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Abstract

Background: The spike D614G substitution became globally dominant early in the COVID-
19 pandemic, and reversion to ancestral D614 is expected to be rare once D614G is fixed.
SARS-CoV-2 sequences lacking D614G detected later raise questions about the origin of
these reversions. Methods: We analyzed spike protein amino-acid sequences from 22 SARS-
CoV-2 Variants of Concern (VOCs) deposited in the NCBI GenBank database, screening
for sequences carrying ancestral D614 and comparing their distributions across VOCs.
Results: D614 reversions (reverse mutations of D614G) were not evenly distributed across
VOCs but were strongly enriched in Delta (B.1.617.2) and Omicron BA.2, reaching levels
statistically inconsistent with other VOCs. In both lineages, D614-containing sequences
showed limited mutational diversity and pronounced geographic clustering within specific
U.S. regions. Conclusions: These non-random patterns are difficult to reconcile with spon-
taneous reverse mutation arising and spreading through typical community transmission
and are more consistent with localized reintroduction of an older genetic background.
Further investigation is warranted to assess whether laboratory-associated events could
be involved.

Keywords: D614G mutation; reverse mutation; genomic surveillance; laboratory-associated
infection; biosafety

1. Introduction
In April 2025, Massey and Quay reported that seven patients infected with ancestral

strains of SARS-CoV-2 were found at a hospital in the United States [1]. The molecular clock
predicts 14.7–36.1 single-nucleotide variations (SNVs) per case, while the actual number of
SNVs found in each patient ranged from zero to six. The above paper suspects these cases
most likely came from laboratory infections.

In five of the seven cases, the D614G mutation was not found in the sequence. It is
known that D614 is unstable in humans while G614 is competent in human-to-human
transmission [2], which makes the extinction of D614 inevitable. Indeed, D614G is known
to be the first major mutation observed in the original Wuhan strain [2,3] and the only
mutation shared by all the VOCs, which means that the re-emergence of D614 does not
align with the expectations of the natural mutation process.

From a molecular perspective, the structure of the SARS-CoV-2 spike trimer carrying
the D614G substitution has been examined by cryo-electron microscopy. These studies
indicate that D614G modulates receptor-binding domain positioning and conformational
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dynamics. In particular, D614G has been associated with increased accessibility of the S1/S2
junction to proteolytic processing, consistent with enhanced furin cleavage efficiency [4].
Analyses further suggest that D614G stabilizes inter-protomer interactions within the trimer,
thereby shifting the conformational ensemble toward an ACE2-binding-competent state [5].
Moreover, the G614 spike has been reported to adopt a more open yet stable architecture,
consistent with reduced premature S1 dissociation and a higher abundance of functional
spikes available for entry [6].

These molecular changes translate into measurable advantages at the level of viral
replication and transmission. Zhang et al. showed that the G614 spike exhibits reduced S1
subunit shedding, resulting in an increased number of functional spike proteins per virion
and improved efficiency of infectious particle production [7]. Consistently, using both
in vitro systems and animal models, Plante et al. demonstrated that D614G enhances viral
replication in the upper respiratory tract and promotes inter-host transmission, providing
direct experimental evidence that G614 confers a fitness advantage to SARS-CoV-2 [8].
Together, these findings support the view that D614G is an adaptive substitution that
optimizes spike processing, stability, and entry competence.

In this study, we survey cases in which the less-fit D614 was found in a wider scale
to investigate whether any suspicious spread of SARS-CoV-2 samples took place, using
publicly available genome data registered to date. We use data from the NCBI (National
Center for Biotechnology Information) GenBank database, as the majority of the sequences
were submitted by the CDC (Centers for Disease Control and Prevention) [9]. Illumina
sequencing, which is known for its low error rates, accounts for the majority of submissions
on the CDC platform distribution, which may increase data reliability.

2. Materials and Methods
Spike protein (surface glycoprotein) sequences for 22 Variants of Concern (VOCs) were

retrieved from the NCBI GenBank database in June 2023 by querying records annotated
with the relevant Pango lineages and containing a translated spike protein sequence. No
additional filtering was applied at the download stage; subsequent programmatic filtering
is described below. The names of the 22 VOCs and the numbers of sequences used for the
analyses are listed in Table 1.

Table 1. Twenty-two VOCs analyzed in this paper and the count of protein sequences in the data set
of each VOC.

Lineage B.1.1.7 B.1.351 P.1 B.1.617.2 C.37 B.1.621 BA.1 BA.1.1.18 BA.2 BA.2.3 BA.2.9
Count 181,878 3094 17,172 34,586 1047 3715 50,522 43,423 107,198 20,559 15,197
Lineage BA.2.12.1 BA.4 BA4.1 BA4.6 BA.5 BA.5.1 BA.5.2 BA.5.6 BQ.1 BQ1.1 XBB.1.5
Count 150,965 5740 21,191 22,217 4036 30,958 39,589 19,669 13,686 28,292 58,409

The ratios of reverse mutations of D614G in the spike protein were calculated in the
22 VOCs. The counts of D614 were divided by the number of sequences and the number of
SNVs respectively to calculate the ratios. Mutations co-occurring with D614 were checked
for the VOCs where the ratio of D614 reversions was high. Among the 22 VOCs, histograms
of spike mutations for B.1.1.7, P.1, B.1.617.2, BA.1, BA.2, and XBB.1.5 were generated for
comparison. To reduce computational burden, we excluded protein sequences containing
deletions or insertions, retaining about 80–98% of sequences for each lineage. All filtering
and analyses were implemented using custom Python 3.12 scripts.

The timing and the location of collection were analyzed to identify the epicenter
of samples containing the reversion of D614G for the VOCs where many D614 rever-
sions were found. Here the whole data were searched to count all D614 instances regard-
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less of the difference in spike sequence length by picking up “YQDVN” from the amino
acid sequences.

3. Results
The counts of D614 reversions divided by the total number of sequences (ratio A) and

those divided by the number of SNVs (ratio B) are summarized for the 22 VOCs in Figure 1.
With regard to ratio A, B.1.617.2 has the highest value. With regard to ratio B, BA.2 has the
highest value.

Figure 1. Counts of D614 reversions divided by the total numbers (#) of sequences (left) and divided
by the counts of SNVs (right) in 22 SARS-CoV-2 VOCs.

We used Fisher’s exact test to assess whether the proportion of sequences carry-
ing a D614 reversion differed between each target VOC and a pooled set of the re-
maining VOCs. For each comparison, 2 × 2 contingency tables were constructed using
counts of (i) sequences with a D614 reversion and (ii) sequences without a D614 rever-
sion in the target VOC versus the pooled comparator group. Specifically, we compared
B.1.617.2 with the other 20 VOCs (excluding B.1.617.2 and BA.2) and BA.2 with the other
20 VOCs (excluding B.1.617.2 and BA.2). The resulting p-values were 1.89 × 10−56 and
1.91 × 10−39, respectively.

As a supplementary analysis, we also constructed contingency tables using counts
of (i) D614 reversion events and (ii) all other mutation events for the target VOC and
the pooled comparator group. We again compared B.1.617.2 with the other 20 VOCs
and BA.2 with the other 20 VOCs. The resulting p-values were 2.34 × 10−17 and
1.58 × 10−34, respectively.

The histograms of spike mutations for B.1.1.7, P.1, B.1.617.2, BA.1, BA.2, and XBB.1.5
based on the whole data obtained from GenBank are shown in Figure 2. In all of the VOCs,
residues are stable around the 614th amino acid, with small ratios of missing residues.

Counts of mutations co-occurring with D614 in B.1.617.2 and BA.2 lineages are listed
in Figure 3. Here the amino acids where co-occurrence of mutation is more than 10% and
20% are shown for B.1.617.2 and BA.2 respectively. In B.1.617.2, almost all major mutations
are reversions (the 95th amino acid is the exception) and overall co-occurrence of mutation
is infrequent. In BA.2, co-occurrence of mutation is more frequent, while major mutations
are again reversions (the 408th amino acid is the exception).

The counts of D614 and the whole data of B.1.617.2 and BA.2 lineages in each month
are shown in Figure 4A,B. The timing of D614 surge is preceded by the surge of the whole
data both in B.1.617.2 and BA.2. The delay is notably long in B.1.617.2. The locations in
the United States of the whole sequences and the reversions of D614G in B.1.617.2 and
BA.2 are shown in heatmaps in Figure 4C–F. For B.1.617.2, D614-containing sequences were
most frequently collected around Michigan and Illinois, whereas for BA.2 they were most
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frequently collected in New York and New Jersey. In both cases, these locations differ from
the sites where overall samples of each lineage were most frequently collected.

Figure 2. Histograms of spike mutations in six lineages: (A) B.1.1.7; (B) P.1; (C) B.1.617.2; (D) BA.1;
(E) BA.2; (F) XBB.1.5.
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Figure 3. Frequent mutations co-occurring with D614 (purple): (A) B.1.617.2; (B) BA.2.

Figure 4. Counts of D614 reversions and the whole data of (A) B.1.617.2 and (B) BA.2 lineages in
each month. Heatmaps showing the locations of sampling: (C) the whole sequences of B.1.617.2;
(D) reversions of D614G in B.1.617.2; (E) the whole sequences of BA.2; (F) reversions of D614G
in BA.2.
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4. Discussion
To explain the unexpected emergence of D614, the possibility of widespread sequenc-

ing error is unlikely, given that the CDC—an organization that employs high-accuracy
sequencing technologies—accounts for most of the submissions of sequences carrying
D614. It is also noteworthy that sequence coverage around position 614 is stable for
B.1.617.2 and BA.2, with low levels of missing residues, as shown in Figure 2. Although
sequencing errors can be more frequent early in the emergence of a new variant due to
immature primer design [10], D614 is observed more often at later stages of the variant
surge, as shown in Figure 4A,B. Therefore, the emergence of D614 is difficult to attribute to
primer-related issues.

Re-emergence of D614 could occur either through a point mutation or through homol-
ogous recombination. Substitution trends in SARS-CoV-2 have been studied extensively
not only at the spike protein level [11–14], but also at the nucleotide level [15–17], includ-
ing the emergence of saltational variants such as Omicron BA.1 [18] and BA.2.86 [19].
Re-emergence of D614 via point mutation would require a G-to-A substitution at the corre-
sponding nucleotide position (i.e., a transition), which is relatively common in SARS-CoV-2.

In contrast, re-emergence via recombination would require prior presence of a viral
genome carrying D614. Since D614 had almost disappeared before the emergence of Delta
and Omicron BA.2, it is difficult to explain elevated re-emergence of D614 through homol-
ogous recombination during typical community transmission. In addition, homologous
recombination occurs less frequently in SARS-CoV-2 than in many other RNA viruses
according to a previous study [20].

As shown in Figure 3, many mutations that co-occur with D614 in Delta and Omicron
BA.2 are reversions. This pattern suggests that the D614-carrying genomes do not show
obvious accompanying substitutions that might plausibly facilitate the persistence of D614
in these backgrounds. Because D614 is considered unstable in vivo, including in animal
models such as hamsters [21], the re-emergence of D614 without apparent accompanying
changes is unexpected under strong negative selection.

As shown in Figure 4, D614 reverse mutants were geographically concentrated in
Illinois and Michigan for B.1.617.2, and in New York and New Jersey for BA.2. Notably,
these locations differ from the sites where overall samples of each lineage were most fre-
quently collected. This geographic pattern, together with the late rise in the frequency
of an ancestral, fitness-reducing mutation that was previously thought to be almost ex-
tinct, is difficult to reconcile with typical community transmission alone and warrants
consideration of alternative explanations for localized reintroduction, such as laboratory-
associated events.

Since the start of the COVID-19 pandemic, quite a large number of laboratories have
kept SARS-CoV-2 for experimental purposes. At the end of 2021, a researcher in Taiwan was
bitten by a mouse in a biosafety level 3 laboratory and was infected with the Delta variant
of SARS-CoV-2, spreading the disease without realizing it [22]. In this case, the incident
was confirmed as a lab leak because the virus infection in Taiwan had been subdued due to
a strict quarantine policy, which made it easier to identify the researcher as the source of
infection. If a lab leak takes place in a city populated with many infected patients, it quite
likely remains unnoticed.

Many lab-leak accidents have happened historically and the number of them has been
increasing due to the recent spread of genetic engineering [23,24]. Unfortunately, those
accidents have gone undisclosed or been reported only after substantial delays in the field
of microbiology [25]. A typical example is the Sverdlovsk anthrax leak in 1979 [26], which
took 15 years to be accepted officially as a lab-leak event, while it took about 30 years to
reach a consensus among virologists that the 1977 Russian influenza H1N1 originated from
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a frozen virus in a laboratory [27]. Even recently, a prolonged brucellosis laboratory leak
occurred in China, with a delay of nearly six months before formal acknowledgment was
received from local authorities. In that case, geospatial analysis of open-source intelligence
data identified the outbreak early, along with the likely source and a nearby laboratory
implicated in the outbreak [28].

It is known that the SARS-CoV-2 variants earlier than Omicron were more virulent
than Omicron [29]. If a patient infected with an earlier strain is treated assuming that
they are infected with a prevailing non-virulent strain, the symptoms can be much severe
than expected. To avoid improper treatment of infected patients, medical staff should be
cautious in a vicinity of a laboratory studying infectious viruses.

5. Conclusions
In this study, we systematically examined the occurrence of D614 reversions across

22 SARS-CoV-2 VOCs using publicly available spike protein sequence data. Our analysis
revealed that D614 reversions are not randomly distributed among VOCs but are markedly
enriched in the Delta and Omicron BA.2 lineages. These enrichments were supported by
statistically significant deviations from the distributions observed across other VOCs.

Beyond frequency, D614-carrying genomes in Delta and BA.2 exhibited distinctive
features, including reversion-heavy co-mutation patterns with limited mutational diversity
and pronounced geographic clustering within specific regions of the United States. Together,
these characteristics are difficult to reconcile with spontaneous reverse mutation arising
and spreading through broadly mixing community transmission alone.

Instead, the observed patterns are more consistent with localized reintroduction of an
older genetic background. While the present study does not establish causal mechanisms,
it highlights non-random features in publicly available genomic surveillance data that
warrant further investigation. In particular, evaluating whether such patterns could involve
laboratory-associated events or other non-community transmission processes will require
additional epidemiological, experimental, and institutional data.

More broadly, our findings underscore the importance of continuous and transparent
genomic surveillance, as well as careful interpretation of anomalous mutation patterns in
large public databases. Systematic identification and scrutiny of such anomalies may con-
tribute to improved biosafety awareness and to the early detection of atypical transmission
scenarios in future outbreaks.
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