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Clinical sequencing uncovers the genomic characteristics and mutation spectrum of the 2018 African swine fever virus in Guangdong, China
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African swine fever (ASF) outbreak have caused tremendous economic loss to the pig industry in China since its emergence in August 2018. Previous studies revealed that many published sequences are not suitable for detailed analyses due to the lack of data regarding quality parameters and methodology, and outdated annotations. Thus, high-quality genomes of highly pathogenic strains that can be used as references for early Chinese ASF outbreaks are still lacking, and little is known about the features of intra-host variants of ASF virus (ASFV). In this study, a full genome sequencing of clinical samples from the first ASF outbreak in Guangdong in 2018 was performed using MGI (MGI Tech Co., Ltd., Shenzhen, China) and Nanopore sequencing platforms, followed by Sanger sequencing to verify the variations. With 22 sequencing corrections, we obtained a high-quality genome of one of the earliest virulent isolates, GZ201801_2. After proofreading, we improved (add or modify) the annotations of this isolate using the whole genome alignment with Georgia 2007/1. Based on the complete genome sequence, we constructed the methylation profiles of early ASFV strains in China and predicted the potential 5mC and 6mA methylation sites, which are likely involved in metabolism, transcription, and replication. Additionally, the intra-host single nucleotide variant distribution and mutant allele frequency in the clinical samples of early strain were determined for the first time and found a strong preference for A and T substitution mutation, non-synonymous mutations, and mutations that resulted in amino acid substitutions into Lysine. In conclusion, this study provides a high-quality genome sequence, updated genome annotation, methylation profile, and mutation spectrum of early ASFV strains in China, thereby providing a reference basis for further studies on the evolution, transmission, and virulence of ASFV.
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Introduction

African swine fever (ASF) is a highly contagious viral disease in swine which exhibit a high mortality rate approaching 100% (1–3). ASF virus (ASFV), the causative agent of ASF, belongs to the order Asfuvirales, family Asfarviridae, and genus Asfivirus (4). ASFV was first introduced in northeast China in August 2018. Subsequently, the virus was isolated and analyzed (5, 6). Since then, ASFV has been causing series of outbreaks which resulted in significant economic loss nationwide (7). Recently, the emergence of ASFV strains with more genomic diversity and lower virulence in domestic pigs has been reported in China (8, 9).

To perform variant, transcriptome, and proteome analysis of ASFV, a high-quality genome is necessary (10). Several early strains, from the outbreaks in China, were isolated and sequenced using either Sanger sequencing or next-generation sequencing (NGS). However, these technologies could not overcome the limitations associated with sequencing large genomes, as the ASFV genome (170~193 kb) contains a series of homopolymers and repeat regions, including inverted terminal repeats of variable length (11, 12). Using data from three sequencing technologies, Nanopore, Illumina, and Sanger sequencing, 71 sequencing errors and several regional mistakes were corrected in the high-quality genome of the Georgia 2007/1 strain (13). Thus, there is still a need for a high-quality genome sequence for the ASFV strain that caused early outbreaks in China to be used as a reference for further research.

Intra-host single nucleotide variants (iSNVs), also known as quasispecies, are generated during virus evolutionary processes that occur within a host. Previous studies have reported that intra-host diversity of viral genomes was correlated with the virus virulence, immunogenicity, and infectivity (14). While consensus-level sequencing of ASFV is relatively commonplace in molecular epidemiology, few studies have explored the genetic characteristics of iSNVs and the mutational pool of ASFV. Currently, the characteristic of iSNVs of circulating ASFVs were found to be diverse unveiled by our lab (unpublished data). Especially, the characteristics of iSNVs of early strain are important and unavailable. It can serve as a reference for further studies on tracing the route, evolutionary patterns, and virulence of ASFV.

Herein, we used the MGI (MGI Tech Co., Ltd., Shenzhen, China) platform, Nanopore long-read sequencing, and Sanger sequencing to obtain a high-quality genome of the first virulent isolates of the ASFV in Guangdong. The genomic characteristics were also examined, including updated genomic annotations and predicted methylation modifications. Additionally, the iSNVs of this strain were explored. The results of this study provide in-depth knowledge of the early strains from the outbreak in China.



Materials and methods


Sample collection and virus isolation

Field samples were collected from the first ASF outbreak in Zhuhai, Guangdong Province, China in December 2018. Infected pigs showed 100% mortality. The spleens, lymph nodes, and other tissue specimens were collected from a single pig in one ASFV-positive herd. The virus was subsequently isolated from lymph nodes using porcine bone macrophages that were extracted from 4-week-old specific pathogen-free pigs (15). This virus was designated the name ASFV_GZ201801_2.



DNA extraction and quantification

To avoid the accumulation of single nucleotide variants during the passage process, viral DNA for MGI platform sequencing was extracted directly from specific tissues. The first-generation culture of porcine bone macrophages was used to prepare extracellular virions for Nanopore sequencing. The QIAamp DNA Mini Kit (51304, Qiagen, Germany) was used for extraction, and the extracted viral DNA was purified using the AMPure XP Purification Kit (A63880, Beckman Coulter, USA). The quality and concentration were evaluated using Nanodrop Lite (ND-LITE-PR, ThermoFisher, USA) and Qubit 4.0 Fluorometer (Q33238, Invitrogen, USA). All these procedures were performed according to the manufacturer's instructions.



Genomic sequencing

The purified viral DNA from clinical sample was processed using the MGI platform for genome sequencing to generate sequence data, whereas the DNA from the first-generation porcine bone macrophage culture viral supernatant was used for Nanopore sequencing, which was performed according to the manufacturer's instructions. Library preparation was carried out using the Ligation Sequencing Kit (SQK-LSK109, Oxford Nanopore Technologies, UK) and Native Barcoding Expansion 1–12 (EXP-NBD104, Oxford Nanopore Technologies, UK). Subsequently, the library was loaded onto the R9.4.1 MinION flow cell chip (FLO-MIN106, Oxford Nanopore Technologies, UK) and sequenced. Base calling was performed using Guppy v2.1.3 (Oxford Nanopore Technologies, UK).



Analyses of sequencing reads

The data generated from the MGI platform were processed by removing adapter contamination and filtering using Trimmomatic v0.39 (16). Nanopore sequence data that had a quality value lower than Q20 were filtered using Fastp v0.20.1 (17). All filtered reads were hybrid-assembled using SPAdes v3.13.0 (18). The consensus sequence was subsequently generated from contigs, using iVar v1.3.1 (19). Subsequently, single nucleotide polymorphisms and indels were verified using bcftools v1.10.2 (20), and variants were validated by Sanger sequencing using clinical sample. Thereafter, genomic annotation was conducted using the Genome Annotation Transfer Utility (GATU) software; ASFV Georgia 2007/1 was used as the reference genome sequence (GenBank accession number: FR682468.2) (21).



Genomic sequence analysis

To explore the genomic characteristics, ASFV references for genotype II, from GenBank, were downloaded and aligned using Mafft v7.471 (Table 1) (22). Multiple sequence alignment was performed and visualized using the R packages, RColorBrewer, and ggplot2 (23, 24). Nanopore fast5 files were used to screen potentially methylated nucleotides using Tombo v1.5.1 (25). Andefault model of Tombo was automatically selected to detect 5mC and 6mA methylation modifications in the ASFV_GZ201801_2 genome, and it subsequently computed the corresponding scores.


TABLE 1 Reference strains selected in this study.
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Calling of iSNVs

The genome sequence that was validated by Sanger sequencing was used for iSNV analysis. Clean reads with high-quality bases (Q>20) were mapped to the validated genome sequence using BWA v0.7.17 (26) and then reformatted using SAMtools v1.10 (27). Subsequently, iVar v1.3.1, mentioned above, was then used to call iSNVs. Several criteria were used to screen for high-quality iSNVs: (1) total sequencing depth at iSNV site ≥100, (2) minor allele frequency ≥1%, and (3) depth of the minor allele ≥5. iSNVs that met the criteria were counted. To analyze the characteristics of the iSNVs, we calculated the preference of mutation types, the position of mutation, and the effect of mutation in the corresponding amino acid or ORF (Open Reading Frame).




Results


Improved sequence obtained by hybrid assembly of sequencing data

The MGI/Nanopore sequencing data was processed, and the variants were identified using Sanger sequencing. Combining the advantage of MGI (High throughput), Nanopore (Long-read) and Sanger sequencing (High accuracy), we obtained a high-quality genome, named ASFV_GZ201801_2 (Genbank ID: ON263123). The genome sequence of this strain had 189,401 base pairs (bp) (Figure 1), with a high depth (MGI mean depth: 6656×, Nanopore mean depth: 74×) and total coverage (100%). Data from Nanopore platform were distributed evenly in the whole genome, and hybrid of sequencing data from two platforms led to a good resolution of ASFV genome. Compared our genome with early ASFV representative strains in China (ASFV Pig/HLJ/18: MK333180.1, ASFV China/2018/AnhuiXCGQ: MK128995.1), similar genome sizes found. ASFV_GZ201801_2 was annotated using ASFV Georgia 2007/1 as the reference genome. Furthermore, the novel annotations of this strain were explored.


[image: Figure 1]
FIGURE 1
 Depth and coverage of GZ201801_2 measured using SAMtools v1.10 after sequencing (27). (A) MGI platform sequencing and (B) Nanopore sequencing.




Updated annotations on the basic of ASFV Georgia 2007/1

The annotations were manually examined and modified to fit any changes in ORFs, such as splits, fusions, or truncations. A total of 194 annotations were identified, eight of which were modified to accommodate changes caused by indels and nucleotide substitutions in the ORFs of ASFV_GZ201801_2. Modified annotations included the following ORFs: MGF 110-1L, ASFV G ACD 00190, MGF 110-11L, MGF 110-14L, MGF 360-10L, MGF 505-9R, NP419L, and I267L. The verified ASFV_GZ201801_2, comparing with ASFV_GZ201801 (179 ORFs), had clarified 14 novel annotations, which were 285L, ASFV_G_ACD_00120, ASFV_G_ACD_00350, ASFV_G_ACD_01980, C717R, hypothetical, hypothetical1, hypothetical2, MGF_100-3L, MGF_300-2R, MGF_360-16R, MGF_360-1Lb, MGF_360-19Ra, and MGF_360-19Rb (Figure 2). Notably, a series of genes in ASFV Georgia 2007/1 were annotated without the ATG initiation codon: DP60R, ASFV_G_ACD_00190, ASFV_G_ACD_00270, ASFV_G_ACD_00350, MGF_360-15R, NP1450L, and ASFV_G_ACD_01980, which started with leucine (UUA/UUG), while MGF_110-8L initiated with valine (GTG).


[image: Figure 2]
FIGURE 2
 All annotations in the entire genome of Georgia 2007/1 and GZ201801. Compared to GZ201801, the genes marked with yellow represent the updated annotation of the GZ201801_2. The genes in blue and red represent different annotations GZ201801_2 in Georgia 2007/1, where blue represents different annotations due to site mutations, and red represents different annotations that appear owing to deletion or early termination.




Genomic characteristic of ASFV_GZ201801_2

To explore the genomic characteristics of ASFV_GZ201801_2, we aligned all the available ASFV whole genome sequences in China and ASFV Georgia 2007/1 that circulated in Eastern Europe, for more than a decade ago, with the improved ASFV_GZ201801_2. ASFV GZ201801_2, ASFV Georgia 2007/1, and other early strains shared several indels and substitutions, which led to high overall nucleotide identification (from 98.3% to approximately 100%). The 5′-end of the genome of ASFV_GZ201801_2 exhibited characteristics similar to those of ASFV Georgia 2007/1 (FR682468.2); however, several isolates from China demonstrated homogeneous 5′-end deletions, except for three strains (MN393476.1, MN393477.1, and MZ614662.1). We further compared our verified sequence to ASFV Pig/HLJ/2018 and found 5 indels and 6 substitutions located in homopolymer regions, which may be associated with sequencing errors. Similar findings were also observed in several other early strains from China. Furthermore, we demonstrated that the recent strains, in China, had undergone more variations and showed more diversity than earlier strains (Figure 3).


[image: Figure 3]
FIGURE 3
 ASFV genome from China and Georgia 2007/1, which has been considered as the original strain circulating around Eurasia since 2007, showing the entire genome frame map of all genome-wide sequences compared to GZ201801_2. Each red line represents a site mutation, and the vacant positions represent deletion regions.




Potential 5mC and 6mA methylation

Potential 5mC and 6mA methylation were analyzed using Nanopore data. The methylation sites were predicted to be evenly distributed along the genome without remarkable regional preferences. In addition, a similar methylation state on the forward and reverse strands was noted, and the 6mA methylation scores at various sites on the entire genome were generally greater than those of 5mC methylation (Figures 4A–C). We predicted ten methylation sites, including their adjacent regions, in ASFV_GZ201801_2 that were most likely to have 5mC and 6mA modifications (Figures 4D,E). The genes that showed significant 5mC methylation included F778R, EP1242L, M448R, C257L, C475L, C962R, B646L, NP1450L, D1133L, and H359L, while the genes that showed significant 6mA methylation were MGF_100-1R, MGF_360-8L, A859L, F778R, F1055L, K205R, C962R, B318L, B354L, and CP2475L. The genes, including the potential 5mC and 6mA methylation sites, were primarily involved in metabolism, transcription, and replication (Tables 2, 3) (28).


[image: Figure 4]
FIGURE 4
 Methylation of positive and reverse strands in the genome predicted using Tombo and its corresponding depth. (A) The score of 5mC and (B) 6mA modification of positive and reverse strands. We compared the raw signal levels between sequenced samples and alternative models to obtain the statistical results of the corresponding sites, Tombo generated the correlation scores to evaluate the possibility of methylation on certain sites in the full-length viral genome. A higher score indicated that the site was more likely to undergo methylation modification. (C) Depth of Nanopore sequencing of positive and reverse strands. The top 10 methylation sites and their adjacent regions in the ASFV_GZ201801_2 that are most likely to be modified by (D) 5mC and (E) 6mA methylation also predicted using Tombo.



TABLE 2 Gene position, coded protein, and biological processes of the top 10 sites where 5mC methylation modification was predicted (28).
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TABLE 3 Gene position, encoded protein, and biological process of the top 10 sites where the 6mA methylation was predicted (28–30).
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Identification of intra-host variations in ASFV_GZ201801_2

Through the deep MGI sequencing of the genomic DNA, extracted from the clinical specimens, we achieved a high sequencing depth for all sites across the genome, with a mean depth of 6656 (coverage > 99%). Minor iSNVs were called by setting the threshold for minor allele frequency at 1% to exclude potential sequencing errors and minimize false discovery rates. The viral populations revealed a low frequency (<25%) cloud of iSNVs detectable across the entire genome. The minor iSNVs were distributed evenly on the genome, and marginally higher mutation frequencies were observed at the 5'-end than in the rest of the genome. Moreover, mutation preference across the genome was explored. To be specific, no obvious mutation preference could be observed when we calculated the mutations from a certain base to the other three bases (Figure 5A). On the contrary, when we calculated the mutations from the other three bases to a certain base, strong preference was found in Adenine (A) and Thymine (T) (Figure 5B). We further calculated the types of mutations in all the bases and their frequency and found that substitutions involving A and T occupied the largest proportion, reaching 28.044 and 17.343%, respectively. In addition, other mutations substituting Cytosine (C) with T or A occupied 10% above, whereas the rest of the mutations showed low mutation frequencies (Figure 5C). We further investigated the regions where the mutations were located, and 113 of the 190 iSNVs were found in the coding region (Figure 5D). Among all the genes, iSNVs were found slightly enrich in MGF 360-13La, MGF 505-7R, I96L, and MGF 360-21R. Moreover, the mutations were evenly distributed in the three positions of the codons which encode an amio acid, and the proportion of non-synonymous mutations was 76.11%, which was three times that of synonymous mutations (Figures 5E,F). More than half of the non-synonymous mutations showed a preference for lysine. Notably, 4 iSNVs of the non-synonymous mutations preferred to occur in the stop codon, which caused a frameshift mutation in the entire ORF; the four iSNVs were located in ASFV G ACD 00120, MGF 505-4R, K421R, and EP153R (Figure 5G).
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FIGURE 5
 (A) The distribution and frequency of theiSNVs) that a certain base (A, T, C, G) mutate into other three bases. (B) The distribution and frequency of the iSNVs that the other three bases mutate into a certain base. (C) The percentage of different iSNVs mutation types. (D) Number of iSNVs in coding and non-coding regions. (E) Proportion of iSNVs occurring in different positions in codons across the genome. (F) Proportion of iSNVs causing non-synonymous and synonymous mutations. (G) Proportion of iSNVs that mutate into different type of amino acid. The number of iSNVs in each figure is indicated on the corresponding bar.





Discussion

ASFV has been circulating in China for 5 years. Recently, low virulent strains with mutations and indels in the genomes have been detected; these strains have varying biological characteristics (8). The identification of mutations and deletions requires a high-quality genome. However, in China, there is still a lack of high-quality genomes of the early strains to use as references when studying the long-term effects of deletions and mutations. The complete genome of ASFV is typically obtained using either Sanger sequencing or NGS (11, 31). However, genome sequences generated from either one of these technologies do not reflect the actual genomic characteristics of ASFV, which has a large and intricate genome (13). The co-employment of Nanopore sequencing and NGS is an emerging strategy that is used to acquire complex microbial genomes, which combine the advantage of long sequencing reads from Nanopore and high accuracy from NGS (32, 33). Here, we combined the data generated from the MGI sequencing platform, Nanopore platforms, and Sanger sequencing to verify and obtain a high-quality genome of the lethal ASFV isolate, ASFV_GZ201801_2, which we collected during the early phase of the ASF pandemic in China.

Because of its complex genome, many genomic characteristics of ASFV remain unknown; thus, an accurate genome sequence was urgently needed. We compared ASFV_GZ201801_2 and ASFV Georgia 2007/1(FR682468.2) and detected a large number of site mutations, which had accumulated over the past decade. Furthermore, the genome sequence that we acquired, using samples from the first case of a high virulence ASF outbreak in China, could reflect the real epidemic strains from the early ASFV outbreak. In addition, we compared ASFV_GZ201801_2, ASFV Pig/HLJ/2018, and ASFV China/2018/AnhuiXCGQ and found that the strains from the early outbreaks in China shared a few same mutations. To conduct molecular epidemiology investigations of ASFV in China, a high-quality genome, isolated from the early strains from the first outbreak, is needed for reference. Many new site mutations have appeared in the recent Chinese strains, indicating the growing diversity of the ASFV strains in China. However, current circulating strains have shared several doubtful mutations when compared with early reference genome sequences, which may be caused by sequencing errors. Lacking a preferred reference would hinder further epidemiological studies of ASFV in China. Our verified genome sequence could be utilized as a reference for the early strains to trace the transmission route and evolution of ASFV.

Globally, the annotation of ASFV is constantly being updated; however, annotations of Chinese ASFV isolates still need to be confirmed. In our study, we found outdated and ambiguous annotations. We refined our annotations using the well-known sequence, ASFV Georgia 2007/1; several annotations were modified to accommodate changes in our genome. However, owing to the lack of transcriptome and proteome studies, the expression data of these ORFs was insufficient. There is a need to validate ASFV genome annotations reported by different studies worldwide.

Methylation of specific viral genes is involved in the transition from lytic to latent infection. Viral DNA methylation plays a crucial role in the life cycle of Epstein-Barr virus, adenovirus, and hepatitis B virus (34–38). Whether ASFV genome has DNA methylation and epigenetic regulation is to be discerned. There was research claimed that there is no ASFV methylation in infected Vero cells, while previous studies of the ASFV BA71V strain revealed the methylation of its 5′ cap (39, 40). With the development of technology, the methylation ASFV Wuhan 2019/1 was predicted using Nanopore which could detect methylation in high accuracy (41). Based on several recent clinical reports of ASF outbreaks in China, the period of onset of ASF in ASFV-positive pigs had extended, which might be a consequence of distinct ASFV DNA methylation. The mechanism related to epigenetic modifications underlying this phenomenon remains unclear and requires further exploration. Furthermore, previous studies have reported that 5mC and 6mA modifications potentially exist in the ASFV genome; these may be essential for virus-host interactions (41). In summary, our research contributes to the elucidation of the methylation profile of early AFSV strains in China using Nanopore sequencing technology, which provides a foundation for further research on the ASFV life cycle and immune regulation.

The iSNVs detected in early strains can be treated as the advantage mutation pool of ASFV, from which gain (or lose)-of-function mutations may be acquired by current or future epidemic strains; these iSNVs provide valuable information for epidemiology investigation and viral evolution studies. Eighty-five percent of the amino acid variations of the current SARS-CoV-2 genome correspond with iSNVs found in the early strains, which suggested that in-depth studies of the mutation pool of early strains were necessary. To characterize the landscape of within-host variants of early ASFV strains, we employed the deep MGI sequencing of viral DNA, extracted from ASFV-positive samples, to reveal the mutation spectrum, which may be used as a reference for current and future studies. The frequency of iSNVs in the ASFV genome was low, below 25%, which indicated a slow mutation rate. The frequency of substitution mutations, substituting with A or T, was substantially higher than the others. This indicated that the replication of ASFV showed preference, and the mechanism and effects of the replication process need to be further studied. The mutations were more concentrated in the coding region than in the non-coding region. Considering that the length of the coding region in ASFV is approximately 8.5 times the length of the non-coding region, the probability of mutation in the non-coding region is considerably higher than that of the coding region, which may be related to the regulation of ASFV. The regulatory role of the non-coding region between genes was previously reported (42), which also suggests that future research on ASFV should focus on the non-coding region. In addition, mutations have a similar probability of occurring at each location in the codons with no significant bias, which indicates that the choice of mutation does not favor a certain base in the codon. The probability of non-synonymous mutations is considerably higher than that of synonymous mutations. Non-synonymous mutations typically disappear owing to the effects of population selection, but their accumulation can lead to dramatic changes in the virulence, immunogenicity, and infectivity of the virus (43, 44), and afford an opportunity for viral adaptation (45). More than half of these non-synonymous mutations resulted in substitution with lysine, which is encoded by AAA. This mutation is commonly found near consecutive bases, which are widely distributed in the ASFV genome, but the mechanism underlying the preference for this type of mutation requires further investigation. To our knowledge, this is the first time that the mutation spectrum of early ASFV strains was determined. Our findings provide a reference to use in further investigations on molecular epidemiology, evolution, host adaptation, and pathogenicity of ASFV.



Conclusions

To our knowledge, this is the first time that the high-quality proofread genome sequence of GZ201801_2 and the mutant spectrum of early strains of ASFV were revealed. Our findings would provide a reference to pave the way for further investigations on molecular epidemiologic investigations, evolution, host adaptation, and pathogenicity of ASFV.
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