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High-quality genome assembly can effectively address some of the chal-
lenges of biological evolution. Our work1 has assembled a Silkie genome
(CAU_Silkie) using a composite approach, resolving in one fell swoop the
complex genomic variation of the fibromelanosis (Fm) trait and identifying
a large number of important genes related to metabolism, immunity, and
reproduction in birds. Below we respond to Nagarjun’s comments on the
genomic structureof theFm locus, the various linesof evidence, andpossible
sources of error.

The structural variation involved in Fm includes not only genomic
duplications but also inversions, especially since the individual assembled in
our work is a heterozygote (Fm/fm). The validity of our results is supported
by several solid lines of evidence. Firstly, both wild-type (*N) and mutant-
type (*Fm_1) structures are supported by continuous longONT reads. The
ONT reads (length > 50 kb) were aligned to both *Fm_1 (CAU_Silkie,
*Fm_1) and *N (GRCg6a *N), retaining only complete reads (alignment
length/read length>=0.99) and removing secondary alignments. The results
showed that the reads from this individual support the structure of both
scenarios (Figure S1-2). As the genome submission, we provided only the
mutant-type assembly that can represent the Fm phenotype. We then cal-
culated the genome coverage (Figure S3). The depth of the ONT and HiFi
reads approaches that of the whole genome, within a sequencing depth of
0.5-1.5 times the depth of the whole genome. This indicates that the
structure at this locus is supported by long reads. At critical junctions, we
randomly selected reads longer than 50 kb as examples for demonstra-
tion (Figure S4). At this point, the single read can prove the junctions of
two components (e.g. dup1 and reversed dup2.) in short range. Secondly,
the String Graph and contigs from haplotype assembly further confirm
the validity of our results. The String Graph is the optimal choice for
resolving segmental duplications2. The String Graph (Fig. 1) clearly
shows that the genome of heterozygous individuals (Fm/fm) has two
parallel independent haplotypes in the Fm region. Haplotype assembly
using high-quality HiFi also resulted in two complete sets of independent
contigs. Contigs from assembly related to the Fm locus sequence show
that *Fm_1 is the correct scenario (Figure S6). Another view is the
clipped reads visualization from IGV3, which also shows *Fm_1 is the
correct scenario for CAU_Silkie in short range(Figure S5). All the evi-
dence suggests that our results are correct.

Nagarjun et al.4mentions some ‘key pieces of evidence’ that argue there
is something wrong with our assembly, but they are all quite problematic.
Nagarjun et al.4 questioned the lack of read support for the *Fm_1 junction
order in Matter Arising. However, our results1 have clearly demonstrated
strong support for the junction order of the Fm locus using the ONT reads
andHiFi reads in Fig. 1b and S12-S151. The coverage of the junctions of each
duplication is nearly identical to the average coverage of the whole genome,
and each junction is covered by complete reads, meaning that the assembly
is free of structural errors (indicated by the y-axis Fig. 1b1; Figure S4).

Nagarjun’s comments also argue that the position of the locus found by
the Haplotype Defining Positions (HDP) method4 in CAU_Silkie is incor-
rect, leading to the conclusion that the mutation type of Fm is Fm_2. It is
clear from the above results that the individual used for CAU_Silkie were
genotypically heterozygous and that the Silkie genome would have had a
large number of de novo mutations compared to the red jungle fowl gen-
ome(GRCg6a). However, Nagarjun’s method of determining haplotypes was
to align the data to the red jungle fowl genome while removing tri-allelic loci,
which meant that some of the information that actually contained haplotype
differences was discarded. This makes it easy to understand why some of the
SNPs are mislocated on CAU_Silkie, as these loci are not mutant haplotypes
at all. HDP is not accurate when applied to heterozygous individuals. Most
importantly, when the reads from heterozygous individuals are aligned to
*Fm_1, Figure S7 explains whyHDP can’t handle the phasing job, leading to
wrong phasing results and no tiling path. In fact, Nagarjun’s results also
contain some errors. From the data provided by Nagarjun, we added a
column named ‘Hap base in Silkie genome‘ (Supplementary Data 1), which
shows the real reference base pairs of CAU_Silkie, but after manual con-
firmation, most of the base pairs (column named ‘Hap1 base in Silkie
genome‘) were wrong ((92+ 98+ 114+ 111)/(121+ 121+ 137+ 137)), it
explains the result of lift-over was wrong.

Methodologically, HDP are highly dependent on the accuracy of SNP
identification. HiFi reads instead of ONT reads should be used as HiFiasm5

phases haplotype with HiFi reads, because of the small insertions and base
calling error at same bases from ONT and Pacbio CLR reads6, lead to false
positives in theHDPmethod,which canbe seen in thefluctuatingSNPallele
number (Supplementary Data 1) instead of the ratio of 1:1 between hap-
lotypeThe two regions that are replicated (dup1vs. dup1r, dup2vs. dup2r in
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Fig 1b1)have a high degree of similarity to the region that was replicated
before.(over 99.8%, see Supplementary Data 2, Figure S8). SNP detection in
repetitive regions has not been solved too well so far, which adds to the
difficulty of the HDP approach. It is also worth noting that Nagarjun

mistakenly referred to HiFi raw reads(~39X) 1as PacBio long reads(they
used >600X as subreads instead ofHiFi CCS reads) based on the description
in the Method4, where in fact Nagarjun only used ONT long reads in
their work.

edge_1446 edge_1472 edge_1215

NC_006107.5-10667083-11577539

dge_1446 edge_1472 dge_1

Kb

500.00

Kb

500.00

200 Kb

Flank

Dup1

Int

Dup2

A

B

edge_1446 = -Flank-dup1-

edge_1472 = -Int-dup2-

edge_1215 = -flank-

*N
*Fm_1
*Fm_2

*N

*Fm_1 support

*Fm_2 X

Fig. 1 | The String Graph assembled from Flye supports the scenario *Fm_1 and
*N. A The contigs from the graph are related with the Fm locus. B The String
Graph assembled from Flye around edge_1472, which indicates two directions

from edge_1472 connected with edge_1446. e.g. It indicates -flank-dup1-int-
dup2- and -Flank-dup1-dup2R-intR, R: reverted, supporting *N and *Fm_1,
respectively.
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To validate of the reliability of the Fm locus in GRCg6a that they used
for phasing, it is not sufficient to rely solely on tiling paths. A gold standard
for assessing the accuracy of the assembly structure in the target region is to
verify the reads by aligning themback to the reference genome and checking
that the depth of this region is similar to the depth across the entire
genome7,8. Based on our work, there is a zero-depth window of breakpoint
(Figure S9-10) in the GRCg6a Fm locus with Ultra-Long reads (UL) and
HiFi reads from wild-type non-black-bone HuXu breeds (PRJNA693184),
indicating an inappropriate structure of the Fm locus in GRCg6a.

Finally, it seems that they didn’t take into account that genome
assembly includes both pre-assembly read correction and post-assembly
polishing steps (Figure S1 in our work1) when they doubted several base pairs
did not match the reference sequence. During polishing, contigs/scaffolds
were first polished by ONT reads and then by HiFi reads. For certain bases,
there may be inconsistencies between the ONT reads and the final assembly.

Method
The region used for mapping as reference was defined as 100 kb upstream
and downstream of the Fm locus (CAU_Silkie, CM065509.1:10916607-
12125334; GRCg6a, NC_006107.5:10667083-11577539). Minimap2 (2.26-
r1175)9 and Samtools (1.15.1)10 were used for reads mapping. For depth
calculation: minimap2 --secondary=no --sam-hit-only --MD -Y -t $threads
-ax map-HiFi/map-ont $ref $reads | samtools view -e “rlen/qlen > =0.99” -F
256 -b -h -@ $threads - | samtools sort -m 2G -@ $threads -o $o –. For
heterozygote validation: minimap2 --secondary=no --sam-hit-only --MD -Y
-t $threads -axmap-ont $ref $reads | samtools view -e “rlen/qlen > =0.99 &&
rlen>50000” -F 256 -b -h -@ $threads - | samtools sort -m 2G -@ $threads -o
$o –. Online version of LINKVIEW2 was used for visualization of reads and
contigs alignments. The visualization of the String Graph is done using
Bandage (0.8.1)11, nodes around edge_1472 was used for visualization.
Clipped reads visualization was accomplished by IGV (2.16.2)3. The depth
calculation is finished with mosdepth (0.3.3)12 by ‘-n -b 100’.

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

Data availability
All genome assembly datasets reported in this study have been deposited in
GenBank (NCBI) under accession numbers PRJNA805080 and
PRJNA827662. This WGS project of Silkie chicken has been deposited at
DDBJ/ENA/GenBankunder the accession JAKZEP000000000. The version
described in this paper is version JAKZEP010000000. The data of GGswu
(huxu breed) is available under the NCBI accession PRJNA693184.
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