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ABSTRACT The coronavirus disease 2019 (COVID-19) pandemic has affected most
countries in the world. Studying the evolution and transmission patterns in different
countries is crucial to enabling implementation of effective strategies for disease control
and prevention. In this work, we present the full genome sequence for 17 SARS-CoV-2
isolates corresponding to the earliest sampled cases in Mexico. Global and local phylog-
enomics, coupled with mutational analysis, consistently revealed that these viral se-
quences are distributed within 2 known lineages, severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) lineage A/G, containing mostly sequences from North Amer-
ica, and lineage B/S, containing mainly sequences from Europe. Based on the exposure
history of the cases and on the phylogenomic analysis, we characterized 14 indepen-
dent introduction events. Additionally, three cases with no travel history were identified.
We found evidence that two of these cases represented local transmission cases occur-
ring in Mexico during mid-March 2020, denoting the earliest events described for the
country. Within this local transmission cluster, we also identified an H49Y amino acid
change in the Spike protein. This mutation represents a homoplasy occurring indepen-
dently through time and space and may function as a molecular marker to follow any
further spread of these viral variants throughout the country. Our results provide a gen-
eral picture of the SARS-CoV-2 variants introduced at the beginning of the outbreak in
Mexico, setting the foundation for future surveillance efforts.

IMPORTANCE Understanding the introduction, spread, and establishment of SARS-
CoV-2 within distinct human populations as well as the evolution of the pandemics
is crucial to implement effective control strategies. In this work, we report that the
initial virus strains introduced in Mexico came from Europe and the United States
and that the virus was circulating locally in the country as early as mid-March. We
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also found evidence for early local transmission of strains with a H49Y mutation in
the Spike protein, which could be further used as a molecular marker to follow viral
spread within the country and the region.

KEYWORDS SARS-CoV-2, pandemic, phylogenomics

Coronavirus disease 2019 (COVID-19), declared a pandemic by the WHO on 11 March
2020 (1), is caused by a novel betacoronavirus known as severe acute respiratory

syndrome coronavirus 2 (SARS-CoV-2), detected in December of 2019 in the province
of Wuhan in China (2). This is the third outbreak related to zoonotic betacoronaviruses
known to have occurred in humans in the last 2 decades, after SARS (severe acute
respiratory syndrome) in 2002 and MERS (Middle East respiratory syndrome) in 2012.
After its emergence in China, SARS-CoV-2 was spread initially to other parts of the world
by people with a travel history to China but gradually shifted to local transmissions (LTs)
(3). Viral spread was first detected in Thailand, South Korea, and Japan, and by the
second half of January, the first positive cases appeared in the United States and Europe
(France, Italy, and Spain). The current SARS-CoV-2 genome analysis provided on the
Nextstrain site (4) points out that viral transmission is now mainly community driven
(5, 6).

In many countries, despite diagnostic efforts and initial control strategies, SARS-
CoV-2 spread went undetected until a critical number of cases requiring hospitalization
and intensive care was reached, alerting the authorities in charge. As of 4 May 2020,
SARS-CoV-2 had infected more than 3,578,000 people and caused around 251,000
deaths worldwide (3). In Mexico, the first case of SARS-CoV-2 was detected on 27
February 2020, corresponding to a person who had travelled back to Mexico from Italy
and who was in direct contact with a confirmed SARS-CoV-2 case. Soon after, additional
cases were detected among travelers who had returned from the United States and
Europe, with the number of cases increasing every day. By 4 May, there were over
23,400 confirmed cases and 2,150 deaths within the country, indicating local transmis-
sion (7). Understanding the introduction, spread, and establishment of SARS-CoV-2
within distinct human populations is crucial to enabling implementation of effective
control strategies. In this work, we studied the early introduction dynamics of the first
SARS-CoV-2 cases in Mexico. For this, we used a whole-genome (WG) sequencing and
phylogenomic approach. We obtained 17 full viral genome sequences, including
sequences from the first case detected and sampled within the country. Phylogenomic
placement showed that these viruses belong to the A2/G and B/S lineages, two of the
three circulating viral lineages reported so far. Our analysis also confirmed that there
have been multiple independent introduction events (IEs) in Mexico from travelers
abroad. We also found evidence for early local transmission of viral variants possessing
the mutation H49Y in the Spike protein, which could be further used as a molecular
marker to follow viral spread within the country.

RESULTS AND DISCUSSION
Multiple introduction events of SARS-CoV-2 variants from two different lin-

eages. A total of 17 full viral genome sequences were obtained from selected Mexican
samples representing the earliest sampled cases detected in the country (Fig. 1). From
the epidemiological data associated with the Mexican samples, 15 of the cases corre-
sponded to introduction events from travelers returning from abroad that entered the
country through Mexico City International Airport, with 5 of them then relocating to
other places within the country using local transportation (either aerial or terrestrial).
Two additional cases reported no travel history (Table 1). Global phylogenetic analysis
(8) confirmed that 8 Mexican variants (samples 8, 17, 19, 24, 27, 28, 30, and 31) grouped
within SARS-CoV-2 lineage B (also called lineage S, composed of sequences predomi-
nantly from the Americas). The remaining 9 Mexican variants (samples 2, 5, 6, 7, 13, 16,
22, 32, and 33) grouped within lineage A (also called lineage G, which includes
sublineages A2 and A2a and is composed of sequences predominantly from Europe)
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(Fig. 2) (9). Lineage A has been defined as composed of those viruses that share two
nucleotide (nt) substitutions (position 8782 in ORF1ab and position 28144 in ORF8),
that are closest to the root of the tree, and that are most similar to the virus
corresponding to reference sequence Wuhan/WH04/2020 (EPI_ISL_406801). Lineage B
viruses share the nucleotide substitution C18060T and are most similar to viruses
corresponding to reference sequence Wuhan-Hu-1 as an early representative (9). The
letters G (for A) and S (for B) are equivalents assigned in the GSAID/Nexstrain genomic
epidemiological report (8). Both the A2/G and B/S lineages are contemporary, as the
estimated date of emergence for lineage B/S is 29 December 2019 (95% confidence
interval [95% CI], 20 December 2019 to 3 January 2020) whereas that for lineage A2/G
is 18 January 2020 (95% CI, 2 January 2020 to 19 January 2020) (8). The collection dates
for the Mexican samples that fall within lineage B1 range from 4 March 2020 to 15
March 2020, while those for the Mexican samples that fall within lineage A2 range from
27 February 2020 to 15 March 2020, including the variant corresponding to the first
reported case in Mexico (10) (sample 33). This suggests an initial cocirculation of both

FIG 1 Epidemiological positioning of the SARS-CoV-2 samples from Mexico. An epidemiological curve representing the early SARS-CoV-2 epidemic in Mexico,
dating from late February until early April, is shown. The rise in cumulative cases is indicated in red, while the daily incidence is indicated with orange bars.
Dates of collection for the samples used in this study are indicated with black arrows. Any one arrow might indicate the collection of more than two samples
(dates shown in Table 1).
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FIG 2 Phylogenomic positioning of the SARS-CoV-2 variants in Mexico. A RAxML tree estimated from the reduced
whole-genome alignment was built using the concatenated main viral ORFs and was rooted using the Wuhan-Hu-01 isolate.

(Continued on next page)
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the A2/G and B/S lineages in Mexico (Fig. 2). Viruses belonging to the third lineage
reported, lineage V, were not identified in this study.

Consensus clustering patterns observed within the large-scale and subsampled trees
(see Table S2 in the supplemental material), showed eight well-supported independent
introduction events (IE1, IE3, IE5, IE7, IE9, IE10, IE12, and IE13; Fig. 2). We were unable
to determine the origins and the immediate phylogenetic relatedness of the Mexican
sequences for IE2, IE4, IE6, and IE8, due to low support values and inconsistent
clustering patterns across trees (Table S2). The current resolution of phylogenomic
analyses is limited by the low diversity of the SARS-CoV-2 virus. Thus, for the charac-
terized Mexican viral variants, we were able to determine the geographical origins with
confidence only at the regional level and not at country-level resolution. Altogether,
these observations suggest that the virus variants identified in this study were more
closely related to viral sequences circulating at the time in the United States and Europe
than to those circulating in China or South East Asia.

Evidence for early local transmission. Sequences 27 and 31 correspond to two
individuals that shared travel history to Vail, CO, USA, and that were in direct contact
with case 28 in the return flight to Mexico. Nonetheless, the distribution of sequence
28 in an independent group (IE12) in relation to sequences 27 and 31 (Fig. 2; see also
Table S2) suggests that there were at least two different viral variants cocirculating
within that specific location in the United States. On the other hand, sequences 8, 27,
30, and 31 grouped together, representing a local transmission cluster (LT11) (Fig. 2).
This observation is supported by the phylogenetic consistency within our local trees
and the global tree (8) as well as by the high support value (bootstrap value, 100)
observed for LT11 in all cases (Fig. 2; see also Table S2). Case 8 corresponds to an
individual with no epidemiological relationship or contact with cases 27, 30, and 31 and
with no travel history. Case 30 had a history of travel to Europe but not of direct
exposure to cases 27 and 31. For case 30, the possibility of this person acquiring the
virus while abroad cannot be ruled out. However, our analysis shows evidence that this
person while have contracted the virus while in Mexico. Thus, The data from LT11
strongly support the idea that at least one independent local transmission event had
occurred in Mexico City (case 8), as early as the second week of March 2020.

Genetic variation within the Mexican viral genomes. Compared to the Wuhan-
Hu-1 reference genome, the Mexican sequences displayed between 4 and 10 nucleo-
tide substitutions and between 1 and 5 amino acid changes. This is consistent with the
reported rate of evolution of �8 � 10�4 nucleotide substitutions per site per year,
equivalent to �2 substitutions per month (11, 12). Collectively, 46 nucleotide substi-
tutions and 20 amino acid residues were identified within the Mexican viral genomes
(Table S4 and S5). As expected, the majority of these variants were not conserved
through the genomes, and only 15 nucleotide changes and 6 amino acid changes were
shared by two or more sequences. These results exclude sequences 6, 13, and 16, which
showed considerably lower coverage and depth than the sequences of the remaining
14 high-quality viral genomes obtained. Thus, most of the variability observed could be
explained by errors introduced during reverse transcription, PCR amplification, se-
quencing, or assembly (Table S1 and S4).

Consistent with our phylogenomic analysis, all Mexican sequences belonging to
lineage A2 showed two lineage-specific nucleotide substitutions, C241T and A23403G.
A23403G results in a D614G amino acid change in the Spike protein (Table 2). All
lineage A2a sequences (including the Mexican isolates) had the additional nucleotide
substitution C14408T, resulting in amino acid change P314L in Orf1b (8). Sequences

FIG 2 Legend (Continued)
Sequences corresponding to the viral isolates collected in Mexico that were sequenced in this work are shown in red, while
the region of origin for the identified closest related immediate ancestors and/or sister isolates is indicated in black. Support
values for the branches of interest are indicated with numbers next to the branches. The clusters identified in this work
representing introduction events (IE1 to IE10, IE12, and IE13) and the local transmission (LT11) are indicated next to the
variant names.
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within lineage B had nucleotide substitution T28144C, rendering the L84S amino acid
change in the Orf8 protein. Similarly, lineage B1 sequences also showed the C18060T
nucleotide substitution (Table 2). No evidence for recombination was found within any
of the alignments, in agreement with previous observations (13). Taken together, our
results suggest that the Mexican viral sequences display genetic changes correspond-
ing to their phylogenetic placement.

According to the natural selection analyses performed for SARS-CoV-2 and enabled
by data from GISAID (Global Initiative on Sharing All Influenza Data) (14–16), most of
the variable sites detected in our analyses are likely to be evolving under conditions of
negative or neutral evolution, as expected for RNA viruses (17). However, two of these
sites (site 614 in the Spike protein and site 84 in Orf8) have been predicted to be
evolving under conditions of positive selection (Table 2; see also Table S5). Site 614 in
the Spike has been scored as evolving under conditions of pervasive positive selection
and belongs to a predicted cytotoxic T lymphocyte (CTL) linear epitope that may be
recognized by one or more HLA alleles (14–16). Mutation D/G at this site has been
speculated to be involved in increased spread of the virus (16). Similarly, site 84 in Ofrf8
is also evolving under conditions of pervasive positive selection, may show intrahost
variation, and, again, belongs to a predicted CTL linear epitope (14–16). Nonetheless,
observations on the functional properties of these mutations are still debatable, and

TABLE 2 Nucleotide and amino acid changes in the Mexican samples compared to the reference strain Wuhan-Hu-1

1General lineage-defining mutations are shown in blue and orange, as defined in https://nextstrain.org/ncov/global and in GISAID preliminary analysis summary up-
date 2020-04-07 1500UTC. No changes were observed in the M coding DNA sequence (CDS) (position 8283 to position 8504).

2Nonconservative amino acid changes are shown in red. Clusters defining homoplasmic mutation of the Mexican sequences are shown in black. Widespread
mutations are indicated under “WS.” Unique changes to the Mexican sequences representing singletons are excluded (extended information is available in Table S5).

#Shared with USA/WA_UW153/2020|EPI_ISL_416691|2020_03_13.
*Shared with England/SHEF_C0707/2020|EPI_ISL_420270|2020_03_22.
§Shared with 45 sequences, mostly from Australia and Spain.
†Shared with 5 sequences from Australia, Portugal, Spain, and the United States.
‡Shared with Portugal/PT0024/2020|EPI_ISL_418009|2020_03_15.
$Shared with USA/WA_UW304/2020|EPI_ISL_418872|2020_03_23.
3Percent frequency of a given amino acid (aa) observed in the alignment. Only changes present in �1% of the sequences in the alignment are shown.
4Sites with a dN/dS value of �1 are shown in green and are compared to the list of sites determined under diverse dN/dS models described elsewhere
(http://covid19.datamonkey.org/2020/04/01/covid19-analysis/).
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the data available to date are as yet inconclusive concerning any changes in biological
and/or evolutionary properties of the virus.

H49Y amino acid change in Mexican sequences within LT11. We further identi-
fied within all Mexican sequences grouping with the local transmission cluster (LT11)
the C21707T nucleotide substitution (following the whole-genome and nucleotide
alignment numbering), which corresponds to an H-to-Y amino acid change in position
49 of the Spike protein. Mapping this nucleotide substitution onto the branches of the
global virus phylogeny (8) (with dates ranging from December 2019 to April 2020)
revealed that C21707T had occurred with a frequency of 0.4% (20/4533) within the viral
genomes available as of 6 May 2020. It first occurred within a single cluster of 14
sequences from China (representative sequence, Jiangsu/JS02/2020 EPI ISL 411952).
The estimated date of emergence for this cluster that eventually stopped circulating
and had no more descendants was 12 January 2020 (95% CI, 8 January 2020 to 16
January 2020). This mutation emerged again in all the sequences within LT11 from
Mexico (Table 1; see also Fig. 2). Since then, C21707T has also appeared independently
as a singleton in different virus variants circulating worldwide.

All of the sequences showing this nucleotide substitution within the global phy-
logeny belong to different viral lineages (A2 or B1 or others), confirming that there is
no phylogenetic correlation between them (e.g., no founder effect) and instead sup-
porting the idea of the independent occurrence of this change as a homoplasy. Despite
C21707T appearing several times as a singleton (represented by tips on a tree), it has
been fixed in only two lineages comprising independent viral subpopulations, occur-
ring on internal branches or nodes of the tree in the China and Mexico sequences. Both
global and local phylogenetic analyses show that the viral sequences from abroad that
are most closely related to LT11 do not have this nucleotide substitution. Thus, at least
for LT11, this change likely originated when this viral variant was initially introduced in
the country. We do not know if any variants derived from LT11 continued circulating in
the country; therefore, it would be interesting to use genomic surveillance to follow up
on the frequency of occurrence of C21707T in viruses currently circulating in Mexico,
either to determine if these represent sequencing errors (18) or to learn whether it
represents a real although low-frequency homoplasy.

The H49Y mutation resulting from the C21707T nucleotide substitution represents
a nonconservative amino acid change located within the N-terminal domain (NTD) of
the S glycoprotein trimer, a protein region that has not been fully studied so far (19).
No evidence of episodic or directional positive selection was found for that site, as
tested under local and global analyses to estimate dN/dS ratios (14, 15). It would be
relevant to explore if this change is associated with any biological properties of the
virus, as has been shown previously for other virus populations (20). However, further
structural biology analysis and experimental data would be needed to determine if this
site has any functional impact or to determine its implications, if any, in local trans-
mission dynamics.

MATERIALS AND METHODS
Ethics statement. All clinical samples were processed at the Instituto de Diagnóstico y Referencia

Epidemiológicos (InDRE), following official procedures (21). All samples used for this work are considered
part of the national response to COVID-19, and the data collected are directly related to disease control.

Sample collection and diagnostics. All samples used in this study were collected under Mexican
Official Norm NOM-024-SSA2-1994 for prevention and control of acute respiratory infections in the
primary health realm, as part of the early diagnostics scheme for SARS-CoV-2 in public health laboratories
and hospitals in Mexico City (Red Nacional de Laboratorios Estatales de Salud Pública, RNLSP; Instituto
Nacional de Enfermedades Respiratorias, INER; Instituto Nacional de Ciencias Médicas y Nutrición
Salvador Zubirán, INCMNSZ; and Instituto Mexicano del Seguro Social, IMSS). Oro- and nasopharyngeal
swabs were collected and placed in virus transport medium upon collection, following InDRE official
procedures (22). A tracheal aspirate was also obtained from one patient and was frozen at –70°C until
use. Diagnosis was done using validated protocols for SARS-CoV 2, as approved by InDRE and by the
World Health Organization (WHO) (23).

Sample processing and whole-genome sequencing. All samples were prepared for RNA extraction
and amplified as described in previous publications (24, 25). Briefly, centrifuged and filtered supernatants
were treated with Turbo DNase and RNase. Nucleic acids were then extracted using a PureLink viral
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RNA/DNA kit (Thermo Fisher), following the manufacturer’s instructions and using linear acrylamide
(Ambion) as the RNA carrier. Total cDNA was synthesized using a SuperScript III reverse transcriptase
system (Thermo Fisher) and primer A (5=-GTTTCCCAGTAGGTCTCN9-3=), which has a degenerated 9-mer
sequence at the 3= end. The second strand was generated by two rounds of synthesis with Sequenase
2.0, followed by 15 cycles of amplification using Phusion DNA polymerase and primer B (5=-GTTTCCCA
GTAGGTCTC-3), which hybridizes with the 5= end of primer B. Next, double-stranded DNA was purified
using a DNA clean & concentrator kit (Zymo Research) and used as input material to generate
whole-metagenome shotgun sequencing libraries, following the instructions provided for Nextera XT
DNA library preparation kits (26) (Illumina). Finally, all samples were sequenced on an Illumina NextSeq
500 platform using a 150-cycle high-output kit (v2.5) to obtain paired-end reads of 75 bp. Sequencing
yields are reported in Table S1 in the supplemental material.

Bioinformatic analysis. (i) Data quality control and processing. Read quality control was carried
out using FAST-QC (27) and the default parameters. Adapter sequences and low-quality bases were
removed using Fastp v0.19 (28). Low-complexity reads, those with a length shorter than 40 bases, and
duplicates were excluded using CD-HIT-DUP v.4.6.8 (29). Off-target reads were then filtered out using
Bowtie2 v2.3.4.3 (30) with the default parameters against human genome version GRCh38.p13, and the
SILVA database (31) as a reference to filter out human DNA and ribosomal sequences.

(ii) Viral genome assembly. The reads obtained were used as the input to assemble viral genomes
using the Wuhan-Hu-1 reference genome sequence (MN908947). For this, the reads obtained for each
sample were mapped against the reference using Bowtie2 v2.3.4.3 (30). Aligned reads were then used for
de novo assembly with SPAdes v3.14.0 (32). Consensus genome sequences were generated using the
majority threshold criterion. Only sequences with a coverage level above 80% and a mean depth of �8�
were considered for the analyses (Table S1).

Phylogenetic analyses. (i) Data collation. From 4,698 complete SARS-CoV-2 genomes available in
the GISAID (Global Initiative on Sharing All Influenza Data) platform on the morning of 7 April 2020, a
total of 3,014 sequences genomes (�29,000 nucleotides [nt]; high coverage only) were downloaded to
generate a local database. As the collection dates of the Mexican samples ranged from late February to
March, we filtered sequences collected between 1 February 2020 and 31 March 2020 for our database
(Table 1). Unique sequences were extracted from those sequences, and those that were identical were
collapsed, leaving at total of 2,633 sequences. We then included the 17 consensus viral genomes
determined in this study and the Wuhan-Hu-1 reference genome sequence, yielding a total of 2,651
sequences. We aligned the whole-genome nucleotide data set using MUSCLE v3.8 (33) with the default
parameters and then used the getorfs script from the EMBOSS suite (34) to extract complete ORFs (open
reading frames) above 300 nt in size (Orf1a, Orf1b, Spike, M, Orf3a, Orf7a, Orf8, and N), and those were
then individually realigned as described previously (33). Finally, to exclude untranscribed regions (UTRs)
and noncoding intergenic regions from the phylogenomic analyses, individual ORFs were concatenated
to generate an additional 28,320-nt-long whole-genome (WG) alignment.

(ii) Data subsampling and tree inference. The individual and concatenated alignments were then
reversed to nucleotides and used for estimating maximum likelihood (ML) trees using RAxML v8 (35) with
the following parameters: -T 2 -f a -x 390 -m GTRGAMMA -p 580 -N 100. All trees were rooted on the
Wuhan-Hu-1 reference genome sequence (36). Given that SARS-CoV-2 shows a low degree of genetic
variation (37), lineage definition must be based on consensus branching patterns within different trees
and on shared nucleotide substitution patterns (8), in addition to bootstrap support values. Based on
these criteria, the position of the Mexican sequences was determined within the whole-genome (WG)
and individual ORF1a, ORF1b, and S trees (Table S2) and was then confirmed on the global phylogeny
available in Nextstrain (38).

To visualize details of the phylogenetic relatedness of the Mexican sequences, we then subsampled
the previous large-scale WG alignment in a phylogenetically informed manner on the basis of the
position of the Mexican variants within the large-scale trees and by selecting sequences using pairwise
genetic distances (20, 39). Briefly, all Mexican sequences were retained together with their immediate
ancestors and descendants, and 184 sequences were further selected based on the minor pairwise
genetic distance in relation to the Mexican genomes by the use of a threshold value of 99.5% (Table S3).
The subsampled WG alignment was scanned for recombinant sequences using the GARD algorithm (40)
in the Datamonkey server (13, 41). A total of 201 sequences, including the Wuhan-Hu-1 reference
genome, were used to reestimate subsampled trees, as described above.

Global phylogenetic analysis and shared nucleotide substitution patterns (8) were used to confirm
the position of the Mexican sequences based on the consensus clustering patterns observed within the
large-scale WG tree, the subsampled WG tree, and the individual large-scale ORF trees, using a bootstrap
value of �50 for branch support, when possible (Table S2). In general, we observed consistency within
the global tree and our large-scale and subsampled trees, as represented by a conserved general
structure at an internal branch level. Finally, analysis of the phylogenetic relationship between the
Mexican and other viral sequences to identify groups of introduction events (IEs) and local transmissions
(LTs) was done based on the following local definition: each IE or LT must include (i) one or more Mexican
sequences, (ii) a minimum of one of the most closely related sister sequences, and/or (iii) the immediate
common ancestor (42, 43).

(iii) Mutation identification. Snippy software (44) was used to identify all mutations that were
unique to the Mexican genomes compared to the reference genome sequence of isolate Wuhan-Hu-1.
The large-scale WG alignment in nucleotides (including the UTR and intergenic regions) was used as the
input for Table S4, while the large-scale WG concatenated ORF alignment was used as the input for Table
S5. The frequency and distribution for nucleotide and amino acid changes were determined using a
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normalized sequence logo, implemented by JalView (45). Nonconservative amino acid changes were
determined based on amino acid properties. Finally, the list of amino acid changes obtained was
compared to the list of known sites scored as evolving under conditions of pervasive, episodic, or
directional positive selection, as tested using several dN/dS models that had been fine tuned for
SARS-CoV-2 data sets, in which the effects of an inflated dN/dS ratio value that is due to the occurrence
of intraspecies/intrahost polymorphism that may not be attributable by positive selections can be
mitigated by restricting the site-specific analyses to internal branches (14, 15).

Data availability. The SARS-CoV-2 sequences generated from isolates collected in Mexico can be found
in GISAID and in Nextstrain (38). The corresponding GISAID accession numbers are listed in Table 1.

SUPPLEMENTAL MATERIAL
Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 0.1 MB.
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