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cumulative plot. Plots were generated with Python Matplotlib (Hunter, 2007). The plots shown here
and in Fig. S3 can be recreated with contemporary data from GISAID at www.cov.lanl.gov.
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Fig. 4. Structural mapping key mutational sites in the Spike protein. A) Mutational sites span S1
and S2 structural units of the Spike protein (PDB:6VSB). Different colors are used to distinguish the

protomers and sub-units. S1 and S2 sub-units are defined based on the furin cleavage

site (protomer #1: S1-blue, S2-cyan, protomer #2: S1-grey, S2-tan, protomer #3: S1-light green, S2-
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dark green). The RBD of protomer #1 is in “UP” position for engagement with ACE2 receptor. Red
color is used to indicate individual mutational sites (ball). The dashed squares with labels indicate
forthcoming detailed investigations in subsequent images. B) Mutational sites near the RBD (blue)-
ACEZ2 (yellow) binding interface. The interfacial region is shown as a surface (PDB: 6M17). C) The
proximity of D614 to T859 from the neighboring protomer. The white dashed lines indicate the
possibility for forming hydrogen bonds. D) A cartoon is used to capture how the potential protomer-
protomer interactions shown in (C) brings together D614 from S1 unit of one protomer to the T859
from S2 unit of the neighboring protomer. E) Cluster of mutations, S937-S943, in the HR1 region of
the Spike protein. These residues occur in a region that undergoes conformational transition during
fusion. The left and right images show the pre-fusion (PDB:6VSB) and post-fusion (PDB: 6LXT)
conformations of this HR1 region. Structural implications of different sites are noted in Fig. S4.
Structural evaluations and rendering of three dimensional images were carried out using Visual
Molecular Dynamics (VMD) (Humphrey et al., 1996).
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COVID-19, over the time span of the epidemic in Sheffield, England. A) Tracking the epidemic
forms in Sheffield. The top panel shows that the course of the epidemic in Sheffield is the same as
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the course we documented throughout the globe (see Fig. 3), with G614 overtaking D614 as the
dominant form of SARS-CoV-2. We were concerned that the rate of hospitalization might have
varied over this time period, which could have biased the sample as G614 tended to be sampled
later. The D614 and G614 panels show that the rate of hospitalized individuals from whom
sequences were obtained, averaged per week, remained relatively constant across this time period
for both groups. B) Age distribution between clinical status groups. We were also concerned that the
age distribution of people visiting the hospital might have differed between the groups, as age is
highly associated with high risk, but part (B) shows that this distribution is very similar, and there was
no statistical difference between the groups overall (Wilcoxon p = 0.77, D614 had a median age of
60 (IR 44-80), while G614 had a median age of 59 (IR 43-77). C) D614G status was not statistically
associated with hospitalization status. D) G614 was associated with fewer rounds of PCR required
for detection, suggesting that people with a G614 virus had higher viral loads. Other associations
with hospital status are shown in Fig. S5.
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Fig. 6. The evolutionary trajectory of the S943P mutation in Belgium supports recombination
and selection. Phylogenetically informative sites (including only positions that varied relative to the
consensus in Belgium in 2 or more sequences) were extracted from the full genome sequence


https://doi.org/10.1101/2020.04.29.069054
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.04.29.069054; this version posted April 30, 2020. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

25

alignment to enable visualization of the relevant mutations; and duplicates among this set were
reduced to a single representative sequence with the count noted on the left if it was found more
than one time. The baseline display was generated using AliView (Larsson, 2014), and the
alignment is shown relative to the Wuhan reference strain, with pink dots indicating base identities.
To emphasize the introduction of the two base changes to C in the S943P mutation codon (AGT ->
CCT) into distinct backbone sequences circulating in Belgium, each unique sequence carrying the
S943P amino is aligned adjacent to the nearest sequence in the Belgium set that did not have the
S943P codon with its double mutation. Nine times the match was identical outside of S943, and the
other sequences that carried the P943 codon were very similar to other sequences in the Belgium
set, with only one or two base differences. Of note, each of these bases were also carried in other
sequences found in the Belgian set; these patterns are indicated by a circled distinctive base and a
vertical line to its match among other Belgian sequences. Given the rareness of these mutations
overall (1/10,000), this kind of pattern suggests other SARS-CoV-2 recombination events were
commonly occurring in the Belgian population. Finally there was also evidence of more complex
recombination history among the backbone sequences, and an example of this is highlighted in the
sequence triplet labeled “Recomb history”. In this example, the S943 is not identical to a particular
strain in Belgium; rather its 5’ half is similar to the strain marked in yellow, and its 3’ half to the strain
marked in blue.
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RESOURCE AVAILABILITY
Lead Contact

Further information and requests for resources should be directed to and will be fulfilled by the Lead
Contact, Bette Korber (btk@lanl.gov).
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Materials Availability
This study did not generate new unigue reagents.
Data and Code Availability

Sequence data are available from The Global Initiative for Sharing All Influenza Data (GISAID), at
https://gisaid.org. The user agreement for GISAID does not permit redistribution of sequences, but
lists of the sequences used in our analyses, high-resolution figures, and code will be made available
at www.cov.lanl.gov.

EXPERIMENTAL MODEL AND SUBJECT DETAILS
Human Subjects

SARS-CoV-2 sequences were generated using samples taken for routine clinical diagnostic use
from 454 individuals presenting with active COVID-19 disease: 243 female, 209 male, 2 no gender
specified; ages 18-103 (median 59.6) years.

METHOD DETAILS

Detection and Sequencing of SARS-CoV-2 isolates from clinical samples

Nucleic acid was extracted from 200ul of sample on MagnaPure96 extraction platform (Roche
Diagnostics Ltd, Burgess Hill, UK). SARS-CoV-2 RNA was detected using primers and probes
targeting the E gene and the RdRp genes for routine clinical diagnostic purposes, with
thermocycling and fluorescence detection on ABI Thermal Cycler (Applied Biosystems, Foster
City, United States) using previously described primer and probe sets (Corman et al., 2020).
Nucleic acid from positive cases underwent long-read whole genome sequencing (Oxford
Nanopore Technologies (ONT), Oxford, UK) using the ARTIC network protocol (accessed the
19w of April, https://artic.network/ncov-2019.) Following basecalling, data were demultiplexed
using ONT Guppy using a high accuracy model. Reads were filtered based on quality and
length (400 to 700bp), then mapped to the Wuhan reference genome and primer sites trimmed.
Reads were then downsampled to 200x coverage in each direction. Variants were called using
nanopolish (https://github.com/jts/nanopolish) and used to determine changes from the
reference. Consensus sequences were constructed using reference and variants called.

Data Pipeline

The Global Initiative for Sharing All Influenza Data (GISAID) (Elbe and Buckland-Merrett, 2017; Shu
and McCauley, 2017) has been coordinating SARS-CoV-2 genome sequence submissions and
making data available for download since early in the pandemic. At time of writing, dozens to
hundreds of sequences were being added every day. These sequences result from extraordinary
efforts by a wide variety of institutions and individuals: they are an invaluable resource, but are
somewhat mixed in quality. The complete sequence download includes a large number of partial
sequences, with variable coverage, and extensive 'N' runs in many sequences. To assemble a high-
guality dataset for mutational analysis, we constructed a data pipeline using off-the-shelf
bioinformatic tools and a small amount of custom code.
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General approach

From theSARS-CoV-2 sequences available from GISAID, we derived a "clean” codon-aligned
dataset comprising near-complete viral genomes, without large insertions or deletions ("indels") or
runs of undetermined or ambiguous bases. For convenience in mutation assessment, we generated
a codon-based nucleotide multiple sequence alignment, and extracted translations of each reading
frame, from which we generated lists of mutations. The cleaning process was in general a process of
deletion, with alignment of retained sequences; the following criteria were used to exclude
sequences:

1. Fragmented matching (> 20 nt gap in match to reference)

2. Gapsat5or3end(>3nt)

3. High numbers of mismatched nucleotides (> 20), 'N' or other ambiguous IUPAC codes.

4, Regions with concentrated ambiguity calls: >10 in any 50 nt window)

Any sequence matching any of the above criteria was excluded in its entirety.
Sequence mapping and alignment

Sequences were mapped to a reference (bases 266:29674 of GenBank entry NC_045512; i.e., the
first base of the orflab start codon to the last base of the ORF10 stop codon) using "nucmer" from
the MUMmer package (version 3.23; (Kurtz et al., 2004)). The nucmer output "delta” file was parsed
directly using custom Perl code to partition sequences into the various exclusion categories
(Sequence Mapping Table) and to construct a multiple sequence alignment (MSA). The MSA was
refined using code derived from the Los Alamos HIV database "Gene Cutter" tool code base. At this
stage, alignment columns comprising an insertion of a single "N" in a single sequence (generating a
frame-shift) were deleted, and gaps were shifted to conform with codon boundaries.

Using the initial "good-sequence" alignment, a low-effort parsimony tree was constructed using
PAUP: a single replicate heuristic search using stepwise random sequence addition. Sequences in
the alignment were sorted vertically to correspond to the (ladderized) tree, and reference-sequence
reading frames were added.

Data partitioning and phylogenetic trees

Estimated phylogenies were inferred for three distinct data partitions: the full sequence set (near-
complete genomes), the spike open reading frame, and the full set with the spike open reading
frame (orf) excluded. The full genome tree was used for Fig. 1. The tree with the spike orf excluded
was intended to allow independent assessment of the phylogenetic distribution of changes within the
spike protein, by preventing convergent or homoplastic mutations driven by phenotypic selection
upon the spike protein from overwhelming phylogenetic signal from the rest of the genome. We
confirmed that the phylogenetic observation discussed in Fig. 1 were supported in the Spike-
excluded tree, but do not include it here. It is available for cross-checking phylogenetic based

inferences at www.cov.lanl.gov.

Trees were inferred by either of two methods: 1. neighbor-joining using a p-distance criterion,
(Swofford, 2003) or 2. parsimony heuristic search using a version of the parsimony ratchet (Goloboff,
2014).
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Global Maps

The Covid-19 pie chart map is generated by overlaying Leaflet (a JavaScript library for interactive
maps) pie charts on maps provided by OpenStreetMap. The interface is presented using
rocker/shiny, a Docker for Shiny Server.

QUANTIFICATION AND STATISTICAL ANALYSIS

Clinical data and disease severity

To assess possible associations of clinical and sequence variables with disease severity, we used a
Generalized Linear Model (GLM) using outpatient vs. hospitalized status as outcome and age,
gender, D614 and PCR cycle threshold for E gene amplification (E_gene_CT) as potential
predictors. Outpatient vs. hospitalized status, gender, and D614 were all categorized as binomial
factors, while age and E_gene_CT were considered as continuous variables. We started with the
largest model that included all variables and then used ANOVA to down-select the best predicting
model. All coding was done using R and the Ime4 package (Bates 2015).

Mutation rate analysis of Belgian sequences

The phylogenetic tree was broken up into subtrees using the R ape package (Paradis and Schliep
2018), and those subtrees containing only Belgian or only non-Belgian tips were selected, and their
total branch lengths calculated. For each subtree the R package phangorn (Schliep 2011) was used
to calculate the minimum number of changes required at each site. The maximum rate, in mutations
per unit branch length, compatible with the non-Belgian data was calculated as its 95% upper
confidence level assuming a Poisson distribution of mutations with the Poisson parameter
proportional to the branch length. The p-value of the Belgian data was estimated from a Poisson
distribution with parameter given by the rate for non-Belgian data multiplied by the total branch
length of the Belgian trees. Only two sites were found to be significant after Bonferroni corrected by
the number of sites in the alignment.

Identification of recombination candidates using RAPR.

To identify the candidate recombination parent and child sequences shown in Fig. S8, we first
did all triplet comparisons of all sequences from local region using the RAPR, and the raw p-
values based on a run-length statistic all the comparisons were rank-ordered to identify the
triplet candidates with strongest evidence for recombination to be used as a basis for further
exploration. Thus these p-values are uncorrected for multiple testing and not formally compared
against the alternative hypotheses of stepwise convergent mutation, as we traditionally do in
RAPR analysis (Song et al., 2018). However, given the very low overall mutation rate among
SARS-CoV-2 pandemic, it is extremely unlikely that the mutational patterns seen in the
recombinant sequences were a result of stepwise convergence.

ADDITIONAL RESOURCES

Archived data for the current manuscript, and current data updates, analytical results, and webtools:
https://COV.lanl.gov.

KEY RESOURCES TABLE

The R Foundation for Statistical Computing, http://www.R-project.org
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R packages (https://cran.r-project.org/ except as noted)

¢ The R Foundation for Statistical Computing, http://www.R-project.org

R packages (https://cran.r-project.org/ except as noted)
phangorn (version 2.5.5)

ggplot2 (version 3.3.0)

beeswarm (version 0.2.0)

tidyverse (version 1.3.0)

ape (version 5.3)

Ime4 (version 1.1.21)

data.table (version 1.12.8): https://github.com/Rdatatable/data.table

Web tools, software, and protocols

ADD COVID tools
e GISAID: https://www.gisaid.org
e Los Alamos SARS-CoV-2 mutation analysis pipeline: https://COV.lanl.gov
¢ RAPR: Recombination Analysis PRogram.

e VMD: Visual Molecular Dynamics: https://www.ks.uiuc.edu/Research/vmd/
Highlighter: A tool to highlight matches, mismatches, and specific mutations in aligned protein or

nucleotide sequences mmmmmmm;mmmumcﬂu&mmmmmmemgm

Rainbow Tree:
Aliview, a sequence alignment viewer and editor: https //ormbunkar se/aI|V|eW/
Add COVID tools

Sequence resconstruction: ARTIC network protocol (accessed the 19t of April,

https://artic.network/ncov-2019.)

e Base call resolution: Nanopolish (https://github.com/jts/nanopolish)
e Matplotlib: A 2D Graphics Environment (Hunter, 2007)

e PAUP https://paup.phylosolutions.com
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