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Close Relationship Between SARS-Coronavirus and Group 2 Coronavirus
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The sudden appearance and potential lethality of severe acute respiratory syndrome (SARS)-associated
coronavirus (SARS-CoV) in humans has resulted in a focusing of new attention on the determination of
both its origins and evolution. The relationship existing between SARS-CoV and other groups of co-
ronaviruses was determined via analyses of phylogenetic trees and comparative genomic analyses
of the coronavirus genes: polymerase (Orflab), spike (S), envelope (E), membrane (M) and nucle-
ocapsid (N). Although the coronaviruses are traditionally classed into 3 groups, with SARS-CoV
forming a 4" group, the phylogenetic position and origins of SARS-CoV remain a matter of some
controversy. Thus, we conducted extensive phylogenetic analyses of the genes common to all coro-
navirus groups, using the Neighbor-joining, Maximum-likelihood, and Bayesian methods. Our da-
ta evidenced largely identical topology for all of the obtained phylogenetic trees, thus supporting
the hypothesis that the relationship existing between SARS-CoV and group 2 coronavirus is a
monophyletic one. Additional comparative genomic studies, including sequence similarity and pro-
tein secondary structure analyses, suggested that SARS-CoV may bear a closer relationship with
group 2 than with the other coronavirus groups. Although our data strongly suggest that group
2 coronaviruses are most closely related with SARS-CoV, further and more detailed analyses may
provide us with an increased amount of information regarding the origins and evolution of the

coronaviruses, most notably SARS-CoV.
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The sudden outbreak of a previously unknown dis-
ease, termed “Severe Acute Respiratory Syndrome
(SARS)”, during the first half of 2003, prompted a
massive search for the causative agent of this disease.
The results of extensive study indicated that the caus-
ative agent of SARS was a member of the
Coronavirus genus (Drosten et al., 2003; Ksiazek er
al., 2003; Peris et al., 2003), hence referred to as the
SARS-associated coronavirus (SARS-CoV). Molecular
biological analyses of SARS-CoV identified 14 open
reading frames (ORFs) (Marra er al., 2003; Thiel et
al., 2003). A proportion of the ORFs discovered in
the SARS-CoV genome are common to all coronavi-
rus families, although some are unique to SARS-CoV
(Marra et al., 2003; Rota et al., 2003).

The search for the origins of SARS-CoV indicated
that SARS-CoV evolved from an animal coronavirus,
and this hypothesis was supported by the isolation of
SARS-CoV-like coronaviruses from Himalayan palm
civets, and from a species of “raccoon dog” sold in a
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wild animal market in Guangdong, China, the region
in which the index case of SARS is presumed to have
emerged in humans (Guan et al., 2003). Recently,
SARS-like coronaviruses have also been isolated from
bats (Lau et al., 2005; Poon et al., 2005). Since the
initial full genomic sequencing of SARS-CoV strain
Tor2, which was achieved by Marra et al. in 2003,
the complete or partial genome of SARS-CoV has
been sequenced at several sites around the world. As
of October 7, 2005, the NCBI GenBank database har-
bored 126 complete genome sequences for SARS-
CoV, including those of both human and animal
origin. Using phylogenetic approaches with full or
partial sequences of SARS-CoV, as well as other co-
ronaviruses, carlier studies succeeded in separating
SARS-CoV from other coronaviruses, and it is cur-
rently generally accepted that SARS-CoV constitutes
a 4" group in the Coronavirus genus (Ksiazek et al.,
2003; Marra et al., 2003; Rota et al., 2003). Thus, the
genus Coronavirus can be classed into 4 groups;
mammalian groups 1 and 2, avian group 3, and SARS
-CoV group 4. Further attempts to delimit the location
of SARS-CoV within phylogenetic trees in accordance
with sequence similarity, however, have failed to gen-
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erate a definitive consensus. Although many studies
have identified the group 2 coronaviruses as the clos-
est relatives of SARS-CoV (Eickmann et al., 2003;
Snijder et al., 2003; Gibbs et al., 2004; Zhu and
Chen, 2004), these results have been disputed by oth-
er study groups. For example, some reports have as-
serted that SARS-CoV is closely related with the
group 3 or group 1 coronaviruses (Marra et al., 2003;
Yap et al., 2003). Furthermore, some arguments have
militated for a mosaic origin of SARS-CoV (Rest and
Mindel, 2003; Stavrinides and Guttman, 2004). These
discrepancies with regard to the origin and relative
proximity of SARS-CoV to other coronavirus groups
may be attributable to regional variations, or to the

Table 1. Sequences analyzed in this study
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methodologies utilized in the individual analyses.

In this study, we have conducted analyses of the
full sequences of representative strains of the four
groups in the Coronavirus genus, via a variety of
methods. Phylogenetic trees constructed by the three
most frequently employed methods, similarity analysis
and predicted secondary structures, were generally sug-
gestive of the notion that the group 2 corona viruses rep-
resent the closest relatives to SARS-CoV.

Materials and Methods

Sequences
Nucleotide and amino acid sequences of representa-

NCBI GenBank Acc. No. Group Name of virus strain Size (nt)
NC_002306 1 TGEV Purdue 28,586
NC_003436 1 PEDV CV777 28,033
AY518894 1 HCoV Pneumonia 27,555
NC_005831 1 HCoV NL63 27,553
NC_002645 1 HCoV 229E 27,317
AB088223 1 FIPV (S gene) ‘ 4,389
AB086903 1 FIPV (M, N genes) 1,938
AY342160 1 CCoV (S gene) 9,203
AF207551 2 RtCoV (S, E, M, N genes) 9,859
AF481863 2 PHEV (S, E, M, N genes) : 8,123
NC_001846 2 MHV A59 | 31,357
L07748 2 HCoV 4408 (S gene) 4,133
AY316299 2 HCoV 4408 (E, M, N genes) 3,037
NC_005147 2 HCoV 0C43 30,738
NC_003045 2 BcoV ENT 31,028

- AY342357 3 TCoV (S gene) 3,711
AF111995 3 TCoV (N gene) 1,732
AY319651 3 IBV-BJ 27,733
NC 001451 3 IBV-Beaudette 27,608
NC_004718 4 SARS-CoV Tor2 29,751
AY304486 4 SARS-CoV SZ3 ‘ 29,741
AY304488 4 SARS-CoV SZ16 29,731
AY291315 4 SARS-CoV Frankfurt 1 29,727

Abbreviations : nt, nucleotide; TGEV, Transmissible gastroenteritis virus; PEDV, Porcine epidemic diarrhea virus; HCoV, Human coronavi-
rus; FIPV, Feline infectious peritonitis virus; CCoV, Canine coronavirus; MHV, Murine hepatitis virus; BCoV, Bovine coronavirus; PHEV,
Porcine hemagglutinating encephalomyelitis virus; HECoV, Human enteric coronavirus; RtCoV, Rat sialodacryoadenitis coronavirus; IBV,

Avian infectious bronchitis virus: SARS-CoV. SARS coronavirus
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tive viruses from each of the four coronavirus groups
were acquired from the NCBI GenBank. A total of 16
sequences, comprising the entirety of the Coronavirus
genus, were obtained (Table 1). As longer sequences
tend to generate more information than can be
gleaned from shorter sequences, the sequences for S,
E, M and N were concatenated into structural (ST)
genes, and the Orfla and Orflb sequences were com-
bined into non-structural (NS) genes. The ST and NS
gene sequences were then further concatenated, result-
ing in the formation of the full sequences. Thus, the
term “full sequence” as used in this article, does not
refer to the complete genomic sequence, but rather to
the following concatenated coding sequence; 5°-
Orfla-Orf1b-S-E-M-N-3’.

Phylogenetic tree construction

The sequences were aligned with the ClustalX pro-
gram (ver. 1.81), at default parameters. The output da-
ta were utilized in the generation of phylogenetic
trees, via three methods. Neighbor-joining (NJ) trees
were constructed with PHYLIP version 3.6a software (J.
Felsenstein, Phylogeny Inference Package, Department
of Genetics, University of Washington, Seattle) using
the SEQBOOT, DNADIST, PROTDIST, NEIGHBOR,
and CONSENSE programs. Protein distance calcu-
lations were predicated on the Jones-Taylor-Thornton
protein weight matrix, with 1,000 bootstrap (BS)
replicates. All other variables were sect to default
values. Maximum likelihood (ML) trees were gen-
erated using the DNAML and PROML programs in
PHYLIP. Bayesian (BA) trees were constructed using
MRBAYES wversion 3.0 (http://morphbank.ebe.uu.se/
mrbayes), using a Jones-Taylor-Thornton protein weight
matrix with 500,000 generations, and a bum-in of
100. Consensus trees were generated via majority
rule, and visualized with TREEVIEW (ver 1.6.6).

Similarity analysis

The nucleotide and amino acid sequences of the coro-
navirus genes obtained from NCBI GenBank (Table 1)
were multiple-aligned using ClustalX. The aligned se-
quences were then compared using the SeqAid soft-
ware (ver 0.91), allowing for the acquisition of sim-
ilarity values between sequences belonging to two dif-
ferent coronavirus groups. For example, if there arc 4
sequences in SARS-CoV and 7 sequences in a group
! coronavirus, 28 (4x7) similarity values would be
obtained. Then, mean and standard error of the mean
values for each pair of comparisons were calculated,
and the results were plotted on a bar graph, using
SigmaPlot (ver. 8.0). Statistical analyses were con-
ducted using SPSS (ver. 1.0) in order to determine the
statistical significance of the data.
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Analysis of the protein secondary structures

The secondary structures of the 2 structural (Orfla,
Orflb) and 4 nonstructural (S, E, M, N) coronavirus
proteins were predicted using the HNN program of
the ExPASy (Expert Protein Analysis System, http://
us.expasy.org/tools/) software package. The predicted
secondary structures included alpha helices, extended
strands, and random coils. The relative proportion of
the 3 secondary structures of SARS-CoV proteins were
compared with those of other coronavirus groups, and
plotted on a scattergram, using SigmaPlot (ver 8.0).
Regression analysis was conducted for each of the
scattergrams, and each scattergram contained a re-
gression line with an equation, 95% confidence inter-
val lines, and r° (regression coefficient).

Results

Construction and analysis of the phylogenetic trees
The nucleotide sequences of representative coronavi-
ruses from each of the previously established three
groups, and of the newly-discovered 4* group (SARS-
CoVs) were obtained from NCBI GenBank (Table 1).
The acquired sequences included 2 nonstructural genes
(Orfla, Orflb) and 4 structural genes (S, E, M, N), which
are common to all coronaviruses. The amino acid se-
quences were deduced via the translation of the nucleo-
tide sequences. Then, two concatenated sequences were
generated from Orfla+Orflb (nonstructural, NS), and
S+E+M+N (structural, ST). Finally, the NS and ST
sequences were concatenated together, resulting in the
formation of full sequences. The concatenated amino
acid sequences were generated via the combination of
the amino acid sequences of each of the gene, rather
than by the translation of the corresponding con-
catenated nucleotide sequences. A total of 9 natural
and concatenated gene sequences were subjected to
phylogenetic tree construction. The trees were con-
structed using the most popular methods, namely the
Neighbor-joining (NJ), Maximum-likelihood (ML), and
Bayesian (BA) techniques. Thus, a total of 54 phyloge-
netic trees, 27 from the nucleotide sequences and 27 from
the amino acid sequences, were generated and subjected
to analysis.

All 54 of the phylogenetic trees, without exception,
demonstrated 4 clearly distinctive clusters, correspond-
ing to the 4 coronavirus groups: mammalian group 1 co-
ronavirus (G1-CoV), mammalian group 2 coronavirus
(G2-CoV), avian group 3 coronavirus {G3-CoV), and
group 4, or SARS-CoV. Due to space limitations, on-
ly trees constructed on the basis of full sequences are
shown in Fig. 1. The majority of the topologies of the
54 trees were strongly supported by the results of
bootstrap analyses conducted on the NJ trees. Most of
the branches separating the 4 groups also scored more
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Fig. 1. Unrooted trees of coronaviruses, including SARS-CoV. Full nucleotide or amino acid sequences obtained (as in Table 1) were
aligned, and the unrooted trees were generated via Neighbor-Joining (NJ: A, D), Maximum-Likelihood (ML: B, E) or Bayesian (BA: C,
F) methods. Bootstrap values for the major branches are shown in the NJ and BA trees.

Table 2. Coronavirus group placed as the nearest neighbor of SARS-CoV in phylogenetic tree topology

Orf
Sequence Tree type

Full NS’ ST*  Orfla  Orflb S E M N EM

Nucleotide NJ G2 G2 G2 G2 G2 G2 Gl G3 G2 G2
ML G2 G2 G2 G2 G2 G2 Gl G3 G2 G2

BA G2 G2 G2 G2 G2 G2 Gl G3 G2 G2

Amino acid NJ G2 G2 G2 G2 G2 G2 G3 G2 G2 G2
ML G2 G2 G2 G2 G2 G2 G3 G2 G2 G2

BA G2 G2 G2 G2 G2 G2 G3 G3 G2 G3

'Non-structural gene, Orfla+Orflb
*Structural gene, S+E+M+N

than 900 out of 1,000 on bootstrap sampling. Similar
results were seen with the BA trees.

As the primary objective of this study was to gain
increased insight into the evolutionary relationship be-
tween SARS-CoV and other coronavirus groups, we
attempted to determine which of the coronavirus
groups shared the most recent common ancestor with
SARS-CoV in the phylogenetic trees. Although the

majority (44 out of 54) of the topologies of the trees
pointed to G2-CoV as the nearest neighbor of SARS-
CoV (Table 2), some exceptions were noted. When
the nucleotide sequences of the E gene were utilized
in the construction of the phylogenetic trees, G1-CoV
appeared to represent the nearest neighbor of SARS-
CoV, by any of the tree-generating techniques. However,
phylogenetic trees predicated on amino acid sequences
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suggested that avian G3-CoV seemed to be the near-
est neighbor to SARS-CoV (Table 2). In the case of
the M gene, the situation was even more complex.
Whereas G3-CoV appeared to be the nearest neighbor
of SARS-CoV on all of the M gene trees predicated
on the nucleotide sequences, completely different tree
topologies were observed, according to the tree-gen-
erating methods utilized, when the amino acid se-
quences of the M gene were the subject of analysis.
The NJ- and ML-based M protein trees exhibited
identical topology, in that SARS-CoV appeared to be
the nearest neighbor to G2-CoV (Table 2). However,
G3-CoV appeared to be the variant most closely re-
lated to SARS-CoV on the M protein trees con-
structed via the BA method.

Therefore, phylogenetic trees constructed based on
the nucleotide or amino acid sequences of the Orfla,
Orflb, S and N genes, as well as the full, NS and ST
gene concatenated sequences, all bolster the hypothesis
that SARS-CoV and G2-CoV may be monophyletic.
However, phylogenetic analyses of the E and M genes
generated different outcomes, and we theorized that
this might have been attributable to the relatively
short length of the E and M gene sequences. Thus,
we constructed E+M concatenated sequences, and
used these sequences to generate a set of phylogenetic
trees (Table 2). Surprisingly, the NJ, ML, and BA
trees of the E/M-concatenated nucleotide sequences
all identified G2-CoV as the nearest neighbor of
SARS-CoV, although either G1-CoV or G3-CoV was
implicated as the nearest neighbor of SARS-CoV in
the E gene nucleotide trees or M gene nucleotide
trees, respectively. In a similar fashion, G2-CoV was
implicated as being the most closely related to
SARS-CoV in the protein trees of the E/M con-
catenated sequences, when NJ or ML methods were
utilized for analysis (Table 2). The exception to this
was the E/M concatenated sequence tree generated by
the BA method, in that G3-CoV was determined to be
the nearest neighbor to SARS-CoV in the E, M or
E/M concatenated sequences.

Similarity analysis of the nucleotide and amino acid
sequences

The nucleotide and amino acid sequences of the
SARS-CoV genes were compared with those of the
other coronavirus groups, and the inter-group
(between SARS-CoV and other groups) sequence sim-
ilarities were determined. Sequence similarities were
assessed for each of the genes and concatenated se-
quences, and expressed as a percentage of similarity
(Fig. 2). Non-structural genes were generally de-
termined to exhibit a lesser degree of variation than
was seen in conjunction with structural genes. Among
the individual genes, Orflb exhibited the lowest var-
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Fig. 2. Sequence similarity between SARS-CoV and other corona-
virus groups. Nucleotide and amino acid sequences of coronavirus
genes were multiple-aligned using ClustalX. Aligned sequences
were compared with SeqAid (ver 0.91) to obtain similarity values
among sequences belonging to two different coronavirus groups.
Then, mean and standard error of the mean (SEM) values for each
pair of comparisons were calculated, and the results were plotted
on a bar-graph, using SigmaPlot (ver. 8.0). The asterisks indicate
that the similarity between SARS-CoV and G2-CoV is sig-
nificantly greater than the similarity between SARS-CoV and Gl-
or G3-CoV, with p values of less than 0.05. A, nucleotide se-
quence similarity; B, amino acid sequence similarity.

iance, and the E gene evidenced the most profound
degree of variance.

The nucleotide sequence similarity between SARS-
CoV and other coronavirus groups suggested that the
SARS-CoV sequences were most similar to G2-CoV
(p<0.001), with the exception of the E and M genes
(Fig. 2A). The E gene sequence of SARS-CoV was
found to be more similar to G1-CoV or G3-CoV than
G2-CoV (p<0.001), and the M gene sequence of
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SARS-CoV was found to be more similar to G3-CoV
than to Gl- or G2-CoV (p<0.001). When the E+M
gene concatenated sequences were taken into consid-
eration, however, SARS-CoV was found to be more
similar to G2-CoV than to G1-CoV or G3-CoV
(p<0.001).

The overall degree of amino acid similarities be-
tween SARS-CoV and the other coronavirus groups
were less profound than the nucleotide similarities
(compare Fig. 2A and Fig. 2B). Nonetheless, with the
exception of the E gene, the inter-group amino acid
sequence similarities between SARS-CoV and
G2-CoV were, again, significantly more similar than
those of Gl- or G3-CoV (p<0.001) (Fig. 2B). In the
case of the E gene, none of the coronavirus group
members were relatively similar to SARS-CoV
(p>0.05).

Analysis of the protein secondary structures

The HNN (Hierarchical Neural Network) method, a
component of the ExPASy package, allows for the
prediction of secondary structures from a given amino
acid sequence. This technique predicts the relative
percentages of each secondary structure, including al-
pha helices, extended strands, and random coils, as
well as their relative positions within the primary
structure. As the latter parameter does not readily
lend itself to quantitative analysis, the relative percen-
tages of the secondary structures predicted by HNN
for the coronavirus genes were used for purposes of
comparison. Data were obtained for the Orfla, Orflb,
S, E, M, and N genes, and none of the concatenated
sequences were included in this study, as the struc-
tures of the concatenated proteins were not able to be
determined. For easy visual comparison, the average
percentage number of each secondary structure of a
given SARS-CoV gene was plotted against that of the
corresponding gene in the other coronavirus group
representatives. As there were 3 secondary structures
(alpha-helix, extended strand, and random coil) and 6
genes (Orfla, Orflb, S, E, M, and N), each of the
scattergrams harbored 18 parameters or points (Fig.
3). Among these 18 parameters, 17 were found to be
statistically related upon the comparison of SARS-
CoV and G2-CoV, whereas only 7 and 10 were de-
termined to be statistically significantly related upon
the comparison of SARS-CoV and G1-CoV or
G3-CoV, respectively (data not shown). When the da-
ta points were plotted on a scattergram, the strongest
correlation was detected between SARS-CoV and
G2-CoV, at an ¥ of 0.970, whereas the correlation be-
tween SARS-CoV and G3-CoV was the lowest, with
an 1’ of 0.839 (Fig. 3). The equation of the regression
line for the SARS-CoV and G2-CoV pair was: Y =
099X + 042, which suggests that the secondary
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Fig. 3. Relative similarity of the secondary structures of SARS-
CoV and other coronavirus groups. Secondary, structures, including
alpha helices, extended strands, and random coils of coronavirus
proteins, were predicted using the HNN program in the ExPASy
package. The relative proportions of the 3 secondary structures of
the SARS-CoV proteins were plotted against those of the G1-, G2-
or G3-CoV proteins, using SigmaPlot. Regression analyses were
conducted for each of the scattergrams, and a regression line with
an equation, 95% confidence interval lines, and r* (regression co-
efficient) are shown in the scattergram.
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structures of SARS-CoV and G2-CoV are almost
identical in composition. Therefore, the predicted sec-
ondary structures of the non-structural and structural
genes of the coronaviruses appear to implicate
G2-CoV as the closest relative of SARS-CoV.

Discussion

The extensive molecular phylogenetic and com-
parative genomics analyses of the coronavirus ge-
nomes described in this study, in aggregate, appear to
suggest that SARS-CoV and G2-CoV are mono-
phyletic, and that SARS-CoV is evolutionary related
more closely to G2-CoV than to G1- or G3-CoV. Our
data are generally consistent with the findings of pre-
vious reports (Ksiazeck et al., 2003; Marra et al.,
2003; Rota ef al., 2003; Zeng et al., 2003; Gibbs et
al., 2004; Lio and Goldman, 2004; Zhu and Chen,
2004), but intimations and hypotheses regarding re-
combination or genomic mosaics (Rest and Mindell,
2003; Stanhope et al., 2004; Stavrinides and Guttman,
2004) were not particularly supported by our data.
Phylogenctic trees constructed on the bases of nu-
cleotide or amino acid sequences allow us to de-
termine how closely or distantly the specific sequence
of interest is related to a given known sequence.
Thus, in this study we have constructed 60 phyloge-
netic trees, using the nucleotide or amino acid se-
quences of 10 different regions from coronavirus ge-
nomes, using 3 different techniques. Regardless of the
method utilized for tree construction, the SARS-CoVs
were found to have clustered into a discrete group,
which was readily and obviously separable from the 3
previously characterized coronavirus groups. Thus,
coupled with the findings of previous reports
(Ksiazeck et al., 2003; Marra et al., 2003), our results
indicate that the SARS-CoVs constitute a 4™ group of
the genus Coronavirus. The results of our tree topo-
logical analyses revealed that the SARS-CoV and
group 2 coronavirus (G2-CoV) were monophyletic in
the majority (49 out of 60 trees) of cases. The separa-
tion between SARS CoV and G3-CoV was more evi-
dent in the trees generated in the present study than
in any of the trees gencrated in previous reports, in
which SARS CoV and IBV were either minimally
separated by very short branches, or were joined arti-
ficially at deep branches (Drosten et al., 2003; Marra
et al., 2003; Rota ef al., 2003). The exceptions to this
phenomenon were the E and M genes, which were
found to be smaller than the other coronavirus genes.
In the trees based on the E genes, SARS-CoV ap-
peared to be monophyletic with G1-CoV (nucleotide
sequence) and G3-CoV (amino acid sequence), re-
gardless of the tree-generating methods employed. In
the M gene trees constructed on the basis of nucleo-
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tide sequence, SARS-CoV was determined to be
monophyletic with G3-CoV. These results are not ex-
clusive to our study, as earlier studies conducted us-
ing M gene sequences suggested that SARS-CoV
might be monophyletic with G3-CoV (Marra et al.,
2003), thus shedding no light on the phylogenetic re-
lationship between SARS-CoV and the other corona-
virus groups (Rota et al., 2003; Zeng et al., 2003)
whereas phylogenetic analyses with longer sequences,
including the Orfla, Orflb, S, and N genes, suggested
that SARS-CoV and G2-CoV are monophyletic. Gur
exceptional results with the E and M genes may be
attributed to intrinsic genetic properties, or to the lack
of sufficient phylogenetic information, due to the
smaller size of these genes. The E and M genes of
SARS-CoV are 231 and 666 nucleotides in length, re-
spectively, whereas the S and N genes encompass
3,768 and 1,269 nucleotides, respectively. Thus, the E
and M genes harbor only approximately 18% and
52% of the information contained in the N gene. In
fact, the bootstrap value for the clustering of
SARS-CoV and G3-CoV in E protein NJ tree was
less than 70%, or 536 out of 1,000. Therefore, the
clustering of SARS-CoV and G3-CoV does not ap-
pear to be very strong for the E gene. The con-
catenation of the E and M genes resulted in an in-
crease in the gene size, as well as the amount of
available phylogenetic information. The phylogenetic
trees constructed on the basis of the E/M gene con-
catenated sequences implicated SARS-CoV as the
nearest neighbor to G2-CoV, thereby suggesting that
smaller gene size of the E and M genes may have
been the cause of their remarkable tree topologies.

The hypothesis of the mosaic nature of the
SARS-CoV genome, as advanced by Stavrinides and
Guttman (2004) and Stanhope et al. (2004), is pre-
dicated on the notion of a previous recombination
event between a mammalian coronavirus and an avian
coronavirus. This hypothesis is supported, to some de-
gree, by our findings. Our phylogenetic data showed
that the nonstructural genes (Orfla, Orflb) and S
genes clearly share a common root with mammalian
G2-CoV, whereas the E and M genes, which are lo-
cated on the 3” end of the SARS-CoV genome, are
more or less similar to avian G3-CoV. However, the
N gene, which is located at the very end of the 3’ re-
gion of SARS-CoV, appeared to be basically similar
to mammalian G2-CoV. Thus, at least two recombina-
tion events may have occurred, one between the S
and E genes and one between the M and N genes,
thereby supporting the idea of the mosaic origin of
the E and M genes of SARS-CoV.

Analyses designed to evaluate the functional relat-
edness of SARS-CoV genes and other coronavirus
groups also indicated that G2-CoV is the most closely
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related of the coronaviruses to SARS-CoV. We also
conducted analyses of the secondary structures and
codon usage characteristics of the coronavirus genes.
The data presented in Fig. 3 shows that the composi-
tion of the secondary structures in the SARS-CoV
proteins was quite consistent with those of G2-CoV,
evidencing an r° of 0.97. This result does not immedi-
ately mandate the idea that the overall tertiary struc-
ture of the SARS-CoV proteins is more similar to that
of G2-CoV than Gl- or G3-CoV, as we were able on-
ly to measure the relative proportion, and not the ex-
act position, of each of the secondary structures.
Nevertheless, the secondary structure data obtained for
the coronavirus proteins should provide some addi-
tional support to the notion that SARS-CoV is the co-
ronoviral variant most closely related to G2-CoV.

In conclusion, the results of the extensive phyloge-
netic and evolutionary analyses conducted in this
study suggested that SARS-CoV and G2-CoV are
closely related.
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