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Abstract

Host-pathogen interaction is the best example of an evolutionary arms race where pathogen
and host continuously coevolve to survive and exert negative effects on each other. The
adaptability of both host and pathogen is critical for this association. In this study, we explored
the adaptation of the severe acute respiratory syndrome (SARS) coronavirus (CoV) in humans
from the genomic and evolutionary perspectives based on a comparative analysis of SARS-
CoV2-human and Other-CoV-human interactions. We observed that human proteins that are
part of the SARS-CoV2-human association are less enriched in hubs and bottlenecks. Again,
they also take part in fewer protein complexes and show faster evolutionary rates compared to
the Other-CoV-associated human proteins. The human proteins involved in the interaction with
SARS-CoV2 are mostly longer proteins harboring long disordered stretches and a higher level
of disordered protein binding sites. Codon usage analysis also revealed that the novel
coronavirus is least adapted to codons, used in housekeeping genes and genes that get
expressed in lung tissues, compared to other two deadly coronaviruses, SARS CoV1 and
MERS CoV. We conclude that the signatures showed by SARS-CoV2-human protein interaction
network represent a model for understanding the evolutionary feature of an early stage of host-
virus association in comparison to that obtained from relatively long-term-associated host-virus

interactions, achieving higher levels of adaptation.

Importance

The current study focuses on the evolution of viruses, using novel coronavirus as a model. The
host-pathogen interaction is better viewed from molecular perspective, where host and
pathogen proteins interact and co-evolve with each other. This is even more important for
viruses, which use the host’s cellular machinery for protein synthesis. As for a deadly virus,

killing the host is inadvertent as it is also suicidal for the virus itself. A more stable association
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that is beneficial for both host and virus will require host adaptation, achievable through
evolutionary time. In this study, the deadly novel human coronavirus has been viewed as the
early stage of host viral interaction, which has been achieved through a more random way, with
lower adaptation to host codons compared to the other human coronaviruses, having more

stable host-association for being evolutionarily older.
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Host-pathogen interaction; SARS-CoV2; viral evolution; codon usage; protein intrinsic disorder.
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1. Introduction

The recent COVID-19 pandemic caused by the novel coronavirus SARS-CoV2 has been a
serious threat to global public health, with its effects persisting throughout most countries and
continents. Since the last two and a half years, a plethora of research articles were published to
explore the origin and the nature of the virus (40, 50, 70, 77), the molecular basis underlying the
infection (59, 64, 74), the epidemiology of the disease (6, 24, 32), the impact on human
population (2, 3, 42), the protection strategies from the virus (1, 66, 95) among the many
aspects of SARS-CoV2 infection. The high infectivity and mortality rates among the SARS-
CoV2 patients had influenced these studies and accelerated the development of therapeutic
and prophylactic measurements against SARS-CoV2 throughout the globe (7, 38). This
pandemic situation further initiated the discovery of efficient treatments like convalescent
plasma therapy (17, 33), the use of monoclonal antibodies (56, 58, 92), the development of
repurposed drugs (293 drugs as of 10™ June 2022) (60) and more than 30 vaccines

(https://www.who.int/emergencies/diseases/novel-coronavirus-2019/covid-19-vaccines) were

approved globally. However, the challenges had been very tough due to the accumulation of
mutations leading to the generation of different SARS-CoV2 variants including the emergence of
alpha and beta variants in December 2020 to the omicron in November 2021 (53, 78).

The horseshoe bats (Rhinolophus spp.) are the reservoir hosts of coronaviruses, including the
SARS CoV1 and SARS-CoV2 (72, 90, 97), with a few reports indicating pangolins as the
intermediate host (47, 55, 94). The high genomic sequence similarity (~99.99%) of SARS-CoV2
isolates from different patients suggests a very recent host-shift to humans. Thus, from the
perspective of molecular evolution, it is showing a real-time view of viral evolution to adapt to a

novel host from a naive population without any prior exposure to the virus.
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75  The protein-protein interactions are crucial components in the molecular crosstalk between host
76  and pathogen during infection. Such interactions are necessary for the establishment of the
77  pathogen and its multiplication inside the host. For a novel pathogen, interactions are often
78 random and may lead to severe consequences in the host. However, from the perspective of
79  pathogens, killing the host is suicidal and extreme virulence is, therefore, not a sustainable
80  evolutionary solution. Instead, the pathogen undergoes evolutionary selection within the host's
81 body, gradually adapting to the host environment over time. This process shapes the
82  coevolutionary dynamics of host-pathogen interactions. Thus, the increasing multiplication and
83  exposure to the human subpopulations provides the novel virus a large evolutionary space to
84  form mutant variants, evolutionarily equipped to survive and reproduce (53, 78).

85  The novel coronavirus SARS-CoV2 is the newest member of the coronavirus family, belonging
86 to the Sarbecovirus subgenus (genus Betacoronavirus) (49). It is a close relative to the animal
87  coronaviruses discovered early in the twentieth century and the third coronavirus known to be
88 pathogenic for humans (79). Although, until recent times the effect of human-infecting
89  coronaviruses (namely Human coronaviruses HCoV-229E, HCoV-OC43, HCoV-NL63, and
90 HCoV-HKUL1) was only limited to mild symptoms comparable to the common cold (54). On the
91 other hand, the outbreak of severe acute respiratory syndrome (SARS) coronavirus in 2003
92  (SARS CoV) caused the death of more than 700 people globally. The Middle East Respiratory
93  Syndrome Coronavirus (MERS-CoV) was initially identified in Saudi Arabia in 2012. This virus
94  follows a zoonotic mode of transmission, being spread to humans from dromedary camels that
95  were their major reservoir host. The disease has a high death rate of about 35% of the infected
96 persons, affecting about 1400 individuals in South Korea and Middle East countries, like Saudi
97  Arabia, United Arab Emirates, Jordan, Qatar, Oman, and Iran. The severity of infections caused
98 by these viruses is much lower compared to SARS-CoV2, where the host-virus interaction is
99  expressing a naive state compared to the evolutionarily older coronavirus strains. The recent
100 pandemic caused by SARS-CoV2 lead to nearly 7 million deaths and over 700 million infected

5
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101  persons globally as of July 2023.TheSARS-CoV2 has 79.7% sequence similarity with the
102 SARS-CoV of 2003 (98), the highest compared to other pathogenic coronaviruses. The
103  devastations were as extreme as more than 100,000 global deaths per day. Apart from the huge
104  number of casualties, the socioeconomic distress caused by the pandemic is likely to last longer
105 than anticipated.

106  Additionally, it does not change the fact that the interactions with human proteins for both the
107 SARS-CoV2 and other coronaviruses may control the severity of these infections, influencing
108 the biological function of the human proteins. However, with time, human-coronavirus
109 interaction is supposed to undergo coevolution leading to their coexistence. Such a scenario
110 may be feasible by purifying and stabilizing selections and/or changing the pattern of the host-
111  pathogen interaction from “by chance” to “by choice”. Moreover, other preventive measures of
112  the disease such as passive immunization or vaccination will certainly help to stop the disease
113  transmission or may imply further selection pressure to generate vaccine-resistant variants (57).
114  lIrrespective of the outcome, it is obvious that the first report of human-SARS-CoV2 interaction
115 data published in 2020 represents an early stage of host-pathogen interaction compared to the
116  available interactome data of human and other coronavirus proteins accumulated over time.

117  Studies with pathogen-human protein-protein interaction networks have suggested a high
118  degree centrality of human proteins interacting with pathogen proteins, which is consistent for
119 viral, bacterial, protozoan and fungal pathogens (4, 22, 30, 63). The novel coronavirus SARS-
120 CoV2, however, is only recently infected its human host and hence, has earned very little time
121 to evolve with the host, which should be reflected to the pathogen-human protein-protein
122 interaction (PHPPI) network. The human-SARS-CoV2 PPI network, therefore, represents an
123  early stage of viral adaptation to the host environment. On the contrary, the other deadly
124  coronaviruses with relatively long-term association with human hosts have undergone
125  coevolutionary processes, stabilizing the host-virus interaction. In this study, we explored the
126 human coronavirus interactome data for SARS-CoV2 and other coronaviruses and compared

6
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127  the attributes of the human proteins involved in these two groups. The study aims to understand
128  how the interactions between human and SARS-CoV proteins become feasible by accounting
129  the roles of human proteins and their associated protein-interaction network features that
130 facilitate their interaction with the nCoV proteins, despite humans being a novel host for the
131  viruses.

132

133 2. Materials and Methods

134  2.1. Sequence data

135 The coding sequences (CDS) for MERS and SARS coronaviruses were obtained using the
136 NCBI GenBank (10) (NCBI Reference Sequences NC _019843.3, NC _004718.3 and
137 NC_045512 for MERS-CoV, SARS-CoV1 and SARS-CoV2, respectively). The Human CDS
138  sequences were obtained using the Biomart interface of Ensembl (93). Human protein
139 sequences were obtained from the UniProt (85) [proteome ID: UP000005640]. We have
140  selected the ‘reviewed proteome only, which leads to a list of 20360 proteins and their

141  corresponding amino acid sequences.

142  2.2. Protein-protein interaction data

143  The human-SARS-CoV2 protein-protein interaction data was obtained from recent large-scale
144  studies (8, 9, 12-14, 18, 23, 35-37, 43, 44, 46, 48, 50, 73, 76, 80, 81) dealing with at least 10
145 interactions. After removing the redundant interactions, we obtained a total of 12271 human-
146  SARS-CoV2 interacting pairs involving 4669 human proteins. The interaction of human proteins

147 with other coronavirus proteins was obtained from the H2V database (96)

148 (http://www.datjar.com:40090/h2v/downloaddata/) that includes MERS-CoV and SARS-CoV1

149  and their interacting protein partners in human. A total of 296 and 1162 human-virus interactions

150 were obtained for MERS-CoV and SARS-CoV1 respectively, involving a total of 1306 human
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151  proteins interacting with coronaviruses other than SARS-CoV2 (mentioned as Other-CoVs
152 throughout the manuscript). Finally, we classified human proteins based on their interaction
153  statuses with coronavirus proteins to obtain 3704 SARS-CoV2 interacting proteins, 341 Other-
154  CoV interacting proteins, 965 proteins interacting with both these groups (SARS-CoV2 and
155  Other-CoV) and 15371 proteins (noninteracting) without any reported interaction with any

156 coronaviruses.

157  The human protein-protein interaction network was obtained from the supplementary data of
158 Cheng et al. (19), which provides a comprehensive list of human protein-protein interaction
159  networks collected from established PPI databases, namely IntAct (65), InnateDB (11), PINA
160 (21), HPRD (68), BioGRID (16), MINT (52) etc. The Entrez gene IDs were converted to
161  corresponding UniProt IDs using UniProt's ID conversion tool. The final data contains 214412
162 interactions involving 15580 human proteins. The human PPI network was analyzed using the
163  NetworkAnalyzer plugin of Cytoscape 3.8.1 (75) to determine the degree and betweenness
164  centrality of human proteins. The top 20% proteins having the higher degree and betweenness

165  centrality were considered as hubs and bottlenecks, respectively (4).

166  2.3. Protein intrinsic disorder and disordered protein binding sites

167  The intrinsic disorder of human proteins was predicted using the IUPred 2A (26), where each
168 amino acid residue in a protein is provided with a disorder score ranging from 0 to 1. In IUPred,
169 the residues with a score of = 0.5 are considered disordered residues, and the consecutive
170  stretches of = 30 amino acid-long disordered residues are considered as long-disordered
171  regions. An in-house PERL script was used to determine long disordered regions of human
172 proteins (4). The disordered binding regions were calculated using the ANCHOR2 webserver
173  (27). In addition, the Molecular Recognition Features (MoRFs) of human disordered proteins

174  interacting with coronavirus proteins were obtained from thefMoRFpred webserver (25), where
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175 each amino acid in a disordered protein is classified as MoRF or non-MoRF residue.
176  Consecutive stretches of = 5MoRF residues were considered as the regions responsible for
177  disordered protein binding (MoRF regions) and the number of such regions in each human

178  protein were calculated using the in-house PERL script.

179  2.4. Evolutionary Rate

180 The evolutionary rates of human proteins were obtained from the Ensembl Biomart (93) as the
181  ratio of the nonsynonymous nucleotide substitutions per nonsynonymous sites and synonymous
182  nucleotide substitutions per synonymous sites (i.e., dN/dS ratio) for each human protein, with
183  their 1:1 orthologous mouse proteins. The mutation saturation was controlled by removing all

184  proteins having dS values >3 (5).

185 2.5. Functional enrichment

186  Functional enrichment analysis was accomplished using the Gene Ontology (GO) terms (34) for
187  all the GO domains using the GOrilla webserver (31). We compared human proteins interacting
188  with SARS-CoV2 with those interacting with Other-CoVs using the former as target and the
189 latter as background in the GOirilla to obtain enriched functions along with the enrichment

190 scores.

191 2.6. Housekeeping and lung-specific genes

192 Human housekeeping genes were obtained from the HRTAtlas 1.0 database (39), which
193  presents the human housekeeping genes that are stably expressed in 52 tissues and cell types.
194  We obtained a final list of 2071 non-redundant protein-coding housekeeping genes. The genes
195 expressed in the lungs were obtained from the Human Protein Atlas using the Tissue Atlas for
196 lung transcriptome (84). We have selected a final list of 190 protein-coding genes that are

197  selectively elevated in the lungs.
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198 2.7. Codon usage

199 The frequency of each codon were calculated using the ‘cusp’ function of the EMBOSS, an

200 open-source software package (71). The function cusp calculates the codon usage for one or
201  more nucleotide coding sequences and provides a tabulated output, using desired CDS

202  sequences. The codon composition of human coronavirus CDS and that of the human

203  housekeeping and lung-specific genes were calculated using the ‘cusp’ function. Similarly, the
204  CDS sequences of viral proteins for the three coronaviruses were used to determine their codon
205 usages. The expected number of each codon, given the input sequence(s), per 1000 bases

206  were correlated for each coronavirus CDSs with that of human housekeeping (HK) and lung-
207  specific (Lung) genes, thereby obtaining the Pearson correlation coefficient (PCC) for each

208 combination (HK-MERS, HK-SARS1, HK-SARS2 and Lung-MERS, Lung-SARS1, Lung-

209 SARS2).

210 3. Results

211 3.1. Network centrality of human proteins interacting with coronaviruses

212 Human proteins were differentiated based on their interaction statuses with the proteins of
213 human coronaviruses using the H2V database (96) and the available high-throughput protein
214  interaction datasets (see Methods). The analyses resulted in 3704 SARS-CoV2 interacting
215  proteins, 341 other CoV interacting proteins, 965 proteins interacting with both these groups
216  (SARS-CoV2 and Other-CoV) and 15371 non-interacting proteins which imply no reported
217  interaction with none of the coronaviruses. We identified the central proteins in the human
218  protein-protein interaction (PPI) network using the human high-throughput PPI network data
219 reported by Cheng et al. (19). We obtained the hubs and the bottlenecks in human PPI network
220 using the degree and betweenness centrality values, respectively (see methods). These central

221  proteins are thought to be the prime targets of pathogens and are involved in pathogen-host
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222  protein-protein interaction network (4).0Our comparative analysis with high-throughput protein
223  interaction data suggested that the noninteracting group contains the lowest proportion of hubs
224 and bottlenecks (Figure 1). However, human proteins interacting with SARS-CoV2 contain a
225 lower proportion of hubs and bottlenecks than those interacting with other coronaviruses
226 (Figurel). The result indicates two observations: firstly, the SARS coronaviruses mainly target
227  host proteins with higher connectivity, as revealed in earlier studies with other pathogens (4,
228  29). Secondly, the SARS-CoV2 interacts with less-central human proteins than other-CoVs.
229  This is expected as the novel SARS-CoV2 has no prior exposure to host cellular conditions,
230 whereas the virus-human PPl network in evolutionarily ‘older’ coronaviruses (Other-CoV)

231  represents a relatively more stable coevolutionary association.
232 3.2. Intrinsic disorder of human proteins interacting with coronaviruses

233 Protein intrinsic disorder plays an important role in the host-pathogen protein-protein interaction
234  network (69) as it provides flexibility to protein structure to promote low-affinity interactions
235  between proteins (4, 67). The increased flexibility of the host's disordered proteins allows host-
236  pathogen protein interactions, which otherwise remain unfeasible (4). For a detailed
237  understanding of this scenario from the coronavirus perspective, the human proteins interacting
238  with SARS-CoV?2 proteins and those interacting with other coronaviruses were examined, using
239 the IUPred protein intrinsic disorder prediction algorithm. Interestingly, we observed that the
240  human proteins interacting with SARS-CoV2 have significantly more long disordered stretches
241  and more disordered residues than those interacting with other coronaviruses, followed by
242 proteins interacting with both CoVs and non-interacting proteins (Table 1). However, when we
243 compared the length of human proteins, we observed that the SARS-CoV2-interacting human
244  proteins are significantly longer (Table 1, P = 7.89 x 107*?, Mann-Whitney test between two

245  groups) than those interacting with Other-CoVs.
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246  3.3. Molecular Recognition Features

247  Intrinsically disordered regions within a protein often contain specialized regions that undergo
248  disorder-to-order transition during the physical interaction with their binding partners. These
249  regions, known as Molecular Recognition Features (MoRFs), contain the amino acid residues
250 which are important for protein-protein interactions (25, 86). The amino acid residues in an
251  intrinsically disordered protein can be classified into MORF and non-MoRF residues, with the
252  former playing vital roles in protein-protein interaction (67), including the pathogen-host protein-
253  protein interactions during infections (4). The abundance of MoRF residues in human-
254  disordered proteins interacting with coronaviruses was calculated using the fMoRFpred
255 webserver (25). Interestingly, it was observed that the SARS-CoV2-interacting human
256  disordered proteins contain a higher number of MoRF residues which may contribute to their
257  interaction with the viral proteins (Table 1). Also, it suggests that the novel host-virus interaction

258 utilizes the disorder-binding residues of host proteins to facilitate their association.
259  3.4. Protein complex association

260 The protein complex association measures the association of a protein to macromolecular
261  complexes involving other proteins to perform the destined function of the complexes. The
262  involvement of a protein in different complexes, often known as protein complex humber (PCN)
263 (15), can be a suitable measurement of the number of functions (multifunctionality) in which the
264  protein is involved. Here, the protein complex association of human proteins interacting with
265 SARS-CoV2 and other coronaviruses revealed that the latter group is associated with more
266 protein complexes followed by SARS-CoV2 (PCNothercov = 3.729; PCNsarscove = 3.469;
267 PCNnoninteracting = 3.028; PCNgoth = 2.976; P = 2.57 x 107*, Kruskal-Wallis test). Nonetheless, this
268 is fairly expected for the novel virus and on the other hand, relatively more evolved other

269  coronaviruses are capable to hijack more protein complexes in the human PPI network.
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270  3.5. Evolutionary rate

271  The evolutionary rate of a protein depicts the change in its amino acid sequence over the
272 evolutionary timescale. Highly expressed proteins evolve slower, due to the functional
273 constraints imposed on them, particularly, because of their high cellular demand (28). Such
274  proteins are more often targeted by pathogenic proteins, as their slower rate of evolution is
275  beneficial to the pathogens for sustained interaction over evolutionary timescale. For a novel
276  pathogen, the interactions with host proteins may represent an early stage of this coevolution,
277  where the target proteins are mostly random, and the evolutionary rate of such targets may be
278  higher than that emerged from coevolved interactions. To further explore this, we have studied
279 the evolutionary rate of human proteins interacting with different coronaviruses, using 1:1
280 mouse orthologs (see materials and methods). We observed that the novel coronavirus
281 interacts with slightly faster evolving human proteins than other coronaviruses, although the
282 difference of interaction between these two groups is small (Pgy = 4.76 x 1072, Pgygs = 1.09x%
283 107!, Mann Whitney test). Nevertheless, the noninteracting human proteins evolve at quite a fast
284  rate (Figure 2, Pgy= 2.68 x 107*%, Pgyas = 5.97 x 107"3, Kruskal-Wallis test). This trend supports
285  our hypothesis that the novel coronavirus, being only recently adapted to the human host is yet
286  to undergo extended co-evolutionary processes and represent the initial stage of host-pathogen

287  coevolution.
288  3.6. Functional enrichment analysis

289  The functional enrichment of SARS-CoV2 and Other CoV-interacting human proteins were
290 compared using the GOrilla webserver using default parameters for all the Gene Ontology (GO)
291 terms. The GO biological process and molecular function domains did not show any difference
292  between the groups. The difference was observed only for GO cellular component, where the

293  SARS-CoV2 interacting human genes were localized in cell membrane, as well as in the
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294  endoplasmic reticulum and Golgi apparatus (Figure 3), indicating that these human proteins
295 may be involved in cellular transport system, and are hijacked by the SARS-CoV2 upon

296 infection.

297 3.7.Codon usage

298 The function of genes relies on their encoded proteins, which form the desired three-
299 dimensional structure attributed due to the interactions of its constituent amino acids. However,
300 for functional attributes, the desired expression of these proteins, often represented as the
301 ‘translational efficiency’, is crucial. After the mRNA recognition by the ribosomes, an efficient
302 translation rate depends on the abundance of aminoacylated tRNAs, which interact with codons
303 on mRNAs via their anticodons. Therefore, all possible codon combinations that encode the
304 same amino acid chain do not necessarily have the same translational efficiency, though they
305 share identical sequences (87). Viral pathogens that depend on host cellular machinery
306 including the host aminoacylated tRNAs for the translation of their proteins should prefer a
307 higher translation rate to facilitate their multiplication and propagation in new host cells/tissues
308 (61), and this can be facilitated by using similar codon usage with host proteins. We used the
309 EMBOSS (71) tool to determine the frequency of each codon from MERS-CoV, SARS-CoV1
310 and SARS-CoV2. The codon usage pattern was correlated with human housekeeping (N =
311 2070) and lung-specific (N = 186) genes using the Pearson correlation coefficient (PCC) to
312 understand the codon adaptability of these coronavirus genes. The SARS-CoV2 showed the
313 lowest codon adaptation (PCChousekeeping = 0.259; PCCyyng = 0.052) in contrast to the MERS-CoV
314 (PCChrousekeeping = 0.349; PCCyyng = 0.172) and the SARS-CoV1 (PCChrousekeeping = 0.401; PCCyyng =
315 0.213) with respect to both the housekeeping and the lung-specific genes (Figure 4). The
316  correlation values suggest that both the SARS-CoV1 and MERS-CoV are better codon-adapted
317  with housekeeping as well as lung-specific gene, compared to theSARS-CoV2, which has just

318  started adapting to its novel host.
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319 4. Discussion

320 The host-pathogen coevolution has been a popular area of research for ages, where the hosts
321 are exploited by the pathogens for their survival and reproduction, causing several ailments
322 including life-threatening diseases. Although, host-pathogen interaction is better explainable
323 under their coevolutionary dynamics, it is difficult to portray due to the complex nature of the
324 interactions at the cellular, molecular, and biochemical levels, and/or the availability of only a
325  snapshot of these interactions at any point of time. Of particular importance, viruses, utilize their
326  host cellular machinery to synthesize the proteins required for survival, reproduction, immune
327 evasion and disease progression (89). For a deadly virus, like SARS-CoV2, it is not easy to
328 establish a sustainable coevolutionary relationship with the novel host, as its deadly effects
329 often kill the host, hampering the propagation of the virus. However, with time, molecular
330 interactions between host and virus usually get stabilized, forming a stable PHPPI network,
331  resulting in coexistence. In this study, we compared the virus-host interactome of the novel
332  coronavirus SARS-CoV2 and the other major human coronaviruses, namely SARS-CoV1 and
333 MERS-CoV to understand the adaptation and establishment of SARS-CoV2 in humans. Most
334  viruses target host proteins with a high degree and betweenness centrality. These proteins play
335 important roles in the host cellular processes and assist pathogens to gain control over the host
336 PPI network. However, theSARS-CoV2-interacting human proteins are less central than those
337 interacting with other coronaviruses, which are presumably more adapted to their host, having
338 relatively long-term coevolutionary relationships. This suggests that the novel host-pathogen
339  protein interactions may have been initiated by chance. However, the random nonspecific
340 protein interactions are often attributed by the intrinsically disordered stretches present in its
341  structure (4). The SARS-CoV2-human protein interaction network also revealed more
342 interaction with the intrinsically disordered proteins with a high number of disordered protein

343  binding sites promoting low-affinity interactions. The human proteins attacked by SARS-CoV2
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344  are mostly localized in cell membrane, Golgi apparatus and endoplasmic reticulum, indicating
345 that the virus utilizes the cellular transport system (Figure 3). Moreover, we also observed that
346  the protein length is also a major determinant of host-virus interaction, as longer proteins have a
347  higher probability of harboring intrinsically disordered residues and disordered protein binding
348  motifs. So, their abundance, but not density, is the key determinant, and this promotes the host-
349  pathogen interactions ‘by chance’. Furthermore, to survive and multiply in the host’'s body and
350 utilize the host cellular machinery, the virus needs to adapt to host codon usage preferences.
351  The host tRNA pool and codon usage remain optimized for the expression of the host proteins
352  (88). For a novel host-virus association, this is merely a chance factor that the host tRNA pool
353  will support the codons used in the viral proteome. However, with time, viruses may adapt to
354  host codon usage preferences for maintaining optimum efficiency in their multiplication. We
355 used the codon usage pattern of the human housekeeping genes and the genes specifically
356 enriched in the lung tissues and correlated with the individual coronavirus CDSs. The
357 housekeeping genes need a steady expression in all tissues and the required cognate tRNAs
358 should be maintained at a steady level for their expression. Whereas, genes expressed in the
359 lung, one of the sensitive sites for colonization and infection of the coronaviruses, should
360 maintain a steady cognate tRNA pool. A lower correlation (PCC) in the codon usage pattern
361 ofSARS-CoV2 with both the human housekeeping and lung-specific proteome was observed
362 than that of MERS-CoV and SARS-CoV1 suggesting a better adaptation in the evolutionarily

363  ‘older viruses to host’s codons and tRNA pool in contrast to the novel coronavirus.

364 5. Conclusion

365  This study is aimed at the understanding of viral evolution in a novel host from the perspective
366  of pathogen-host PPI network, using human coronaviruses. The novel coronavirus SARS-CoV2
367 was found to bear early signatures of pathogen-host PPl network, where the pathogen utilizes

368 host proteins with higher connectivity, in particular the longer ones bearing intrinsically

16


https://doi.org/10.1101/2024.01.12.575398

369

370

371

372

373

374

375

376

377

bioRxiv preprint doi: https://doi.org/10.1101/2024.01.12.575398; this version posted January 15, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

disordered stretches, compared to the other human coronaviruses. The SARS-CoV2 shows
lowest codon adaptation to human, further suggesting that this virus is in its early stage of host-
association. Together, these results indicate that SARS-CoV2, a novel and deadly human
coronavirus, has recently been adapted to its human host, utilizing the intrinsic disordered
residues. The virus has not yet fully adapted to the human cellular and molecular network and
that of codon usage pattern, but preferentially exploiting the central proteins, particularly

bottlenecks for its deadly pathogenicity and disease progression.
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Legends to the figures

Figure 1. The percentage of A. hubs and B. bottlenecks in human proteins grouped according
to the coronavirus interacting status. All the differences are statistically significant except the

marked ones.

Figure 2. Evolutionary rate of human proteins grouped according to the coronavirus interacting
status. dN and dN/dS values with 1:1 mouse orthologs were used to calculate the evolutionary

rate of proteins.

Figure 3. Functional enrichment analysis of human proteins interacting with SARS-CoV2

compared to Other-CoVs, based on Gene Ontology (GO) enrichment in the GOrilla webserver.

Figure 4. Codon usage correlation of MERS-CoV, SARS-CoV1l and SARS-CoV2 with the
human housekeeping (HK) and the lung-specific (Lung) genes, using Pearson correlation

coefficient.
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