Natural infection of delta mutant of SARS-CoV2 in Asiatic Lions of India
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Abstract

The current pandemic caused by a novel coronavirus named as SARS-CoV2 has underlined the importance of emerging diseases of zoonotic importance. Along with human beings, several species of wild and pet animals have been demonstrated to be infected by SARS-CoV2, both naturally and experimentally. Additionally, with constant emergence of new variants, the species susceptibility might further change, warranting intensification of screening efforts. India is a vast and second most populated country, with a habitat of a very diverse range of animal species. In this study we are reporting infection of SARS-CoV2 in captive Asiatic lions. Detailed characterization revealed involvement of delta mutant (Pango lineage B.1.617.2) of SARS-CoV2 at two different locations. Interestingly, no other feline species enclosed in the zoo/park was found infected. The epidemiological and molecular analysis in this study will contribute to the understanding of SARS-CoV2 emerging mutants in wild and domesticated animals.  
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Entire world is currently struggling with the pandemic of Coronavirus Disease 2019 (COVID-19), caused by newly emerged beta coronavirus (Gorbalenya et al., 2020).  With current understanding, somewhere in December 2019 in Wuhan, Hubei Province of China, a novel coronavirus named SARS-CoV2 jumped to human species from bats, probably through one more intermediate host (Zhu et al., 2020). Disease is characterised by development of atypical pneumonia and pyrexia which was later termed by WHO as COVID-19 (https://www.who.int).  The closest ancestor of SARS-CoV-2 is bat coronavirus (RaTG13-2013), however the origin of SARS-CoV2 is still unknown (Zhou et al., 2020; Andersen et al., 2020). Multiple host species are being investigated to pin-point the source of origin and also to identify possible reservoir hosts. With constant emergence of new variants of concerns, this screening exercise in animals becomes utmost important.
Virus has spread to almost all the countries in very short period of time, and by June 2021, over 177 million people were infected and more than 0.38 million had died (https://www.who.int/emergencies/diseases/novel-coronavirus-2019; accessed 20 June 2021).  
Several lineages/ clades and its sub-lineages have emerged due to accumulation of mutations during spread in the population. Among several variants of concern (VOC), delta mutant (Pango lineage B.1.617.2), first identified in the month of Oct-2020 in India, is currently spreading to other parts of the world, and by 15-June 2021, it has been reported from more than 80 countries (https://www.who.int). India first reported COVID-19 cases on Feb-15-2020, which quickly spread to the entire country, and about 11.5 million cases were confirmed from Feb-2020 to March-2021. With rise in the cases COVID-19 involving delta mutant, additional about 18 million people were tested positive in just three months (from April-21 to June-21) (https://www.icmr.gov.in/).
India is a vast and second most populated country. COVID19 has badly struck the country infecting several million people. The country is also rich in flora and fauna, with several species of wildlife, reptiles and birds living as free ranging as well in captivity. Close association with human beings often resulted in enhanced risk of zoonotic transmission. SARS-CoV-2 has shown to infect different mammalian species including mink, dogs, cats, and panthera species (McAloose et al., 2020; Sit et al., 2020; Newman et al., 2020; Oreshkova et al., 2020).  Recent  detection  of  this virus in pet, zoo, wild, and farm animals has necessitated  the  inquiry regarding the zoonotic (animal-to-human)  and  reverse  zoonotic  (human-to-animal)  transmissibility  of  SARS-CoV-2 with the potential of COVID-19 pandemic evolving into a panzootic (Mallapaty, 2021). We have been continuously screening wild animals with any clinical respiratory signs and dead animals for SARS-CoV2 since the beginning of the pandemic. However, no animal species was found positive in India till April 2021. Screening was intensified with exponential rise in SARS-CoV2 cases in India after April 2021.
In this study, we report natural infection of SARS-CoV-2 in captive Asiatic lions (Panthera leo persica) at two different locations in India and provide detailed genomic characterization of the infecting virus. This is the second incidences of infection in Asiatic lions, before that, 8 animals were found positive in Nehru zoological park, Hyderabad of India (https://www.thehindu.com/news/cities/Hyderabad/eight-asiatic-lions-test-positive-for-coronavirus-in-hyderabad-zoo/article34480453.ece). These were the first confirmed animal infection with Delta variants of SARS-CoV2 in India. 
Results 

Clinical and epidemiological investigations 

Case1: Etawah Safari Park located in Etawah district of Uttar Pradesh, India (26.7680° N, 79.0009° E). It includes multiple safaris (Deer, antelopes, leopard, and bear) and more importantly lion safari with Asiatic lion breeding centre. Currently, 18 Asiatic lions (2 cubs, 8 Male and 8 female) are housed.
On 30th April 2021, two adult Asiatic lionesses, namely Jennifer,  aged 7 years (Lion 1) and Gauri, aged 4 years (Lion 2) developed symptoms of increased respiratory rate with distress, anorexia, fever (105.6F & 104.5F), mild epitaxies, and increased water intake. Both the lionesses were housed in separate but closely located enclosures. With the appearance of symptoms, animals were isolated and symptomatic treatment was initiated. The clinical samples (blood, serum, nasopharyngeal and rectal swabs) were collected and submitted for laboratory investigations. Haemato-biochemical values indicated compromised (secondary bacterial infection, liver and kidney functions) health status of both lionesses. Samples were screened by real-time PCR for SARS-CoV2 followed by Sanger sequencing of S, N and E genes to confirm the findings. Both the animals were declared to be positive for SARS-CoV2 on May 4th 2021. Subsequently, swabs samples from all other felines housed in separate enclosures of the safari were also collected and tested negative for SARS-CoV2. Infected animals responded to symptomatic treatment with fluid therapy, antibiotics and nutritional supplements. Total leukocyte count, absolute neutrophil count, ALT, AST, BUN and creatinine exhibited an increasing trend in both the lions from 2nd to 30th May 2021. These parameters started normalizing from May 25th and came down to normal limits after June 5th. Animals were again screened after 4 days i.e. on 4th May 2021 and found to be infected with SARS-CoV2 (Table S1). Both the animals showed clinical signs up to 30th May 2021 but the animals showed recovery from 25th May with diet intake restored to ~4.5 kgs of buffalo meat daily. Samples were collected on 21 days post detection and were found to have a negative SARS-CoV2 genome.
Oral and nasopharyngeal samples were collected from all the zoo staff on 4th May and tested by real-time PCR, but everyone was negative for SARS-CoV2. However, the veterinarian who was treating the Infected Lions developed clinical symptoms on 6th May and found positive in real-time PCR. He recovered uneventfully after 15 days.
Case 2: Nahargarh Biological Park, a part of the Nahargarh sanctuary, is located about 12 km from Jaipur, Rajasthan India (27.0161° N, 75.8645° E). This park housed several wild animals including lions, tiger leopard etc. The lions are housed separately at Lion Safari which is somewhat distant to enclosures of other species. On May 7th one male lion namely Tripur aged 5 years (Lion 3) developed mild clinical signs like anorexia and dullness, but not pyrexia. Immediately, the animal was isolated and subjected to symptomatic treatment. As by the time, advisory to all zoo authorities were issued due to detection of positive cases in lions, hence all the feline species in the zoo including ailing animal (Lion 3) were immediately screened for SARS-CoV2. Diagnostic investigations were performed similarly as done in the case 1, and only one animal i.e. Lion-3 was found positive for SARS-CoV2. All the other samples were found negative. Animals were provided with symptomatic and supportive treatment. The mild symptoms quickly disappeared and the infected animal recovered uneventfully. Samples tested after 14 days of infection were found negative for SARS-CoV2 genome. Subsequent to detection of SARS-CoV2 in Lion 3, entire staff members of the zoo were tested and no one was found positive. Unlike case 1, no staff developed any clinical symptoms in the next 15 days for COVID19. 
Detection of SARS-CoV-2 in affected animals
Detailed diagnostic investigation was initiated with onset of clinical symptoms in the animals. Animals were physically examined and blood profile was estimated. Nasal swabs, oropharyngeal swabs, and rectal swabs in VTM were submitted to ICAR-Indian Veterinary Research Institute, Bareilly UP for SARS-CoV2 and other associated pathogens. Samples were found positive for SARS CoV2 with primers and probes targeting RdRP, E gene and ORF1 (HKU) genes as described by WHO (Table S2). Complete nucleotide sequence S, E and N genes of SARS-CoV2 were immediately generated by the Sanger sequencing method to confirm SARS-CoV2. Primers used for amplification of these genes were designed in the laboratory and are listed (Table S2). Samples were again collected on 4 and 21 days post appearance of symptoms. Animals became negative for the genome of SARS-CoV2 on 21 days post appearance of clinical cases. Only Asiatic Lions but not any other Panthera species which were housed in the same parks/ zoos, were found positive for SARS-CoV2 genome. Virus isolation 

Nasal and oral swabs of two positive animals were attempted by blindly passaging on confluent Vero E6 cells. However, even after 5 blind passages, no CPE appeared in any sample. Also real-time PCR of cell culture supernatant did not indicate any virus replication. Further attempts are being made to isolate the virus including by RNA trasnfection method.
Non SARS-CoV2 pathogens 

Blood smears of all the animals were analysed and ruled out for presence of any haemoprotozoan or rickettisial parasites. Total nucleic acid extracted from the swabs samples were screened by real-time PCR for other viral pathogens such as Canine Distemper virus (Frisk et al., 1997; Bhatt, 2019), Feline panleukopenia virus (Mochizuki et al., 1996), Feline herpes virus (Sykes et al., 2001) and Feline Calcivirus (Sykes et al., 2001), and highly pathogenic Avian influenza (H5 and H7; Spackman et al., 2002). 
Virus neutralization test
The sequential serum samples collected on 1, 4 and 21 days post infection were evaluated by serum neutralization assay. Titer of 64 was observed in Lion 1 and 3 on day 1 whereas Lion 2 showed titer of 128. Titers remain unchanged on day 4 but increased to 128 in Lion 1 and 3 and 256 in case of Lion 2. 
Comparative genomics and phylogenetic analysis 
Complete genome sequences of SARS-CoV2 detected in the Asiatic lions of each case (one from symptomatic and another from asymptomatic) were generated directly from the nasal and rectal swabs. Compared to the Wuhan-Hu-1 sequence (GenBank accession number NC_045512), Lion 1 contained 32 polymorphisms (SNPs) of which 28 were in the coding regions and 04 were present in intergenic regions (Fig. 1 and Table S3). Out of 28, 06 resulted in synonymous mutations. Total of 07 amino acid mutations were found in the spike protein when compared to Wuhan-Hu-1 virus.

Lion 3 contained 28 polymorphisms (SNPs) compared to reference virus genomes of which 25 were present in the coding and 3 in the intergenic regions (Fig. 1) and only 2 substitutions resulted in synonymous mutations. Total of 06 amino acid mutations were found in the spike proteins in comparison to the reference virus.

A total of 20 nucleotide sites differ between the two lion’s samples of which only 1 was in non-coding region.

Phylogenetic analysis consisting of representative sequences of all the clades showed that both the lion samples clustered into common SARS-CoV-2 G-clade (GISAID classification) or Delta variant (B.1.617.2 pango lineage) (Fig. 2). Both viruses showed a close relationship with each other. Both viruses also showed close relationship with the consensus sequences of Delta mutant virus found in this region in humans at the time of detection (UP-April-21).

The findings were also corroborated through haplotype network analysis of the sequences using the Median-joining method in PopArt analysis tool (Fig 3). It was evident that both the virus and UP-April 21 consensus sequences emerged from Clade G.

In comparison with Delta mutants circulating in human population in the area it was observed that Lion 1 showed substitution of only 2 amino acids, whereas Lion 3 showed 7 amino acid substitutions of which 5 were in ORF1ab region and one each in ORF8 and N gene regions (Fig 1). 

Discussion 
In this study we are reporting the susceptibility of Asiatic lions to Delta mutant SARS-CoV2. In case 1, two out of 18 lions were found positive whereas in Case 2, only one out of 3 lions was found positive. Another 15 other panther species were found negative. On day 1, Lion 1 showed weak amplification with average Ct value of 34.0 whereas Lion 2 showed average Ct values 30.7, which could be possible during either very early infection or very late infection stage. Lion 2 developed only mild clinical symptoms and recovered uneventfully, whereas Lion 1 developed respiratory distress along with pyrexia and off-feed. The average Ct value of Lion 1 reduced to 24.0 on day 4 whereas the average Ct value of lion 2 increased to 34.41. It was hypothesised that Lion 1 was in active infection but not Lion 2. Serological analysis also revealed that Lion 1 has a titer of 64 whereas lion 2 showed an increased titer of 128, which further increased as infection advanced. However, no other feline species enclosed nearby, were found positive for both RT-PCR and virus neutralization assay. The infected animals showed mild to moderate clinical symptoms but were negative for the major pathogens. They responded to the palliative treatment and recovered uneventfully.
Since the beginning of the pandemic, no cases in any wild animals were reported/ detected inspite of intensive screening. However, with the emergence of delta mutants of SARS-CoV2, cases at two different locations were confirmed which may be associated with high affection of the particular mutants to these species. Similarly, in Nehru Zoological park located at Hyderabad India, only Asiatic lions were found positive but not any other feline species, however currently detailed epidemiological and virological reports are awaited. On the other hand there was a sudden rise in the number of cases in humans in most parts of the country, which increased the associated risk of virus transmission to these animals that might explain the possible infection in these animals.
Till February 2021, the alpha VOC (B.1.1.7) was detected in parts of India but it has been reported that it did not spread to a wide population. However March 2021 onwards, B.1.617 and its sub-lineage B.1.617.2 rapidly rise in the population displacing B.1.1.7 and other B.1.617 (Dhar et al., 2021). The group generated complete genome sequences of currently prevailing SARS-CoV2 in humans in the city of Delhi and concluded that B.1.617.2 shows high transmissibility rates by more than 50% when compared to the B.1.1.7 clade in unvaccinated population (Dhar et al., 2021). Both the lions were found to be infected with the delta mutant. All the zoo handlers were found negative for SARS-CoV2 but the virus detected in lions closely grouped with the viruses circulating in that area. Both the zoos were closed for public and clear association for virus transmission could not be established but there could be possibility of virus transmission via in-direct means (e.g., fomite, food handling/preparation, or shared enrichment items). Four tigers and three lions were found positive for the genome of SARS-CoV2 who developed respiratory clinical symptoms at Bronx zoo, NY (McAloose et al., 2020). These animals were found to be infected by Clade G virus and infection was closely associated to be transmitted from zoo keepers (McAloose et al., 2020). However, in this report, neither all the Asiatic lions enclosed in both the zoos nor any other feline species were found positive, and were serologically negative also. Probably the animals were housed individually in separate enclosures and handled by independent zoo keepers.
The lion's sequences were highly similar to that of Delta mutants circulating in that area as determined by comparison. However, the Lion 1 sequence does not show much changes except substitutions of two amino acids whereas the Lion 3 sequence showed several substitutions (Fig 1). Detailed analysis needs to be done if the substitutions have any phenotypic values. It has to be emphasised again that Lion 1 showed moderate clinical symptoms whereas Lion 3 showed only mild clinical symptoms.
Virus isolation was attempted in Vero E6 cells, however, neither obvious CPE appeared even after 5 blind passages nor there was any indication of virus replication by real-time PCR in the cell culture supernatant. Probably due to the low amount of virus (Ct values were >24), however further attempts are being made to isolate the virus including by RNA trasnfection methods.
The spike protein interacts with the angiotensin-converting enzyme II (ACE2) (Bibiana et al., 2020). Conservation of amino acids residues that are critical for binding with SARS-CoV2 has been predicated in felines, which might explain the high susceptibility of these species over others (Zhai et al., 2020). However, studies are required to further understanding on differential susceptibility of native wild animals.
Possible role of domestic and wild animals in SARS-CoV2 epidemiology is now being sorted out. It has been speculated that the RBD region of spike protein of SARS-CoV2 may bind to ACE2 protein receptors of different species, giving them a higher likelihood of SARS-CoV2 crossing the species barrier (Zhai et al., 2020; Bibiana et al., 2020). Thus, many animals could be infected with SARS-CoV-2 and serve as intermediate hosts in the spread of the virus. Although very few reports are available describing the natural infection of animals, with constant emergence of new variants of concern, there is always the possibility this virus finds a new host species for transmission. This warrants further intensification of screening various species which act as potential reservoirs and source of infection to both humans and animals. 
Materials and methods: 

Sample collection
Initially with onset of clinical symptoms, nasal, oral and rectal swabs were collected from the infected animals as well as from other co-habitant feline species. The samples were packed in three layers as per the guidelines of WHO and transported in viral transport medium on ice to the diagnostic laboratory. Samples from 18 numbers of animals were collected from Case 1 and 20 numbers from case 2 on day 1. Second round of sampling was performed on the day 4 where all the animals were again sampled. Final round of sampling was performed on day 21 from all the animals. All the samples were collected and handled by wearing personal protective gears, mask, gloves etc. The waste materials generated were suitably discarded as per the local guidelines. Samples were transported to Bio-safety level 3 laboratory of Center for Animal Disease Research and Diagnosis (CADRAD) division of Indian Veterinary Research Institute (Part of Indian council of Agricultural Research). 

Detection of SARS-CoV2 

All the samples were handled in BSL3 laboratory of CADRAD. Total RNA was extracted from 160µl of VTM using Qiamp Viral RNA extraction kit (Qiagen, Germany) as per the manufactures’ instructions. Real time PCR reaction was assembled using SuperScript III One-Step RT-PCR System with Platinum Taq DNA Polymerase (Invitrogen USA) and primers and probes described in table S1 in multiplex format. Thermal cycler conditions consisted of reverse transcription and enzyme activation at 50°C for 15 min and 95°C for 03 min, respectively, followed by 40 45 cycles of 95°C for 15 s and 58°C for 30s. RNA extracted from in-house cultivated virus (GenBank Accession no. MZ203529) was used as positive control whereas nuclease free water was included as negative control. All samples were tested in duplicate. Quality of RNA was assessed by using Beta actin primers using SYBR chemistry.

Amplicon and whole genome sequencing

RNA from all the three lion samples collected on day 1 were reverse transcribed using Revertaid reverse transcriptase enzyme (ThermoFisher, USA) as per the recommended method. The RT reaction was incubated at 42ºC for 45 minutes followed by inactivation of RT enzyme at 75ºC for 10 minutes.
Amplicon length of 4251 containing complete gene of Spike protein (3822 nts) was amplified in three overlapping segments size 1057 bp, 981bp and 2563bp from the cDNA. Similarly, an amplicon length of 575 bp containing E gene (228 nts) and amplicon of 1499 bp containing N gene (1260 nts) were amplified from template cDNA. Primers were designed for amplification using Wuhan Reference virus sequence (GenBank Reference NC_045512.2). Primers are enlisted in Table S2.
The PCR reaction was assembled using Q5 High-Fidelity DNA Polymerase. Amplicons were resolved on 1% agarose gel electrophoresis followed by gel purification using QIAquick Gel Extraction Kit (Qiagen, Germany). Purified products were subjected to nucleotide sequencing by the Sanger method using the same primer sets used for amplification. In addition to the primers sets used for amplification, another reverse (CVR3) was also used for sequencing of the third segment of S gene. The reads were assembled in comparison to the Reference genome.
Whole genome sequencing was outsourced to Eurofins India. Library was prepared from extracted RNA by full genome amplification methods followed by adaptor ligation and sequencing. Reads were aligned against the Reference genome of NC_045512.2 followed by annotation and variant calling.  
Isolation of virus in cell culture
The Vero E6 cells were sub-cultured in 25cm2 flasks in DMEM medium with 10% FBS and antibiotics and antifungal agents.  When the cells grown to 70-80% confluency, the nasal swabs processed and filtered through the 0.2u disposable filters at the rate of 0.5 ml per flask.  The flasks containing the cells were incubated for 2 hours at 37ºC with 5% CO2 tension.  Cells were washed with DMEM without serum and fresh 5 ml DMEM with 2% FBS was added. The cells were observed for 72 hours for the development of any CPE. However, there was no development of CPE, hence cell culture supernatant was tested by real-time PCR assay. 
Serum Neutralization test: 

Serum samples were periodically collected and sero-conversion was assessed by a virus neutralization assay as described by (McAloose et al., 2020). Briefly, serum samples were diluted in 1:8 in DMEM maintenance media followed by incubation at 56ºC for 45 minutes for de-complementation. Samples were further two fold diluted to 1:1028. Each dilution was mixed with 102 TCID50 of in-house cultivated virus SARS-CoV2 virus (GenBank Accession no. MZ203529) and incubated at 37ºC for 1 hour. Serum-virus mixture was then transferred to the wells of 96 well plates and mixed with 50µl of Vero cells suspension. Plates were tapped gently and incubated for 72 hours at 5% CO2 tension at 37C. Virus cytopathic effect (CPE) was used as an indicator of virus infection/replication. Neutralizing antibody titers were expressed as the reciprocal of the highest dilution of serum that completely inhibited CPE. Post vaccinal human control sera were included and positive control and all samples were tested in triplicate with results averaged. A cell culture control was included in the assays, and the virus working dilution was back-titrated.
Phylogenetic analysis of sequence data
After aligning and trimming the reads, the sequence was searched in the NCBI BLAST tool. Data was analysed in two sets (see Data sets). Initially, representative sequences of each clade with high quality sequences (Data set 1) were downloaded from GISAID web server. Sequences of each clade were aligned using the Muscle tool (Edgar et al., 2004) and consensus sequences were generated using the cons programme of EMBOSS web explorer. Generated lion sequences were then aligned with consensus sequences of each clade and with Wuhan-Hu Reference and other SARS related viruses using the MUSCLE tool. Phylogenetic tree was constructed using the workspace of https://ngphylogeny.fr web server. Tree was visualised by TreeView X software.
In the second set of analysis, representative sequences of each clade were aligned with the Lion sequences and aligned using the MUSCLE tool (Data set 2). Phylogentic analysis was performed as described above. 
Haplotype network analysis

In order to validate the results of phylogenetic analysis, haplotype network analysis was conducted using Data set 1. The fasta format was converted into Nexus format and imported to ProPart software (Leigh and Bryant, 2015). Median joining algorithm was used (Bandelt et al., 1999). 
Data availability
Data set 1
Data set 2

SUPPLEMENTAL MATERIAL
Table S1: Ct values obtained in clinical samples 

Table S2: list of primers probes used for diagnosis and sequence generation 

Table S3: Comparative genomics of Lion Samples 
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Figures legends
Fig 1a; Schematic representation of SARS-CoV2 genome organisation and functional proteins. Amino acid changes in comparison with Wuhan-Hu-1 (NC_045512) virus. Non-synonymous mutations highlighted with red lines
Fig 1b: Comparative genomics of Delta mutant virus sequence in comparison with one high quality delta mutant determined from humans in India. Non-synonymous mutations resulted in amino acid changes are highlighted with red lines.
Fig 2; Phylogenetic analysis of Lion’s sequences. Whole-genome phylogeny of lion’s sequences with Wuhan-Hu-1 reference genome (NC_045512.2) and consensus sequences of other clades available in the GISAID database. Lion’s sequences clustered with the G-clad (B.1.617.2 pango lineage). 
Fig 3; Haplotype network analysis of lion’s samples with Wuhan-Hu-1 reference virus and consensus sequences of other clades. Haplotype analysis shows relatedness and levels of genetic variation between lion’s and virus circulating in the nearby areas.  Differences are indicated by one-step edges (lines) between blue dots.
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