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Abstract

Human coronaviruses (CoVs) can cause respiratory infection epidemics that sometimes expand into globally relevant
pandemics. All human CoVs have sister strains isolated from animal hosts and seem to have an animal origin, yet the
process of host jumping is largely unknown. RNA interference (RNAi) is an ancient mechanism in many eukaryotes to
defend against viral infections through the hybridization of host endogenous small RNAs (miRNAs) with target sites in
invading RNAs. Here, we developed a method to identify potential RNAi-sensitive sites in the viral genome and discovered
that human-adapted coronavirus strains had deleted some of their sites targeted by miRNAs in human lungs when
compared to their close zoonic relatives. We further confirmed using a phylogenetic analysis that the loss of RNAi-sensitive
target sites could be a major driver of the host-jumping process, and adaptive mutations that lead to the loss-of-target
might be as simple as point mutation. Up-to-date genomic data of severe acute respiratory syndrome coronavirus 2 and
Middle-East respiratory syndromes-CoV strains demonstrate that the stress from host miRNA milieus sustained even after
their epidemics in humans. Thus, this study illustrates a new mechanism about coronavirus to explain its host-jumping
process and provides a novel avenue for pathogenesis research, epidemiological modeling, and development of drugs and
vaccines against coronavirus, taking into consideration these findings.

Key words: coronavirus; adaptive mutation; host tropisms; RNAi; miRNA

Qingren Meng, PhD at Southern University of Science and Technology School of Medicine who performed the major analysis work in this paper.
Yanan Chu, assistant professor at Beijing Institute of Genomics, Chinese Academy of Sciences, Beijing, China who participated in data processing for
this work.
Changjun Shao is an engineer at Beijing Institute of Genomics, Chinese Academy of Sciences, Beijing, China.
Jing Chen is an engineer at Beijing Institute of Genomics, Chinese Academy of Sciences, Beijing, China.
Jian Wang is an engineer at Beijing Institute of Genomics, Chinese Academy of Sciences, Beijing, China.
Zhancheng Gao, full professor at Peking University People’s Hospital, Beijing, China. As an experienced clinician in viral infection management, Dr Gao
served as a counselor for WHO since 2006 and was a member of the writing committee for the WHO clinical management guidelines of influenza A (H5N1
and H1N1) pandemics.
Jun Yu, full professor at Beijing Institute of Genomics, Chinese Academy of Sciences, Beijing, China. As an expert in the field of genomics, transcriptome
and bioinformatics. Prof. Yu proposed the idea of escaping RNA interference in the process of viral host jumping.
Yu Kang, associate professor at Beijing Institute of Genomics, Chinese Academy of Sciences, Beijing, China, and experienced in analysis of microbial
genomics and development of bioinformatic tools.
Submitted: 25 October 2020; Received (in revised form): 30 December 2020

© The Author(s) 2021. Published by Oxford University Press.
This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/
licenses/by-nc/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited.
For commercial re-use, please contact journals.permissions@oup.com

http://www.oxfordjournals.org/
http://orcid.org/0000-0001-5196-0376
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/


Host miRNAs determine host tropism of coronavirus 1097

Introduction
Severe acute respiratory syndrome coronavirus 2 [SARS-CoV-2
(or nCov-19)], the causal viral pathogen of COVID-19 [1], has
caused worldwide pandemics and claimed millions of lives in
the past year [2]. SARS-CoV-2 is the 7th coronavirus species
that is known to have humans as hosts. The other six include
SARS-CoV and MERS-CoV, which can cause severe acute respira-
tory symptoms, and the remaining four (OC43, 229E, NL-63 and
HKU-1) usually lead to mild respiratory infections similar to a
common cold [3]. Besides humans, coronavirus species can be
hosted by a wide range of mammals, and five of the human
CoVs have sister strains hosted by bats, which are proposed to
be the source of these human CoVs [4, 5]. Although the transfer
of coronaviruses among different hosts (host jumping) is at this
moment in 2020 one of the most widely discussed topics in
life science [6], much remains unknown about the mechanisms
through which this process occurs, and how adaptive mutations
in coronavirus genomes may enable host jumping into humans.

To control the inherited capability of viruses in propagation
and invasion, hosts often equip with several defense appara-
tuses to hamper the transmission of viruses. RNA interference
(RNAi) is one of such ancient defensive mechanisms utilizing the
spontaneous hybridization against viruses or mobile elements
that has been extensively documented as a major source of
immunity in plants and invertebrates [7, 8]. In this mecha-
nism, small RNAs of 20–30 nt (nucleotide) in length with various
sequences and abundance are capable of recognizing exogenous
long RNA molecules through the formation of double-stranded
RNA duplex with a target sequence on them via hybridization.
Such duplexes subsequently induce a set of complex RNases-
centric reactions to degrade the recognized RNA molecules [9].
To overcome the barrier of RNAi defense, viruses have evolved
many counteracting mechanisms, including mutations in their
target sites, to escape binding by host small RNA sequences [10].

In mammals, the RNAi apparatus has long been known to
function in regulating endogenous gene expression via a molec-
ular mechanism similar to that for viral control [11]. Recently,
the role of endogenous small RNA (miRNA) in defending against
viruses in mammals has gradually established, supported by
growing evidence [12–18]. In these studies, particularly in human
cell lines and animal models, both endogenous and externally
introduced microRNAs (including miRNAs and siRNAs) can
strongly inhibit the proliferation and transmission of viruses,
provided that a given microRNA sequence matches a target on
the viral genome [19–23]. Other supportive evidence includes
the discovery of anti-RNAi mechanisms in human viruses [10,
24] and the necessity of some components in the mammalian
RNAi apparatus in viral resistance [25]. Therefore, endogenous
miRNAs in mammal hosts may also function as a defense
against viral infection, including against coronavirus strains
[26, 27]. However, how the host miRNA milieu affects the
evolution and host tropism of coronaviruses, especially in the
host-jumping process of SARS-CoV-2, under natural conditions
remains unclarified.

Here, we report a previously undiscovered catalog of adaptive
mutations in human CoVs, which leads to the loss of RNAi-
sensitive sites targeted by human miRNAs expressed in lung
tissue and may help them escape the attacks from host miRNAs.
We also introduce the essential parameters in predicting such
RNAi-sensitive target sites that can induce effective suppression.
It is expected that the knowledge about these adaptive muta-
tions would be useful in understanding the epidemiology and
pathogenesis of coronavirus infections, as well as in developing

prophylactics and therapeutic drugs for better control of this
life-threatening virus.

Results and discussion
Coronavirus strains have lost RNAi-sensitive target
sites upon adopting into humans

To investigate the RNAi-sensitive sites on genomes of coron-
aviruses targeted by human miRNAs, we first downloaded the
up-to-date human mature miRNA sequences from miRBase [28]
with which we can infer candidate RNAi-sensitive targets for
any given genome of coronavirus. As the strength of overall
RNAi suppression against a virus should depend on the total
amount of miRNA transcripts including all miRNA species that
match their targets in the coronavirus genome, we therefore
obtained the profile of miRNAs expressed in normal human
lung, the common entryway of coronaviruses, from SEAweb [29],
an up-to-date miRNA expression database. Using these data, we
can estimate the total abundance of the coronavirus-targeting
miRNA (coronavirus-targeting human miRNA) present in human
lung targeting a given coronavirus genome; we hereafter refer to
this information as CoVT-miRNA for convenience.

To identify candidate RNAi-sensitive targets in the genomes
of coronavirus strains, we first scrutinize the genome sequences
of all seven beta-coronavirus species known to infect humans.
For each species, we examine specific strains for human hosts
and their close relatives hosted by bats or other nonhuman
animals (Table S1 and ‘Strain selection’ in the Experimental
section for detail). Our initial analysis sought to obtain perfect
matches to the entire collection of the human miRNAs resulted
in no identifications. However, it is now firmly established that
perfect matching is only essential for the so-called seed region of
miRNA (the 5′-end; positions 2–8), hybridization and subsequent
RNAi-based suppression can still occur despite the presence of
mismatches or bulges in other miRNA positions [11].

A variety of algorithms have been developed for predicting
targets of miRNA in mRNAs [30], but none of them resulted
in precise prediction. As there is presently no algorithm for
specifically predicting candidate RNAi-sensitive target sites in
viral genomes, we here employed miRanda [31], one of the most
popular tools in miRNA target prediction from mRNA sequences,
instead. Initial analysis using default miRanda searching param-
eters identified many hundreds of potential target sites in each
of the examined coronavirus genomes; moreover, when we used
the human lung CoVT-miRNAs that putatively target these many
sites, the tallied abundance encompassed more than 95% of all
miRNA molecules present in normal lung cells. This obviously
exceeds the required abundance of miRNAs for effective sup-
pression. In a previous study, it was established that influenza
proliferation and transmission were effectively inhibited via
endogenous miRNA-based mechanisms when the abundance of
matched miRNA species was as low as 1–2% [13].

The default parameters in our initial use of miRanda has
allowed many false positives. Indeed, it included sites for which
the predicted minimum free energy of the miRNA::target duplex
was as high as −1 kcal/mol (calculated as previously described
[32] where lower values indicate stronger hybridization). Given
that thermodynamics fundamentally underlies hybridization—
and is widely employed as a physical factor for various miRNA
target prediction algorithms and siRNA design—we next tried
to include the predicted miRNA::target duplex minimum free
energy value as an additional criterion in an attempt to remove
false positives from the list of target sites predicted by miRanda.

https://academic.oup.com/bib/article-lookup/doi/10.1093/bib/bbab027#supplementary-data
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To ensure strong hybridization of the miRNA::target duplex,
we required that any candidate RNAi-sensitive targets must be
both predicted by miRanda and exceeding a particular cutoff of
minimum free energy value. To determine a suitable cutoff for
the minimum free energy, we gradually relaxed the minimum
free energy from the minimal value to −1 kcal/mol, and then
assessed the accumulation of potential RNAi-sensitive target
sites within a coronavirus genome and monitored the cumu-
lative abundance for CoVT-miRNAs present in healthy human
lungs, which finally resulted in a sigmoid accumulation curve.

When the curves for the human-adapted SARS coronavirus
strains (including both SARS-CoV and SARS-CoV-2 strains) and
their closely related nonhuman host strains (bat and civet) were
plotted together, they entangled in most phases, and the curves
of civet CoVs almost completely overlapped with the human
CoVs (Figure 1a). However, the examination of the first inflec-
tion point of these sigmoid curves revealed a subtle distinc-
tion: the accumulated abundance for CoVT-miRNAs increased
slightly faster for the bat-host coronavirus stains than for the
human-host strains, forming a clear gap between the two sets of
curves (Figure 1a, inset). This gap represents a free energy range
of −26 to −25 kcal/mol in terms of hybridization energy and
corresponds to a region where the accumulated CoVT-miRNA
abundance reaches the 1–2% level, which falls into the sufficient
abundance interval for effective RNAi against influenza viruses.
We propose the following interpretation of this detected gap
between the human versus bat CoVs: the human lung CoVT-
miRNAs, when forming strong duplexes with free energy at least
at the −26 to −25 kcal/mol level, are possible to achieve effective
RNAi-based defense against the viruses. Thus the gap indicates
that human CoVs have somehow deleted target sites that were
otherwise hybridized by human CoVT-miRNAs strongly (with
free energy lower than −26 to −25 kcal/mol).

We subsequently examined the total abundance of CoVT-
miRNA (calculated with the cutoff of free energy at −25 kcal/-
mol) for the SARS-related coronaviruses (i.e. group 2b of beta-
coronavirus) that includes the human-adapted SARS, SARS-CoV-
2, and related coronaviruses adapted to nonhuman hosts in
a phylogenetic context. In the dendrogram (Figure 1b), SARS-
CoV and SARS-CoV-2, respectively separated from two distinct
groups of bat CoVs [33]. The CoVT-miRNA abundance is very
stable for both human SARS-CoV and SARS-CoV-2 but decreases
by several folds compared to the closely related bat CoVs, indi-
cating loss of RNAi-sensitive targets in human SARS-CoV. We
noticed that the value of CoVT-miRNA abundance is even lower
in SARS-CoV-2 than in SARS-CoV (0.68% versus 1.75%), which
suggests that a comparatively lower abundance of miRNAs in
the human lung can interfere with the SARS-CoV-2 genome, a
finding which may contribute to the more rapid transmission
of SARS-CoV-2 in the human population as compared to SARS-
CoV. For strains hosted by civet (the candidate intermediate host
animal for SARS-CoV), the CoVT-miRNA abundance levels are
almost equal to those of the human-adapted SARS-CoV strains,
suggesting that there is no obvious RNAi-related obstacles for
viral transmission between civets and humans.

We performed a similar analysis for MERS-related coron-
aviruses, including human, camel and bat CoVs. In the accu-
mulation curves, a similar gap between strains of human and
nonhuman host was also observed at the first inflection point,
again occurring at a similar free energy range of −26 to −25 kcal/-
mol and CoVT-miRNA abundance levels of 1–2%. However, we
did detect exceptions with a few curves of the strains from Mid-
dle Eastern camels, which completely overlapped with human
MERS-CoVs (Figure 1c).

In the dendrogram for MERS-related CoVs, i.e. group 2c of
beta-coronavirus (Figure 1d), it seems that the human MERS-
CoVs originated from strains of bat host, with camels serving
as an intermediate host, following previous conclusions about
MERS-CoV transmission [34]. The CoVT-miRNA abundance
(also calculated at the free energy cutoff of −25 kcal/mol) is
obviously lower for strains of human host than for strains
of bat and African camel host, again clearly suggesting
the loss of RNAi-sensitive targets in the human CoVs. In
contrast to the strains of African camel host, which are clearly
phylogenetically separated from human CoVs, the strains of
Middle Eastern camel host are completely entangled with the
human CoVs and have almost identical CoVT-miRNA abundance
with human-host strains, suggesting free transfer between
the two host species. These observations are in accordance
with the reported fact that MERS-CoV strains isolated from
Middle Eastern camels are genetically indistinguishable from
human MERS-CoV strains, whereas strains from African camels
are genetically distinct and have not been found to infect
humans [35].

Expanding beyond SARS- and MERS-related coronaviruses,
we conducted similar analyses for the four remaining human
coronavirus species known to infect humans (the alpha-CoVs
HCoV-229E and HCoV-NL63, and the group 2a beta-CoVs HCoV-
OC43 and HCoV-HKU-1). We again detected gaps between strains
of human and nonhuman host in the accumulation curves,
again at a similar free energy level of −26 to −23 kcal/mol and
with CoVT-miRNA abundance levels at 1–10% (Figure S1a–d). In
addition, a comparison of CoVT-miRNA abundance in a phyloge-
netic context further supported that a decrease in CoVT-miRNA
abundance levels (i.e. loss of RNAi-sensitive targets) occurred in
coronaviruses when they transmitted within the human pop-
ulation (Figure S2a and b). The uniform decrease in the CoVT-
miRNA abundance observed in all the seven coronaviruses has
little possibility of being a coincidence. The shared cutoff in
free energy and level of CoVT-miRNA abundance imply shared
mechanisms for human miRNAs to confer an effective defense
against coronaviruses. These findings strongly suggest that the
loss of sensitive sites targeted by CoVT-miRNAs in the human
lung might be a necessary step for the coronaviruses to adapt to
humans as a new host.

Besides the positive strand, we also performed a similar
analysis to identify RNAi-sensitive target sites on the minus-
strand of the coronavirus following the same analysis steps. In
the strains of group 2b and 2c beta-coronavirus, which include
SARS-CoV, SARS-CoV-2, MERS-CoV and their zoonic relatives,
similar analysis as described above observed no obvious distinc-
tions between strains of human and nonhuman host (Table S2).
Given that effective suppression executed by miRNAs interfer-
ence relies on sufficient amount of miRNA::target duplexes,
where the defensive mechanism depends on the concentration
of both miRNAs and the matched targets on viral RNA molecules.
The viral minus-strand RNA, which only functions as the tem-
plate for replicating the virus genome, has much lower number
of copies, that is, less cellular concentration than the positive
strand. Thus, the sequence of minus-strand may have been
experiencing less stress from host cellular miRNAs and shaped
by the miRNAs to a much less extent.

Considering the known etiology of CoVs—which are trans-
mitted via the respiratory tract [36]—lung cells are where CoVs
initially infect and proliferate and should thus be the first tis-
sue wherein they may face any RNAi-based defense. Following
this assumption, the RNAi milieu (i.e. the total, tissue-specific
miRNA population) in other tissues may have little impact on

https://academic.oup.com/bib/article-lookup/doi/10.1093/bib/bbab027#supplementary-data
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Figure 1. Comparison of the total abundance of coronavirus-targeting miRNAs (CoVT-miRNAs) between coronavirus strains of human and nonhuman hosts. (a and

b) CoVT-miRNA abundance for strains in group 2b of beta-coronavirus, which includes SARS-CoV, SARS-CoV-2, and SARS-related coronaviruses. (a) The accumulation

curves of CoVT-miRNA abundance for each strain when gradually relaxed based on minimal free energy predictions. Each curve indicates a coronavirus strain with

red, yellow and blue curves, representing human, civet, and bat strains, respectively. Inset, an enlarged region showing the first inflection point of the predicted CoVT-

miRNA abundance curves. (b) CoVT-miRNA abundance of each strain in a phylogenetic context. Blue bars indicate the CoVT-miRNA abundance of each strain in the

dendrogram at the free energy cutoff of −25 kcal/mol with the values labeled alongside. The cartoons on the right show the animal species of the host of the strains

in each clade. (c and d) CoVT-miRNA abundance for strains in group 2c of beta-coronavirus, which includes MERS-CoV and MERS-related CoVs. (c) The accumulation

curves of CoVT-miRNA abundance for each strain. Red and blue curves represent strains of human and nonhuman host, respectively. The inset highlights details of

the first inflection points of the accumulation curves. (d) CoVT-miRNA abundance for each strain of this group in a phylogenetic context.

shaping coronavirus genomes. To explore this, we undertook
a similar analysis as with our initial calculation of the CoVT-
miRNAs abundance in the lung tissue, but this time used the
expression data for miRNAs present in normal human plasma

samples, where coronaviruses do not proliferate. As anticipated,
we did not detect obvious gaps in the accumulation curves
between strains of human and nonhuman host (Figure S3) and
did not observe a decreasing trend for plasma CoVT-miRNA

https://academic.oup.com/bib/article-lookup/doi/10.1093/bib/bbab027#supplementary-data
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abundance in human CoVs as compared against related strains
of nonhuman hosts (Figure S4).

Mutations as simple as point mutation can lead
to the loss of RNAi-sensitive sites in coronavirus

We evaluated potential mutations that may have caused the
loss of RNAi-sensitive targets in the human coronavirus strains.
When comparing close strains of human and nonhuman host
(when overall genome identity ≥95%), we found that there is
often a substantial overlap of RNAi-sensitive target sites in-
between. However, a few RNAi-sensitive target sites can be
deleted by mutations as simple as a single-nucleotide transition
(i.e. interchange of purines (A ↔ G) or pyrimidines (C ↔ U)). This
kind of point mutation, especially when occurred in the region
hybridized to the seed sequence of miRNA, had the potential
to abolish the inhibitory effect of the corresponding miRNA, as
experimentally demonstrated in previous studies [37, 38].

Examining SARS-CoV-2, by comparing the predicted target
sites in the Wuhan-Hu-1 strain (the reference genome for SARS-
CoV-2) to RaTG13, the up-till-now closest strain isolated from
bat in 2013 with an overall genome identity of 96.1% (Table S3),
we identified a total of 21 and 23 predicted target sites from the
two genomes, with 12 shared by both, most of which are targets
of low-abundance human lung CoVT-miRNAs. Notably, the top
two targets of the most abundant miRNAs in RaTG13 are both
absent from the Wuhan-Hu-1 genome: Site 1 is a target of miR-
146b-5p (whose abundance is 2.95%), whereas Site 2 is a target of
miR-200c-3p (0.27% in abundance). Thus, the human lung CoVT-
miRNA abundance is 3.65% against the RaTG13 strain but only
0.68% against the Wuhan-Hu-1 strain. The loss of these two sites
in SARS-CoV-2 has the potential to lead to the evasion of Wuhan-
Hu-1 strain from RNAi attack triggered by the two abundant
human lung CoVT-miRNAs. We also closely examined the two
sites in the RaTG13 strain and the same genome positions in
Wuhan-Hu-1. For Site 1 in Wuhan-Hu-1 genome, a single U → C
transition in the binding site of the core 7-mer of the miRNA
results in predicted loss of the target (Figure 2a). For Site 2,
two complementary Cs in the RaTG13 genome are substituted
by Us in Wuhan-Hu-1, forming G–U pairs which substantially
weaken the original G–C pairs. An additional U → A transversion
abolished a previous G–U pair, together impairing the strength of
the miRNA::target duplex (Figure 2b).

Broadly supporting the idea that adaptive mutations may
result in the loss of RNAi-sensitive targets in coronaviruses and
reduce the abundance of CoVT-miRNAs that may facilitate the
process of host jump, we performed comparisons among SARS-
related strains, including Tor2 (from human), SZ3 (from civet)
and Rs4231 (from bat) (Table S4). The genome of Rs423 has a
predicted target site for the human lung CoVT-miRNA miR-99b-
5p (1.25% abundance), but the hybridization is not very strong as
many mismatches in the 3′-end of the miRNA. At the position
of the target site in the genomes of Tor2 and SZ3, there is a
single U → C transition that potentially further weakens the
hybridization and increases the free energy of the duplex over
the cutoff of −25 kcal/mol (Figure 2c).

For the MERS-CoV strains, we did not observe any loss of
RNAi-sensitive targets caused by single-nucleotide mutations
in strains of human host when compared to those of bat host
due to the low overall genome identities between these strains
[39]. However, we did detect an informative point mutation in
comparison among MERS-CoV strains from humans (England_1),
Middle Eastern camel (UAE_B1_2015) and African camel (NV1673)
[35] (Table S5). A site in the African camel strain is predicted

to be targeted by the human lung CoVT-miRNA miR-99b-5p
(1.25% abundance), but a single G → A transition in the region
hybridized to the seed sequence of miR-99b-5p in the genomes
of the human and Middle Eastern camel strains might lead to
insensitivity of the site to the RNAi-based defense (Figure 2d).

Interestingly, all the aforementioned RNAi-target sites occur
in the coding sequence of the orf1ab gene, which is highly
conserved among coronaviruses. Moreover, all single-nucleotide
mutations above mentioned in the human strains are synony-
mous (i.e. they do not change the amino acid they code for),
indicating the narrow path that coronaviruses had to take to
bypass the RNAi-based defense from the host. In contrast to
the loss of RNA-sensitive targets, the gain of targets in human
CoVs is also predictable due to the active recombination and
error-prone replication in coronaviruses. However, among all the
newly acquired RNAi-sensitive targets we detected in the human
SARS-CoV-2, SARS-CoV, and MERS-CoV strains (Tables S3–S5),
none of them correspond to miRNAs with abundance >0.2%,
confirming that only those CoVT-miRNAs of high-abundance are
capable of shaping the viral genomes as effective RNAi defense
is depended on sufficient amount of miRNA::target duplexes.

Sustained selective pressure from microRNAs
on the evolution of human coronaviruses

As host miRNAs are potential in shaping the genome of coron-
aviruses and select for strains of low CoVT-miRNA abundance,
we examined whether the RNAi-sensitive targets were further
abolished and whether any coronaviruses strains are being con-
tinuously selected for low CoVT-miRNA abundance during the
transmission or outbreak of human coronaviruses. MERS-CoVs
can serve as a representative case as they have been contin-
uously sampled from worldwide patients for 8 years since its
first recognition in 2012 [40], and there are now 254 strains
with high-quality and publicly available genome sequences and
information of collection date (Table S6).

We used seqTrack [41] to infer MERS-CoV strain haplotypes
and generated a network that allows displaying all haplotypes
according to their CoVT-miRNA abundance and sampling dates
(Figure 3a). In general, the level of CoVT-miRNA abundance for
the majority of these haplotypes is 1.384%, a level equals to
that of the representative strains used in our earlier analysis
(Figure 1d) and is largely sustained throughout the MERS epi-
demic. Due to the error-prone replication of coronaviruses and
the high frequency of mutations, gain-and-loss of RNAi-sensitive
targets continuously occurs as the virus propagated. Thus hap-
lotypes with higher or lower CoVT-miRNA abundance have con-
tinuously emerged throughout the epidemic, and those of higher
CoVT-miRNA abundance still have the chance to survive if they
happen to be transferred to a patient in whom the abundance
of corresponding CoVT-miRNAs are not sufficient to confer an
effective suppression. However, haplotypes with reduced sus-
ceptibility to human RNAi defense, i.e. lower CoVT-miRNA abun-
dance, would have better chance for transmission and undergo
positive selection, thus yielding more progeny strains than those
with increased CoVT-miRNA abundance (Figure 3b). Further sup-
porting this, a linear regression of the haplotype data throughout
the ongoing MERS epidemic revealed a conspicuous trend of
gradual decrease in the CoVT-miRNA abundance level over time
(Figure 3a). These results imply that selection pressure from
host miRNAs has been continuously shaping the genomes of
MERS-CoV, even after successful host jumping into humans.

For the evolution of SARS-CoV-2 during transmission in
humans, we downloaded genomic variation information from

https://academic.oup.com/bib/article-lookup/doi/10.1093/bib/bbab027#supplementary-data
https://academic.oup.com/bib/article-lookup/doi/10.1093/bib/bbab027#supplementary-data
https://academic.oup.com/bib/article-lookup/doi/10.1093/bib/bbab027#supplementary-data
https://academic.oup.com/bib/article-lookup/doi/10.1093/bib/bbab027#supplementary-data
https://academic.oup.com/bib/article-lookup/doi/10.1093/bib/bbab027#supplementary-data
https://academic.oup.com/bib/article-lookup/doi/10.1093/bib/bbab027#supplementary-data
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Figure 2. Examples of mutations that lead to the loss of RNAi-sensitive target sites. Target site for miR-146b-5p (Site 1) (a) and miR-200c-3p (Site 2) (b) in SARS-CoV-2,

and sites targeted by miR-99b-5p in SARS-CoV (c) and MERS-CoV (d). The top bar indicates the position of target sites in the orf1ab gene, the three middle rows are the

sequences of the target sites in the genome of corresponding strain which are aligned to their open-reading-frame with amino acid sequence labeled above, and the

bottom row is the sequence of the miRNA matching the target. Strain names are labeled at the left, and red boxes highlight the mutated nucleotides. Vertical lines

above miRNA sequences indicate the matching nucleotide pairs in the miRNAs::target duplexes, and dash lines indicate G–U pairs.

the all the up-to-date SARS-CoV-2 sequence database (19
June 2020 from the CNCB coronavirus database; https://bigd.
big.ac.cn/ncov/) [42]. For all the 26 305 high-quality genomes,
we inferred their RNAi-sensitive target sites on genome and
calculated CoVT-miRNA abundance (Table S7). The RNAi-
sensitive target sites are rather stable among these strains,
and the list of RNAi-sensitive targets in the representative
strain of Wuhan-Hu-1is shared by 24 209 genomes (92.03%)
which sustain the low CoVT-miRNA abundance of 0.68% as well
(Figure 4a). Within the strains with an altered value of CoVT-
miRNA abundance, 1890 (7.18%) strains reduced the value to
0.441–0.679% via further loss of their RNAi-sensitive targets,
whereas only 206 (0.78%) strains increased their CoVT-miRNA
abundance to 0.681–9.752% by acquiring RNAi-sensitive targets.

The acquisition of RNAi-sensitive targets can also be the
result of point mutations. For example, SNU01, a strain isolated
from Korea, in which a reverse point mutation re-established the
target site for miR-146b-5p (abundance 2.95%) that is carried by
RaTG13 (from bat) and deleted in the predominant SARS-CoV-
2 strains (Figure S5a). Another example is USA-CruiseA-11, iso-
lated from a patient on the US cruise ship the Diamond Princess,
for which a novel target site for human hsa-let-7b-5p (1.62%
in abundance) was gained by a point mutation (Figure S5b).
The existence of these strains seemingly inadaptive to human
host with increased CoVT-miRNA abundance is more likely the
result of the high mutation rate of coronavirus. Thriving with an
average number of mutations around 6–7 per sequenced strains
and an enormous viral population worldwide, SARS-CoV-2 is

https://bigd.big.ac.cn/ncov/
https://bigd.big.ac.cn/ncov/
https://academic.oup.com/bib/article-lookup/doi/10.1093/bib/bbab027#supplementary-data
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Figure 3. CoVT-miRNA abundance of MERS-Cov. (a) Transmission network of MERS-CoV haplotypes plotted according to their CoVT-miRNA abundance and sampling

data throughout the course of the MERS epidemic. Each red dot indicates a haplotype, and the gray lines connecting haplotypes represent relationship of transmission.

The navy line depicts the linear regression of the CoVT-miRNA abundance. (b) The number of MERS-CoV strains at different CoVT-miRNA abundance levels.

Figure 4. CoVT-miRNA abundance of SARS-CoV-2. (a) The number of SARS-CoV-2 strains as a function of CoVT-miRNA abundance. The highest peak is at 0.68%,

accounted for 92.03% of the total. The number of strains with decreased and increased CoVT-miRNA abundance is 1890 (7.18%) and 206 (0.78%), respectively. (b) The

incidence of strains with decreased (turquoise dots) and increased (red dots) CoVT-miRNA abundance. The incidence of the two strain types is calculated as the

respective proportion of the total collection in a 10-day window and plotted against the SARS-CoV-2 epidemic since 26 December 2019 with a 1-day step. Turquois and

red lines indicate the linear regression of the incidences of strains with decreased and increased CoVT-miRNA abundance, respectively. Pearson correlation is used to

evaluate their correlations to the time course, and the incidence of decreased CoVT-miRNA abundance is significantly correlated (rho = 0.30, P = 8.7 × 10−5) but not that

of the incidence of increased CoVT-miRNA abundance (rho = −0.083, P = 0.28).

expected to be unprecedentedly diversified and fast-evolving
with distinct mutation spectra [43, 44]. Recent evidence from
the existence of quasispecies—a collection of closely related
mutants [45]—in the viral population of SARS-CoV-2 sampled
from a single patient [46] also confirmed the high mutation
rate. Therefore, there would be more progenies with reduced
CoVT-miRNA abundance and less with increased CoVT-miRNA
abundance due to the positive natural selection, which is just
we have observed in the population of SARS-CoV-2.

Accordingly, the incidence of strains with increased CoVT-
miRNA abundance, if depends on the mutation rate of SARS-
CoV-2, which is a constant, should keep stable over time and
be much less than the incidence of strains with reduced CoVT-
miRNA abundance due to less adaptation. The latter one, being
more adaptive to the human host, should gradually increase
along the epidemic course. So we plotted the incidence of strains
with decreased and increased CoVT-miRNA abundance, i.e.
the proportion of these strains in the total strains collected
in a 10-day interval (Figure 4b), and it is clear that the

incidence of strains with decreased CoVT-miRNA abundance
was much higher than that of strains with increased CoVT-
miRNA abundance. Moreover, the incidence of strains with
increased CoVT-miRNA abundance showed no correlation to
time (rho = 0.087, Pearson correlation, P = 0.26), whereas that
of strains with decreased CoVT-miRNA abundance exhibited
a conspicuous increasing trend over time (rho = 0.21, Pearson
correlation, P = 0.0067). As the proportion of strains with
decreased CoVT-miRNA abundance gradually increases, they
might finally replace the current predominant strain due to
increased adaptivity to humans. That is, the stress from the
miRNA milieus in human lung cells continues to shape the
evolution of SARS-CoV-2 during its transmission in humans.

Conclusion
Our study suggests that human coronaviruses, including the
pandemic pathogen SARS-CoV-2, have lost RNAi-sensitive tar-
gets in their genomes, resulting in a reduced level of RNAi-based
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defense triggered by human miRNAs. Thus, selective pressure
from host miRNAs could be a critical factor that constrains the
host range of coronaviruses and profoundly affects the evolution
of coronavirus even after transmission in humans. Our in-depth
analysis also validated a previously unknown cutoff in minimum
free energy (about −25 kcal/mol that corresponds to about 1–2%
CoVT-miRNA abundance) for the miRNA::target duplex to induce
effective RNAi-mediated suppression against coronavirus. The
determination of this useful parameter can be very laborious
and difficult if it had to be determined only from experimental
research. All our findings rely on the availability of the abun-
dant datasets of coronavirus genome sequences, in which seven
species caused epidemics in humans due to possible zoonoses
in recent decades.

It is important to note that the population of expressed
miRNAs in lung tissue is variable among individuals and can be
influenced by a variety of factors including age, gender, smoking,
immunity, inflammation and other pathogenic conditions [47,
48]. Such variability in the human lung CoVT-miRNA milieu may
help explain the apparently diverse susceptibility and clinical
manifestations of coronaviruses among individuals [49]. Further
investigations, including reverse genetics experiments, high-
throughput sequencing of miRNAs in patients, and intensive
sequencing of the genomes of diverse coronavirus strains can
help to conclusively establish the specific functional contri-
butions of host miRNAs in controlling host tropism and the
infection process.

Adaptive mutations that cause the loss of RNAi-sensitive
target sites, although can be as simple as a single-nucleotide
transition, also constitute the complex virus–host interactions
as important as the spike protein of coronavirus and should not
be neglected. A deeper understanding of the complex process
of host–virus interactions, such as the impact of RNAi-based
host defense would almost certainly support more efficacious
epidemiological modeling, public health policy measures, and
even the development of novel prophylactic and therapeutic
medicines to better control and treat the highly threatening and
hugely disruptive infections from coronaviruses.

Material and methods
Coronavirus genome dataset

All genome sequences of examined coronavirus strains were
downloaded from the NCBI viral genome database [https://
www.ncbi.nlm.nih.gov/labs/virus/vssi/#/] and CNCB coronavirus
database [https://bigd.big.ac.cn/ncov/]; all genome IDs in the
phylogenetic analysis are listed in Table S1. In selecting strains
for phylogenetic analysis, for species of HCoV-229E, NL63, OC43,
HKU-1, MERS, and SARS, redundant strains (i.e. strains of the
same genome length and collected at the same date, site and
host species) were first removed, and then a dendrogram was
inferred for each species from which at least one representative
genome for each phylogenetic clade were selected; for SARS-
CoV-2, we used the strains collected at the beginning of the
epidemic to investigate the initial changes of this virus just
after the host jumping onto humans. For the close relatives of
human coronaviruses hosted by animals, both strains named
as human coronaviruses related, such as ‘SARS-related strain’
from the NCBI viral genome database and strains reported in
previous studies were included. In analysis of the effects of
RNAi-based defense on viral evolution after transfer to humans,
all available genomes of MERS-CoV and SARS-CoV-2 strains, i.e.
254 and 26 305 strains, respectively were used.

Predicting miRNA targets in viral genome
sequences and calculating minimum free energy
for miRNA::target duplex

The up-to-date sequences of mature human miRNAs were
downloaded from the miRBase database [28]. We used miRanda
[31] to predict the potential target sites matching human
miRNAs in the genomes of all examined coronavirus strains with
default parameters. The minimum free energy for each of the
miRNA::target duplexes was calculated as previously described
[32].

Calculation of CoVT-miRNA abundance

For a given viral strain, miRNA targets predicted by miRanda
were further filtered by a cutoff of minimum free energy (at
−25 kcal/mol) and regarded as RNAi-sensitive target sites. As
each target can be interfered by an miRNA species at various
expression levels in normal human lung, we defined the CoVT-
miRNA abundance of the given strain as the sum of abundance of
all the interfering miRNAs matching its targets. The expression
level of all the miRNAs in different tissues were downloaded
from SEAweb [29] and indicated as RPM (Reads of exon model
per Million mapped reads). The abundance of each miRNA in a
sample was calculated as the percentage of the miRNA’s RPM
value in the total RPM of the sample, and final abundance of each
miRNA species in each tissue was averaged among all samples
of the same tissue type.

Phylogenetic tree construction

The complete genome sequence of each examined coronavirus
strain was aligned using MAFFT (version 7) [50] with default
parameters, and Maximum Likelihood phylogenetic trees were
constructed in RAxML (version 0.9.0) [51] with the GTR + G sub-
stitution model and 1000 bootstrap replicates. The trees were
visualized with iTOL v5 web [https://itol.embl.de] [52].

Transmission network of human MERS-CoV

The complete genome sequences of all human MERS-CoV
strains were downloaded from NCBI with collection date and
site, and then aligned using MAFFT (version 7) with default
parameters. MERS-CoV haplotypes and transmission network
were inferred and conducted with seqTrack [41] in the adegenet
package [https://cran.r-project.org/web/packages/adegenet/i
ndex.html].

Statistical analysis

All statistical analyses were performed with R software [https://
www.r-project.org]. Correlations were evaluated with linear
regression and Pearson correlation with significance defined
as P ≤ 0.05. The figures were plotted with the R package ggplot2
[https://cran.r-project.org/web/packages/ggplot2/] and ggpubr
[https://cran.r-project.org/web/packages/ggpubr/].

Key Points
• Suggesting the effects of miRNAs on the host tropism

of coronaviruses in natural conditions, which pro-
vides convincing supportive evidence for the role of
mammalian miRNA in the defense against viruses.

• Illustrating the sustained effects of human RNAi on
the evolution of coronaviruses, based on an analysis

https://www.ncbi.nlm.nih.gov/labs/virus/vssi/#/
https://www.ncbi.nlm.nih.gov/labs/virus/vssi/#/
https://bigd.big.ac.cn/ncov/
https://academic.oup.com/bib/article-lookup/doi/10.1093/bib/bbab027#supplementary-data
https://itol.embl.de
https://cran.r-project.org/web/packages/adegenet/index.html
https://cran.r-project.org/web/packages/adegenet/index.html
https://www.r-project.org
https://www.r-project.org
https://cran.r-project.org/web/packages/ggplot2/
https://cran.r-project.org/web/packages/ggpubr/
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of 26 000+ high-quality SARS-CoV-2 and MERS-CoV
genomes.

• Providing algorithms for predicting miRNA targets on
viral genome.

• Identifying the miRNA target sites in coronaviruses,
which might have been lost in their host-jumping
process to humans.

Supplementary data

Supplementary data are available online at Briefings in Bioin-
formatics.
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