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Genomic analysis of SARS-CoV-2 sequences is crucial in determining the effectiveness of prudent safer at home measures in the United States (US). By haplotype analysis of 6,356 US isolates, we identified a pattern of strongly localized outbreaks at the city-, state-, and country-levels, and temporal transmissions. This points to the effectiveness of existing travel restriction policies and public health measures in reducing the transmission of SARS-CoV-2.
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INTRODUCTION

SARS-CoV-2 is a positive-sense single-stranded RNA virus (Wu et al., 2020; Zhu et al., 2020). The collection of variants in a viral genome is referred to as the haplotype. New haplotypes arise from sequential acquisition of new variants in the viral genome. A haplotype, more than individual variants, serves as the distinct signature of a viral isolate and can be used effectively to trace the lineage, determine the ancestral origin of the infection, and to understand the community spread pattern during the COVID-19 pandemic. The rapid accumulation and sharing of SARS-CoV-2 genome sequences at an unprecedented speed have greatly facilitated haplotype-based genomic epidemiology studies. Since the first SARS-CoV-2 genome sequence was reported in January of 2020, as of May 20th 2020, there have been over 30,000 sequences deposited to GISAID (Elbe and Buckland-Merrett, 2017; Shu and McCauley, 2017),1 NCBI Virus,2 the China National Center for Bioinformation (CNCB) 2019 nCoV Resource (Zhao et al., 2020)3 and other data repositories (Shen et al., 2020b).

To understand the genetic etiology of COVID-19, it is imperative to have a comprehensive understanding of the variant and haplotype landscapes of all reported genomes of SARS-COV-2. Country-, state- and possibly city-specific variant profiles may contribute to varied disease exemplifications and fatality rates observed across the globe along with host factors such as age, ethnicity and comorbidity. In our previous study, we established a comprehensive COVID-19 genomic resource, Children’s Hospital Los Angeles (CHLA) COVID-19 Analysis Research Database (CARD), by harmonizing data from GISAID, NCBI Virus, CNCB and other resources (Shen et al., 2020b). Leveraging this extensive resource, in this study, we performed a comprehensive study of all publicly available SARS-CoV-2 genome sequences at the time of study, restricted to comparisons of global vs. USA isolates, which included 83 isolated that we sequenced at the Children’s Hospital Los Angeles (Shen et al., 2020b). We called variants from each genome sequence, and performed categorical analyses of variants and haplotypes as stratified by the geographic locations. This genomic epidemiology study, focusing on haplotypes, allowed us to gain insights as to the continuous evolution of the SARS-CoV-2 viral genomes and how the travel restrictions and safer-at-home health measures had been effective in reducing the spread of this pandemic by preventing the inter-state transmission of the virus.



MATERIALS AND METHODS


Global and US SARS-CoV-2 Sequence Data

The CHLA internal SARS-CoV-2 sequencing data were generated using the SARS-CoV-2 whole genome sequencing research assay, established by the CHLA Center for Personalized Medicine and the Virology Laboratory. The major external resources of SARS-CoV-2 strains, genome sequences, and variants were GISAID, GenBank, CNCB, and NextStrain. Details about how the sequences were collected and further processed in CHLA COVID-19 Analysis Research Database (CARD) were described previously (Shen et al., 2020b).



Sequence Alignment, Variant Calling, and Haplotype Analysis

Viral genome comparison and variant calling is a wraparound of MUMmer version 4.0.12 (Marçais et al., 2018),4 with results loaded into a MySQL database. Haplotype analysis was done with SQL queries and custom scripts, all as part of the CHLA COVID-19 Analysis Research Database (CARD) which was described previously (Shen et al., 2020b).



RESULTS

Viral genomes and demographic meta-data of 6,356 SARS-CoV-2 isolates within the US (as of May 20, 2020) were extracted from GISAID,5 GenBank,6 and COVID-19 patients and staff at the Children’s Hospital Los Angeles (CHLA). Variants, haplotype, geographic location at diagnosis and documented exposure for the patients were analyzed (Shen et al., 2020b). A total of 921 unique variants were each detected in at least three US isolates. Similarly, 264 distinct haplotypes were each represented in at least five US isolates (Supplementary Table S1). These variants and haplotypes were hence deemed unlikely to be sequencing artifacts and kept for further analysis.

The four most common mutations (241-C-T, 3037-C-T, 14408-C-T, 23403-A-G) were each present in about 65–67% of US isolates. In total, these 921 variants included 487 missense, 348 synonymous, 66 intergenic, 4 in-frame deletions, 5 stop gained/lost, and several other non-coding variants (Supplementary Table S2).


US-Specific Haplotypes

Cross-stratification by geolocation identified city-, state- and country-specific haplotypes. Seventy seven of the 264 (29.2%) haplotypes that were found in at least five US isolates were US-specific. They comprise of a total of 849 isolates which accounted for 13.3% of the 6,356 US isolates. In addition to the 77 purely US-specific haplotypes, there were an additional four large haplotypes that were mostly North America-specific, with a total of 434 isolates where 431 isolates (99.3%) were from the US (425) and Canada (6) (Supplementary Table S3). Isolates from these four large haplotypes were geographically dispersed across the nation. Of note, all 66 US isolates belonging to haplotype (241-C-T, 1059-C-T, 3037-C-T, 11916-C-T, 14408-C-T, 18998-C-T, 23403-A-G, 25563-G-T, 29540-G-A) were from the COVID-19 epicenter in New York and neighboring states. Comprehensive phylogenetic analysis of the US-specific isolates, along with 2,000 randomly selected non-US isolates, revealed that the isolates fell exclusively in some major clades and were completely absent in the remaining clades (Figure 1). The mean number of isolates represented by each USA-specific haplotype was 11.4 ± 12.9 (range: 5–91) (Supplementary Table S3). Of note, 58 of the purely US-specific and the four nearly US-specific haplotypes consisted of 715 US isolates all had the globally dominant 23403-A-G (D614G) mutation (Korber et al., 2020). The 8782-C-T (orf1ab, synonymous) and 28144-T-C (orf8:p.Leu84Ser) variants were mutually exclusive with D614G, and co-occurred in 25 haplotypes that accounted for a total of 551 US isolates.
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FIGURE 1. Maximum likelihood phylogenetic tree of isolates carrying US-specific haplotypes and 2,000 randomly selected non-US isolates. Blue, isolates with Washington-specific haplotypes; Pink, Children’s Hospital Los Angeles (CHLA) and other California isolates; Green, New York-specific, Red, other states’ isolates with USA-specific haplotypes; Light blue, UK and Australia isolates; Black, Other non-US isolates. Blue labels, the clade names. A total of 1107 isolates from US-specific haplotypes were included in the phylogenetic analysis. Non-US isolates belonging to any haplotypes were randomly sampled at about 10% to reach 2000 isolates. Each branch in the phylogenetic tree may represent a group of isolates. The tree is rooted at the outgroup MN996532 (EPI_ISL_402131, bat/Yunnan/RaTG13/2013).




State-Specific Haplotypes

State-specific haplotypes were identified for 12 states based on the sequences of 613 out of 6,356 US isolates (9.6%). Further, seven US-specific haplotypes were almost exclusively found in isolates from a single state, where the few exclusivity-violating isolates were from neighboring states. Washington state had the most private haplotypes (24 haplotypes and 367 isolates), followed by California (9 haplotypes and 63 isolates) and Utah (5 haplotypes and 44 isolates). The number of haplotypes increased over time as new variants were continuously acquired, but the newly emerged haplotypes were confined within these states to accumulate such that the percentage of isolates that carry the USA- and state-private variants and haplotypes increase (Supplementary Table S4). Two of the California specific haplotypes are notable. The 9-isolate 491-G-A,14940-A-G haplotype group and its single-marker ancestral haplotype (14940-A-G with 5 isolates) were exclusively present in California between March 31, 2020 and May 1, 2020. 491-G-A is a missense variant, p.Ala76Thr, in the orf1ab gene. The 15-isolate 25692-C-T haplotype group is similarly interesting in the sense that these haplotypes are relatively “ancestral” with only 1-base difference from the reference isolate genome (NC_045512.2), but they were recently seen in late April, after the inception of the safer at home policy in California. This is in contrast with the dominant haplotypes in the US that were more distant descendants of NC_045512.2, with at least 3 and frequently more than 10 variants compared to the reference. This is suggestive of containment of early infections in California and limited spread to other states, likely again because of the early response to the pandemic from the state of California.

On the national level, one major haplotype (8782-C-T, 17747-C-T, 17858-A-G, 18060-C-T, 28144-T-C) had 317 member isolates, where 315 (99.4%) were from the US (311, 98.0%) and neighboring Canada locations (4, 1.3%). With the exception of two isolates from Australia, there were no isolates from outside North America. It is noted that this haplotype lacks the dominant D614G mutation prevalent in Europe. The first reported USA COVID-19 case in mid-January, haplotype (3 variants 8782-C-T, 18060-C-T, 28144-T-C), is the more remote ancestral haplotype. Three cases from Washington collected around January 18 shared this 3-variant haplotype. The isolates were continuously present from late February through April 2020, with predominance found in the western states, including Washington and California, compared with isolates from the east coast. The potential immediate ancestral haplotypes inferred with CHLA CARD Genome Tracker were also from US and Canada isolates but they were sampled at later dates (Shen et al., 2020b). This provided further evidence of reduced state-to-state and coast-to-coast transmissions within the United States.



DISCUSSION

Based on the genomic analysis of all published SARS-CoV-2 sequences to date, safer-at-home measures have been very effective at reducing the spread of SARS-CoV-2, especially in preventing inter-state transmission of this highly infectious virus. The most state-private haplotypes were seen in the states of Washington and California where the earliest COVID-19 cases were reported and early safer-at-home orders were implemented. Persistent implementation of these measures would clearly lead to reduced spread of the COVID-19 pandemic over time. Indeed, in our recent re-analysis of SARS-CoV-2 genome data (August 3rd, 2020), we identified consistent, and even more prominent trend of localized haplotype patterns in California and other states. As an example, 3,048 of the 3,492 (87.3%) isolates from California carried state-specific haplotypes not seen in other states of USA.

On the other hand, a virus with a novel haplotype is not necessarily a new strain of the virus. The viral variant and haplotype analysis described here may prove to be critical, however, if a more transmissible and more deadly strain of SARS-CoV-2 emerges over time. Further studies will likely determine viral haplotypes, in the context of host factors, that may be associated with disease severity, response to treatment, or utility of vaccines for disease prevention.
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