-H), 7.02 (d, J = 5 Hz, 1H, Ar-H), 6.95 (s, 1H, Ar-H), 6.94 (s, 1H, Ar-H), 
6.86 (d, J = 10 Hz, 1H, Ar-H), 6.50 (dd, J = 10 Hz, 5 Hz, 2H, Ar-H), 1.94 (s, 
3H), 15.2 (s, 3H), 1.48 (s, 3H).

13C NMR (126 MHz, CDCl3): δ 174.51, 157.24, 155.28, 136.62, 135.96, 
130.24, 129.10, 128.84, 125.72, 122.37, 120.66, 118.89, 114.02, 46.98, 40.15, 
32.50, 31.93, 19.52.

HRMS: Calculated for C23H19O2 (M−H), 327.1386. Found, m/z 
327.1390.

Chip preparation and sequencing
Etching of FOPs. FOPs were fabricated by Guangzhou Honsun 
Opto-Electronic. The etchant was prepared by adding 85 ml concen-
trated hydrochloric acid and 20 ml hydrogen peroxide to 895 ml water. 
One face of the FOP chip was covered with a piece of adhesive tape, 
while the other face was exposed to etchant. Etching was operated at 
25 °C for 2 h, then the chip was rinsed with water and air dried. A thin 
layer (~100–400 nm) of silica was deposited on the etched FOP by 
ion-beam deposition.

Silane deposition. The FOP chips were first cleaned using air plasma, 
and then put into a vacuum oven for hydrophobic modification under 
argon atmosphere and trichloro(1H, 1H, 2H, 2H-perfluorooctyl)silane 
vapour under 100 °C and 100 Pa for 1 h. Then, the chips were cooled 
to room temperature and transferred to another vacuum oven under 
argon atmosphere and (3-mercaptopropyl)tri-methoxysilane vapour 
at 100 °C and 100 Pa for 30 min. Finally, the chips were placed on a hot 
stage at 130 °C to age the silane modification.

Polyethylene glycol and streptavidin coating. The silane-coated 
chips were rinsed with isopropanol and then 1× PBS buffer. Maleim-
ide–polyethylene glycol–biotin (0.45 mM, M.W. 5,000, Laysan Bio) 
solution was injected into the chip, incubated for 30 min and washed 
with 10 ml MilliQ water. Then, 100 μg ml−1 streptavidin (Sigma Aldrich) 
in 1× PBS buffer was injected into the chip, incubated for 10 min and 
washed with 10 ml 1× PBS buffer.

Preparation and loading sequencing beads. The Ion Sphere Particles 
(ISPs) were prepared by emulsion PCR and enrichment following the 
Ion Torrent OneTouch2 protocol (Thermo Fisher). Then, 100 μl ISP 
solution dispersed in 1× terminal deoxynucleotidyl transferase buffer 
was treated with terminal deoxynucleotidyl transferase solution and 
10 μM biotin-16-deoxyuridine triphosphate (NEB) at 37 °C for 1 h, 
followed by addition of 100 μM dideoxynucleotide triphosphate 
at 37 °C for 4 h to further block all free 3’ DNA terminals. After that, 
the ISP solution was diluted to 0.3× by 1× PBS and injected into the 
sequencing chip. The chip was centrifuged under 1,000g for 10 min 
and washed with wash buffer to remove ISPs that were not firmly 
immobilized on the chip.

Sequencing. Sequencing was done by sequentially introducing 
dual-base reaction mix (the dual-base flowgram) as we have previously 
described15. The sequencing reaction mix contains Bst polymerase, calf 
intestinal alkaline phosphatase (NEB), MnCl2 (Sigma Aldrich) and two 
types of fluorogenic nucleotide to provide specific degenerate combina-
tions. In each sequencing cycle, the chip was filled with the sequencing 
reaction mix at 4 °C and then sealed with fluorinated oil (FC-40, 3 M); the 
sequencing-by-synthesis reaction was triggered by heating the sealed 
chip to 65 °C for 30 s. Then, the chip was cooled to 25 °C to stop the reac-
tion and to perform tiling-image acquisition. The chip was then washed 
with isopropanol and wash buffer at the end of each reaction cycle.  
The sequencing operation was controlled by a LabVIEW programme.

Base calling
The microwells on the FOP were imaged as multiple bright dots with 
different intensities in the fluorescent images. For each fluorescent 
image, the microwells were recognized as local maxima by image mor-
phological dilation. Then, the images were upscaled to increase the 
resolution. The microwell positions were refined by the weighted aver-
age of pixels around the local maxima on the resized image. The intensi-
ties of the microwells were extracted using the sum of pixels around 
the refined positions on the resized image. The extracted intensities 
were further corrected by subtracting intensities of neighbouring dark 
microwells. Light stains and dark stains were identified as large areas 
with over-bright or over-dark intensities, and microwells from stained 
regions were discarded in the subsequent steps (Extended Data Fig. 3a). 
Images of the same tile in different cycles were registered through the 
positioning markers on the bright-field image (Extended Data Fig. 2k).

We plotted a histogram for microwell intensities extracted from 
each cycle (Extended Data Fig. 4d). Two thresholds were identified 
in the histogram to separate the first peak as the dark dots, the sec-
ond peak as the monoclonal bright dots and the rest as polyclonal 
bright dots. Only monoclonal bright dots were retained for further 
processing.

We mixed two kinds of DNA samples in each run: the standard dots 
(SD) and library dots (LD). All SDs have known identical sequences, 
while LDs are from the sample to be sequenced and have variant 
sequences. All LDs have an identical starting sequence GTAGCC (the 
key sequence in Extended Data Fig. 3c), which is different from that 
of SDs. We calculated the Pearson’s correlation coefficients between 
intensities of Cycle 1–6 and the degenerate polymer length (DPL) of 
LD/SD (Extended Data Fig. 4d,e). Dots with correlation >0.9 with the 
LD DPL were identified as LD, and dots with correlation >0.95 with the 
SD DPL were identified as SD. Dots that were neither LD nor SD were 
identified as error dots (ED).

The SD intensities f were corrected from dephasing using our 
previous algorithm15,18. Briefly, we constructed a flux matrix T from the 
lead (ε1, ε2), lag (λ1, λ2) and SD DPL h to transform h to a dephased signal 
s, where ε1 and λ1 are for odd cycles and ε2 and λ2 are for even cycles. 
Then, the predicted intensities were f∗ = a⋅ (1 − b) t ⋅ s + c⋅s1 + d⋅s2,  
where a is the unit signal, b is the decay coefficient, c is hydrolysis1 
(hydrolysis of odd cycles), d is hydrolysis2 (hydrolysis of even cycles), 
s1 is 1 in odd cycles and 0 otherwise, s2 is 1 in even cycles and 0 otherwise. 
We minimized the loss function y = || f − f∗||2 + r2[(ε1 − ε2)

2 + (λ1 − λ2)
2] 

to fit all the parameters (ε1, ε2, λ1, λ2,a,b, c,d). The regularization coef-
ficient r was set to 109. The corrected signal was obtained by reverse 
transformation of intensity f to DPL h using the fitted parameters.

The LD intensities were first normalized to the known DPLs of 
their key sequence and then corrected from dephasing using the mean 
dephasing coefficients obtained from SD. The corrected DPL of LD 
were rounded to their nearest integers and then transformed to bit 
sequences.

The dephasing correction of SuperBitSeq is similar to that of 
BitSeq, except that the signals from the two channels were processed 
separately, according to our previous simulation results18.
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Simulation
Mapping the simulated error-free bit sequences to the genome. 
To test the accuracy of the mapping of bit and superbit sequences, 
we simulated the mapping of error-free sequences to three genomes: 
Homo sapiens (GRCh38, or hg38), Arabidopsis thaliana (TAIR10.1) and 
a simulated random genome. The simulated genome has 3 × 109 bases 
equally distributed in 20 mock chromosomes (150 Mb each) since 
BWA can only process chromosomes <2 Gb. The simulated genome 
fully constituted base A, C, G and T without any ambiguous bases 
such as N. Each base had equal occurrence probability of 0.25 and the 
base type in each site of the genome was independent from any other 
sites. Sites (1 × 107, 1 × 106 and 1 × 107) were uniformly sampled from the 
GRCh38, TAIR10.1 and the simulated genome, respectively. Regions 
with ambiguous bases (marked as N in the reference genome) were 
omitted in the sampling. For each site, by retrieving sequences with 
different lengths, we simulated sequencing reads under the MK, RY, WS 
and CRT flowgram with 5–150 cycles (Extended Data Fig. 7a). BitSeq and 
SuperBitSeq flowgrams were named with a heading ‘b’ and ‘s’, respec-
tively. For example, bMK stands for BitSeq in MK flowgram and sRY 
stands for SuperBitSeq in RY flowgram. This nomenclature is consist-
ent throughout this paper. No errors were added to these sequences. 
Sequencing signals were encoded as both bit and superbit sequences 
according to the method described in ‘Coding strategy compatible 
with the prevalent mapping software’ in Supplementary Text 2. These 
sequences were mapped to their corresponding reference genomes 
using Bowtie2, BWA-MEM or BWA-SW. We calculated the percentage 
of the following kinds of sequences from the Binary Alignment/Map 
files (Supplementary Tables 7–24 and 47–52):

(1)	 Total mapping: mapped to the reference genome by the 
software;

(2)	 Unique mapping: no XS tag, or the value of XS tag is less than 
that of the AS tag;

(3)	 Q20 mapping: the mapping quality is ≥20;
(4)	 Q30 mapping: the mapping quality is ≥30;
(5)	 Correct mapping: the distance between the mapped site and 

the sampling site is ≤5 bp;
(6)	 Unique and correct mapping: both unique and correct 

mapping.

Mapping the simulated erroneous sequences to the human 
genome. To test the accuracy of the mapping of bit sequences with a 
few errors, 1 × 106 sites were uniformly sampled from the hg38 genome. 
Regions with ambiguous bases were omitted in the sampling. For each 
site, we also simulated sequencing reads under the MK and RY flowgram 
with 15–150 cycles, as in the error-free sequence simulation. Erroneous 
sequences under the CRT flowgram were not simulated because they 
have different error profiles compared with bit sequences (more sub-
stitutions than indels). To simulate errors in bit sequences, we used a 
matrix Pn×n to describe the error pattern, in which Pij is the probability 
that DPL i is sequenced as j. Pn×n was generated as:

Pij =
⎧⎪
⎨⎪
⎩

λ
i+2λ

+ 1
2

i = j

( Pii−1
Pii−2

)
|i−j|

i ≠ j
(1)

Then, we normalized P such that the sum of each row is 1. n was set 
to 50, an integer sufficiently greater than most DPLs. λ was set to 447.6, 
222.6, 110.1, 53.8 and 25.7, corresponding to error rates of 0.25%, 0.5%, 
1%, 2% and 4%, respectively. In the simulation, DPLs were transformed 
from the sampled bit sequences, then modified according to the prob-
ability given by the matrix P. For example, the probability that DPL i 
remains unchanged is Pi,i, and the probability that DPL i is erroneously 
sequenced as i + 1 is Pi,i+1  and so on. The modified DPLs were trans-
formed back to bit sequences and mapped to the reference genome 

using Bowtie2, BWA-MEM or BWA-SW. The percentages of total map-
ping, unique mapping, Q20 mapping, Q30 mapping, correct mapping, 
and unique and correct mapping reads (Supplementary Tables 25–42) 
were calculated using the same method as in the previous section for 
mapping the simulated error-free sequences.

Mapping simulated random sequences to the human genome. 
As a negative control, random sequences were used to validate that 
non-genome bit sequences would not be erroneously mapped onto 
the genome. We generated 1 × 106 random DNA sequences of 1 kb. The 
probability of each of the 4 kinds of base is 0.25 and each site was gen-
erated independently from each other. For each random sequence, by 
retrieving subsequences with different lengths, we simulated sequenc-
ing reads under the MK, RY and CRT flowgram with 5–50 cycles, as in 
the error-free sequence simulation. These sequences were mapped to 
their corresponding genomes using Bowtie2, BWA-MEM or BWA-SW. 
The percentages of total mapping, unique mapping, Q20 mapping and 
Q30 mapping reads were calculated (Supplementary Tables 43–46) 
using the same method as previously described. Correct mapping or 
unique and correct mapping reads were not calculated since random 
sequences should not have been mapped.

Whole-genome screening of faithful mapping sites of the human 
genome. We defined faithful mapping as:

(1)	 the sequence being mapped to where it was generated  
(correct mapping);

(2)	 the mapping quality was ≥20 (Q20 mapping);
(3)	 no XS tag, or the value of the AS tag minus that of the XS tag 

was ≥30 (unique mapping).

We enumerated every 50, 70 and 100 bp sequences on the GRCh38. 
For example, in the case of 50 bp, the sequences were from sites of 
1–50, 2–51, 3–52 and so on until the end of each chromosome. These 
sequences were transformed into MK and RY bit sequences, and 
mapped to their corresponding reference genome along with their 
original DNA sequences using Bowtie2 and BWA-MEM. We selected sites 
where the generated sequences can be faithfully mapped as the faith-
ful mapping sites. The number of faithful mapping sites of different 
read lengths, and software are provided in Supplementary Tables 3–8.

Comparison of error-correction capabilities. One round bit sequence 
or superbit sequence encodes 50% or 84% information of the 4-base 
DNA sequence, and 3 orthogonal rounds (MK, RY, WS) of them provide 
information redundancy that can be used to correct potential sequenc-
ing errors. To compare their error-correction capability, we performed 
the following simulation:

(1)	 Simulate 1 × 107 100-bp random DNA sequence reads (denoted 
as A);

(2)	 Calculate their theoretical three-round sequencing signals S;
(3)	 Add white noise with standard deviation σ = C × S + 0.05 to S (C 

stands for coefficient of variation (c.v.)); then round to integer 
D; the 0.05 in σ is to disturb the zero signals in SuperBitSeq;

(4)	 Use the error-correction principle to check potential sequenc-
ing errors in D;

(5)	 If no error is found, mark D as legal;
(6)	 For legal signals, decode the signal as a new sequence read B;
(7)	 If B is not a substring of A starting from the beginning, mark B 

as false negative (sequencing error not detected);
(8)	 Calculate the ratio of legal signals and false-negative sequenc-

es of BitSeq and SuperBitSeq under different c.v.

Due to the reduced dynamic range and greater information 
entropy, error correction of SuperBitSeq has higher legal signal rates 
and lower false-negative rates than BitSeq under the same noise c.v. 
The results are illustrated in Extended Data Fig. 10f.
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Bioinformatic analysis
Analysis of lambda phage genomic DNA sequencing. The bit 
sequences from the lambda phage genomic DNA were mapped to its 
corresponding encoded reference genome using BWA-MEM (v.0.7.14) 
with the following parameters: -B 5 -O 3 -E 3. Only reads with map-
ping quality ≥20 were used for calculating the error rate, using the 
method described in ref. 40. Soft-clipped bases were omitted during 
the calculation.

Identification of CNVs. The bioinformatic pipeline for CNV detection 
is as follows:

(1)	 Generating Browser Extensible Data files. We first screened for 
faithful mapping sites (see section ‘Whole-genome screening 
of faithful mapping sites of the human genome’). We retained 
faithful mapping sites that occurred consecutively for over 
200 bp and discarded the remaining sporadic faithful map-
ping sites. We then transformed the retained sites to BED form 
files. Two different BED files were generated for normal 4-base 
DNA sequences and bit sequences.

(2)	 Binning. The reference genome was divided into multiple bins 
in which every bin contained exactly L faithful mapping sites 
recorded in the BED files. If there were less than L sites when 
binning at the end of a chromosome, this bin was discarded. 
The binning resolution L was 2 Mb for identification of ane-
uploidies and 100 kb for small CNVs.

(3)	 Filtering. Sequencing reads were mapped to the reference ge-
nome using the default settings of BWA-MEM (v.0.7.14), then 
transformed to the BAM format and sorted using Samtools 
(v.1.10). Then, we retained reads that:

(a)	were mapped to regions recorded in the BED files;
(b)	had mapping quality ≥20;
(c)	contained no XS tag in the alignment result, or the value 

of the AS tag minus the XS tag was ≥5.

(4)	 Counting. We counted the number Ni of reads mapped to each 
bin of the reference genome as the sequencing depth.

(5)	 GC correction. Supposing the GC content of each bin is gi, we 
used the locally weighted polynomial regression (LOWESS) to 
fit the curve of log (Ni) with respect to gi. Supposing the fitted 
values are fi, we calculated xi = exp (log (Ni) − fi) as the 
sequencing depth after GC correction.

(6)	 Normalization. We calculated the mean value ̄x  of xi on all 
autosomes, and calculated x′i = 2xi/ ̄x  as the normalized depth 
of each bin.

(7)	 CNV identification. We used the circular binary segmenta-
tion algorithm of the DNAcopy package41 in the R language to 
calculate the segment mean mi from xi. The segment mean mi 
is the copy number in this bin.

Non-invasive prenatal testing. We first used the same pipeline as the 
CNV identification to get the normalized depth x′i using a binning reso-
lution of L = 2 Mb. Then, we calculated the representative value of Chr21 
of each sample as

ychr21 =
∑chr21 x

′
i

∑autosome x
′
i

(2)

We calculated the mean μchr21 and standard deviation σchr21 of the 
Chr21 representative values of all 24 negative controls, and the Chr21 
Z-score of a sample s to be detected was calculated as:

Z s
chr21 =

yschr21 − μchr21

σchr21
(3)

The Z-scores for Chr18 and Chr13 were calculated in the same man-
ner. A Z-score >3 was tested as trisomy positive, otherwise negative.

The gender of each sample was classified by calculating the mean 
depth of ChrY as:

ds
chrY =

1
nchrY

∑
chrY

x′i

In the calculation of ds
chrY, we omitted the second bin of ChrY for 

both BitSeq and conventional 4-base DNA sequencing, because this 
bin is akin to the centromere and its depth varies substantially.

RNA-seq. For conventional 4-base DNA sequences, the transcripts 
per kilobase million (TPM) of each gene were directly obtained using 
Salmon (v.1.4.0)42. For bit sequences, we first used the default settings 
of BWA-MEM to map the reads to the corresponding reference genome, 
retained reads with <2 errors and an alignment read length ≥70 bp, then 
used Salmon v.1.4.0 to obtain the TPM.

Metagenomics sequencing. For the untargeted metagenomics 
sequencing, the raw sequencing data were filtered using fastp v.0.23.2 
to remove reads with length <50 bp or mean base quality <20, and trim 
reads >100 bp to 100 bp. The data were further deduplicated using 
seqkit v.2.3.0 and reads with >25 bp homopolymers were removed. 
The filtered data were mapped to the human genome GRCh38  
(MK encoded) using hs-blastn v.0.0.5 with default parameters, and 
the unmapped reads were again mapped to RefSeq (downloaded in 
May 2022, MK encoded) using hs-blastn with the parameter ‘-evalue 
1e-30 -outfmt 6 -dust no -word_size 50’. For each read, only the query 
with the highest score was retained for species identification. For tar-
geted metagenomics sequencing, the sequences of targeted regions 
of each species were compiled to form the reference sequences. The 
sequencing reads were mapped to these reference sequences using 
BWA-MEM (v.0.7.17-r1188). The read numbers mapped to each species 
were counted using a bespoke Python script and normalized to the total 
read number with unit in 100,000 reads.

Reporting summary
Further information on research design is available in the Nature 
Portfolio Reporting Summary linked to this article.

Data availability
The raw sequence data reported in this paper have been deposited 
in the Genome Sequence Archive43 at the National Genomics Data 
Center44, China National Center for Bioinformation/Beijing Insti-
tute of Genomics, Chinese Academy of Sciences (GSA, CRA024244, 
CRA024246, CRA024247, CRA024248; GSA-Human, HRA010915) that 
are publicly accessible at https://ngdc.cncb.ac.cn/gsa-human.

Code availability
The code demonstrating how to process fuzzy sequences using BitSeq 
and SuperBitSeq is publicly available at https://github.com/wxzhou/
FuzzySequencer (ref. 45).
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Extended Data Fig. 1 | Schematic of commercial high-throughput sequencing 
chemistries. (a) Schematic of Cyclic reversible terminator (CRT) used by Illumina  
and MGI. (b) Schematic of triple-nucleotide addition (TritSeq). (c) Nucleotide 
substrates used in different sequencing chemistries. The TPLFN is used in 
fluorogenic sequencing, that is, error-correction code (ECC) sequencing, 

BitSeq and SuperBitSeq. (d) The information efficiency of different sequencing 
technologies. Compared with SNA or CRT, BitSeq and SuperBitSeq show higher 
information efficiency that can be illustrated as the product of intrinsic and 
extrinsic components.
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Extended Data Fig. 2 | See next page for caption.
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Extended Data Fig. 2 | The instrument and chip design. (a) The ‘black-box’ 
prototype with major components including the camera, the imaging optics, the 
motion stages equipped with sequencing modules, as well as the liquid delivery. 
(b) Inside the ‘black-box’. Two sequencing modules sit on the moving stages. 
Above one of the sequencing module is the microscopic objective lens mounted 
on a piezo focusing adjustment stage. The manifolds are used for connection 
between the flow cell and the fluidic system (the selector and solenoid valves are 
shown in the photo). (c) The graphical user interface of the sequencer operating 
software (written in LabVIEW). (d) The schematic of the structure and fabrication 
of the flow-cell chip. (e) The fully assembled flow-cell chip. (f) The flow-cell chip 
and its holder. (g) The fluid flowing process in each reaction period that contains 

two reaction cycles. (h) The bleaching test to confirm the effectiveness of sealing 
of the microreactors. Top: Field-of-view (FOV) where fluorophores were sealed 
inside the microwells by FC-40. Middle: Using the pinhole to selectively photo-
bleach part of the FOV, the fluorescent intensity is lower in the exposed area. 
Bottom: After several minutes, the margin of the exposed area remains sharp 
and clear, indicating the sealing is successful so that non-bleached fluorophores 
in the unexposed area cannot diffuse into the bleached area. (i) When sealing 
fails, the margin of exposed area is blurred, and the intensity of the exposed area 
recovers as a result of fluorophore diffusion. (j) A typical example of light stains 
(blue) and dark stains (red). (k) A typical example of bright-field image with 
tetris-like positioning markers.
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Extended Data Fig. 3 | The data processing pipeline and library structure. 
(a) The schematic of the data processing pipeline. Defects are filtered and the 
intensity of each microwell at each reaction cycle is extracted and further filtered 
to keep monoclones for dephasing correction. The correction parameters are 
determined by fitting the signal to the standard dots (SD) which have been spiked 
into the sequencing library. (b) >90% of the area remains stain-free after 61 cycles 

of sequencing. (c) The structure of the DNA library. The 8-bp index sequence is 
written as I’s and the inserted part is written as N. The library is modified from 
ion torrent’s library by adding an extended sequence to enhance the melting 
temperature of the sequencing primer and a key sequence for LD identification. 
The underlined TCAG is used in ion torrent for library identification and signal 
normalization.
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Extended Data Fig. 4 | See next page for caption.
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Extended Data Fig. 4 | The base-calling results. (a–c) Spatial distribution of light 
stains (a), dark stains (b) and both (c) in one sequencing experiment. The beads 
within these stains are excluded from further analysis. (d) Schematic of how dots 
were selected according to their intensities. The three peaks were identified as 
dark dots, monoclonal and polyclonal, respectively. (e) LD and SD were identified 
through the Pearson’s correlation coefficient ρ between the raw intensities of 
each dot and the starting DPL of LD/SD. (f, g) Signal distribution of SD (f) and 
LD (g) in each cycle. Top: intensities normalized by dividing by the intensities of 
Cyc 2. Bottom: DPLs corrected from dephasing. Black: intensity distributions. 
Yellow dots: Ideal DPLs equal to the rounded mean intensity. Red dots: Ideal 
DPLs not equal to the rounded mean intensity. The SD all had the same sequence 

and were shown as single peaks in all cycles. The first 7 cycles of LD were from 
the key region, showing as a single peak. The latter cycles of LD were from the 
inserted random region, showing as multiple peaks. (h–m) Spatial distribution 
of loading rate (the percentage of nonempty wells) per tile (h), number of light 
dots (i), number of LD (j), unit signals (k), number of SD (l), number of ED (m). In 
i-m, numbers were counted in 8×8 regions that each tile was divided into. (n) The 
distributions of signal parameters estimated from SD. (o) The spatial distribution 
of number of errors per read in SD. (p) The distribution of number of errors per 
read in SD. (q) Error rate of SD. The error rate by base is the error rate by cycle 
divided by the corresponding DPL. (r) The percentage of reads with zero or one 
error in the first n cycles.
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Extended Data Fig. 5 | Additional comparison of BitSeq with commercial 
sequencers in resequencing. (a, b) The normalized sequencing depth of a 
normal male adult by BitSeq (a) and Ion Torrent (b). (c, d) The normalized 
sequencing depth of a Trisomy 21 patient by BitSeq (c) and Ion Torrent (d). (e) The 
average sequencing depth of ChrY of each sample. These values by both BitSeq 

and ion torrent differ substantially between male and female fetuses. (f) Number 
of genes detected using different thresholds for RNA-seq data of mES and MEF 
cells. (g) Venn diagram of TPM > 1 genes. (h, j) Gene Ontology analysis of genes 
that were only detected by each sequencer in RNA-seq.
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Extended Data Fig. 6 | The normalized sequencing depth of 53 patients involved in the NIPT study. X axis: Genome sites. Green dots: BitSeq. Orange dots: Ion 
Torrent. The dark and light gray backgrounds indicate the chromosomes.
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Extended Data Fig. 7 | Mapping capabilities of BitSeq and SuperBitSeq.  
(a) How error-free sequences were simulated. Analogous simulation method 
was adopted by SuperBitSeq. CRT: cyclic reversible terminator (the sequencing 
chemistry used by Illumina and MGI sequencers). (b) Longer read length or more 

information enable more accurate genome mapping. (c) Polymer distributions 
of genomes of lambda phage (top left), Escherichia coli (top right) and 
Saccharomyces cerevisiae (bottom left).
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Extended Data Fig. 8 | Chemical synthesis and characterization of Peking 
Orange (PO). (a) The synthetic route of the fluorophore PO. (b–i) NMR of 
intermediate products. (b, c) Chemical 1a. (d, e) Chemical 1b. (f, g) Chemical 1c. 
(h, i) Chemical PO. (bdfh) 1H-NMR. (cegi) 13C-NMR. (j) HRMS of PO. (k) Excitation 

and emission spectra of PO. (l) The fluorescence emission of PO is pH sensitive. 
The pink shade indicates the standard deviation. (m) Fluorogenic kinetics of 
PO-dN4P extending multiple bases. (n) The sequencing reaction kinetics using 
PO-dN4P and TG-dN4P as substrates.
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Extended Data Fig. 9 | Single-template sequencing results. (a–d) BitSeq using 
PO. (e, f) SuperBitSeq using PO and TG. Top of each panel: fluorescent intensities. 
Bottom of each panel: dephasing-corrected signals. Black dots represent 

signal of each replicates. Bars represent the mean signal of replicates. Yellow 
dots indicate the theoretical values where the corresponding mean signal is 
erroneous. a-d share the same legend and e-f share the same legend.
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Extended Data Fig. 10 | See next page for caption.
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Extended Data Fig. 10 | High-throughput SuperBitSeq results. (a) Parameter 
and read length distributions of dephasing correction in SuperBitSeq.  
(b–d) SNV reconstruction in SuperBitSeq. (b) Site map is defined as the positions 
of encoded bases in the original genome and is recorded during SuperBitSeq 
encoding. (c) In some cases SNV information may be altered after SuperBitSeq 
encoding. (d) Schematic of SNV reconstruction. The sequencing read and 
its matched reference sequence are separated into two semi-sequences, 

respectively. One semi-sequence is composed of A and G, which are both labeled 
with the green fluorophore Tokyo Green. The other semi-sequence is composed 
of C and T, which are both labeled with the red fluorophore Peking Orange.  
The semi-sequences are locally aligned individually, then the two alignments 
are merged together by sorting the site map in ascending order. (e) Normalized 
depth of the 3 SARS-CoV-2 samples. Bin size: 200 bp. (f) Error-correction 
capability of three rounds of bit sequences or superbit sequences.

http://www.nature.com/natbiomedeng







	A fuzzy sequencer for rapid DNA fragment counting and genotyping

	Results

	Discussion

	Methods

	Ethics and sample collection

	DNA extraction and library preparation

	Genomic DNA sequencing library preparation
	ccfDNA extraction
	Mock trisomy ccfDNA preparation
	ccfDNA sequencing library preparation
	RNA extraction and reverse transcription
	Targeted metagenomics sequencing

	Sequencer design

	Synthesis of Peking orange

	Synthesis of (2-bromo-5-methoxyphenyl)(3-methoxyphenyl)methanol
	Synthesis of (2-bromo-5-methoxyphenyl)(3-methoxyphenyl) methanone
	Synthesis of 1-bromo-4-methoxy-2-(2-(3-methoxyphenyl)propan-2-yl) benzene
	Synthesis of 1-bromo-4-methoxy-2-(2-(3-methoxyphenyl)propan-2-yl) benzene
	Synthesis of 1-bromo-4-methoxy-2-(2-(3-methoxyphenyl)propan-2-yl) benzene
	Synthesis of 1-bromo-4-methoxy-2-(2-(3-methoxyphenyl)propan-2-yl) benzene

	Chip preparation and sequencing

	Etching of FOPs
	Silane deposition
	Polyethylene glycol and streptavidin coating
	Preparation and loading sequencing beads
	Sequencing

	Base calling

	Simulation

	Mapping the simulated error-free bit sequences to the genome
	Mapping the simulated erroneous sequences to the human genome
	Mapping simulated random sequences to the human genome
	Whole-genome screening of faithful mapping sites of the human genome
	Comparison of error-correction capabilities

	Bioinformatic analysis

	Analysis of lambda phage genomic DNA sequencing
	Identification of CNVs
	Non-invasive prenatal testing
	RNA-seq
	Metagenomics sequencing

	Reporting summary


	Acknowledgements

	Fig. 1 Schematic of fuzzy sequencing.
	Fig. 2 Implementation of BitSeq.
	Fig. 3 Comparison of BitSeq with commercial sequencers in resequencing.
	Fig. 4 Properties of SuperBitSeq.
	Fig. 5 High-throughput SuperBitSeq identifies SNVs.
	Extended Data Fig. 1 Schematic of commercial high-throughput sequencing chemistries.
	Extended Data Fig. 2 The instrument and chip design.
	Extended Data Fig. 3 The data processing pipeline and library structure.
	Extended Data Fig. 4 The base-calling results.
	Extended Data Fig. 5 Additional comparison of BitSeq with commercial sequencers in resequencing.
	Extended Data Fig. 6 The normalized sequencing depth of 53 patients involved in the NIPT study.
	Extended Data Fig. 7 Mapping capabilities of BitSeq and SuperBitSeq.
	Extended Data Fig. 8 Chemical synthesis and characterization of Peking Orange (PO).
	Extended Data Fig. 9 Single-template sequencing results.
	Extended Data Fig. 10 High-throughput SuperBitSeq results.




