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Abstract
The majority of nowadays genome assemblies are mixed haplotypes. An assembly of such haplotypes introduces DNA vari-

ants not present in any of true haplotypes, which negatively affects downstream genome analysis. Therefore, we assembled phased 
haplotypes of major malaria vectors in Sub-Saharan Africa using trio binning method. To validate haplotype phasing, we performed 
p-distance and k-mer quotient analyses. The results indicate correct haplotypes phasing.

The majority of nowadays genome assemblies is a mixture of true haplotypes. An assembly of a mixed haplotype 
introduces DNA variants not present in any of true haplotypes, which negatively affects downstream genome analysis [1]. 
Therefore, we assembled phased haplotypes of major malaria vectors in Sub-Saharan Africa, A. coluzzii and A. gambiae [2], 
using trio binning method [1].

Female and male F1 offspring of A. coluzzii female and A. gambiae male were sequenced using Oxford Nanopore 
Technology [3], and assembled using TrioCanu [1]. As a result, we obtained A. coluzzii female and male haplotypes named 
AcoMOPhfm and AcolMOPhmm respectively, and A. gambiae female and male haplotypes named AgamZANUhfp  
and AgamZANUhmp respectively (unpublished). To validate haplotype phasing, we performed p-distance analysis, and KQ 
(k-mer quotient).

The p-distance is a proportion of nucleotides in which two sequences differ [4]. To assess haplotypes phasing we 
calculated p-distance of parental Illumina reads to phased haplotypes. To calculate p-distance we aligned parental Illu-
mina reads on phased haplotypes using BWA-MEM2 [5]. The data from the alignment files was then used to calculate 
average p-distance per 10 Kb.

P-distance analysis demonstrated that p-distance of parental reads to the same species haplotypes is lower 
than 0.01 in general, while p-distance of parental reads to different species haplotypes lays between 0.02 and 0.04 in gen-
eral (Fig. 1–4). This result indicates that parental reads possess higher similarity to the same species haplotypes, therefore, 
haplotypes are phased correctly.
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Fig. 1. P-distance of parental reads to A. coluzzii AcolMOPhfm haplotype
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Fig. 2. P-distance of parental reads to A. coluzzii AcolMOPhmm haplotype

Fig. 3. P-distance of parental reads to A. gambiae AgamZANUhfp haplotype

Fig. 4. P-distance of parental reads to A. gambiae AgamZANUhmp haplotype
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The KQ analysis was initially developed for heterogametic chromosome contigs identification in the genome, 
and was tested on B. mori, females of which have W heterogametic chromosome [6]. In this method W chromosome 
contigs are identified through number of female-specific k-mers mapped to contigs. According to KQ, k-mer is female- 
specific if it is not found in male genome, and contig is W chromosome-derived if it has more than 10 female-specific 
k-mers per 1 Kb mapped to it. But, to validate haplotype phasing, we searched for contigs derived from A. gambiae in-
stead of heterogametic chromosome contigs. We extracted k-mers from parental reads using Jellyfish [7] and used them 
as an input for the script developed by the authors of this method along with phased haplotypes.

KQ analysis identified no A. gambiae derived contigs in A. coluzzii phased haplotypes AcolMOPhfm 
and AcolMOPhmm (Fig. 5). On the contrary, this method assigned to A. gambiae all chromosome scaffolds and some 
unscaffolded contigs of A. gambiae phased haplotypes AgamZANUhfp and AgamZANUhmp (see Fig. 5). Therefore, KQ 
validates haplotype phasing.

In conclusion, p-distance and KQ analyses validate A. coluzzii and A. gambiae hybrids haplotype phasing by trio 
binning.
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Fig. 5. Genome assembly scaffolds and contigs classified as A. gambiae derived
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