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nationally protected secondary key species of wild animals, has become the predominant species
among overwintering waterbirds in Qinghai Lake. Viruses carried by ruddy shelducks can
potentially infect humans or other animals; however, limited research on the faecal virome of
ruddy shelducks is currently available. In the present study, faecal samples of ruddy shelducks
collected from Saga County, Shigatse City, Tibet, China, were subjected to viral metagenomic
analysis. The predominant viral families identified in ruddy shelduck samples were Picornaviridae,
Parvoviridae, Microviridae, Vilyaviridae, Astroviridae, and Caliciviridae. Among these, two picor-
navirus genomes have been identified as new strains of the genus Megrivirus in the family Par-
voviridae. In addition, viruses that infect parasites and bacteria have been identified and
characterised. The present study enhances our comprehension of the composition of the viral
community in ruddy shelducks faeces and highlights the dynamic nature of viral evolution and
the significance of continuous monitoring to assess potential risks to wildlife and public health.

1. Introduction

The ruddy shelduck (Tadorna ferruginea), classified as a nationally protected secondary key wild animal in China, has historically
exhibited high abundance within its range during winter and migration periods across northern China. In addition, prevalent within
the lower Yangtze River region and highly regarded within China’s rare bird breeding industry, this species has been recognized for its
popularity among breeders [1]. The Qinghai-Tibet Plateau is a primary wintering ground because of its freshwater habitats, that attract
substantial numbers of migratory individuals originating from their respective breeding grounds elsewhere. It is an omnivorous avian
species with dietary preferences encompassing fish, shrimp, crustaceans such as crabs, and aquatic plants, including crop remnants.
Currently, the number of ruddy shelducks is declining because of excessive hunting practices, coupled with extensive habitat
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degradation [2]. The global population is estimated to be approximately 30,000, with the vast majority living in Asia, including China,
India, Nepal, Pakistan, and Myanmar. In addition, viruses that infect birds and other ducks can endanger their lives. Recently, ducks
have shown susceptibility to Tambusu virus (TMUV), West Nile virus (WNV), duck hepatitis virus (DHV), highly pathogenic avian
influenza virus (HPAIV), and other emerging pathogens that pose a substantial risk to public health [3-7]. Moreover, there is a
possibility of interspecies transmission of these viruses with zoonotic implications. However, from a logical perspective, ruddy shel-
ducks remain understudied.

The viral metagenomics approach serves as a potent technique for exploring both new and recognized viruses, and it is widely used
to analyze the viral composition across a variety of samples [8-11]. Nevertheless, there is currently limited research on the viral
components present in ruddy shelducks faecal samples. In this study, we employed a viral metagenomics approach to investigate the
viral composition of ruddy shelducks fecal samples collected from Saga County, Shigatse City, Tibet Autonomous Region, China. The
findings of this study contribute to our understanding of the virome of ruddy shelducks and offer valuable information into viral
genomes, which are essential for investigating the viromes of other avian species within the same region.

2. Materials and methods
2.1. Sample collection and preparation

A total of 10 faecal samples from 10 healthy ruddy shelducks were collected in December 2020 from Saga County, Shigatse City,
Tibet Autonomous Region, China. Disinfect cotton swabs were used to obtain faecal samples, which were stored in sterile tubes and
cold chain transportation to the laboratory. Each fecal sample was mixed with 1.5 ml of phosphate-buffered saline (PBS), vigorously
vortexed for 10 min, and then centrifuged at 12,000 rpm for 10 min. The supernatant from each sample was then transferred to a new
1.5-ml centrifuge tube and stored at —80 °C for the following study.

2.2. Viral nucleic acid extraction

A combined supernatant sample pool containing ten faecal supernatants was generated. A total of 500 pl faecal suspension (50 pl
faecal suspension per faecal sample) was mixed and filtered through a 0.45-pm filter (Merck Millipore, Billerica, MA, USA) centrifuging
at 8000 rpm for 5 min to eliminate bacteria and particles of eukaryotic cell size. Subsequently, the virus-rich filtrates were treated at
37 °C for 90 min with a mixed nuclease cocktail (Turbo DNase from Thermo Fisher Scientific, USA, BaselineZero DNase from Epicentre,
USA, Benzoase nuclease from Novagen Corporation, USA, and RNase A from Thermo Fisher Scientific) to degrade unprotected nucleic
acid [12-14]. According to the manufacturer’s protocol, the QIAamp MinElute Virus Spin Kit (Qiagen, Hilden, Germany) was
employed to extract viral RNA and DNA. The concentrations of DNA and RNA were determined using the Qubit™4 Nucleic Acid
Concentration Sequencer (Invitrogen, Carlsbad, CA, USA).

2.3. Library construction and bioinformatics analysis

The cDNA of viruses were synthesized by reverse transcription procedure using random hexamer primers. Complementary chains
of cDNA were synthesized using Klenow fragment DNA polymerase (New England Biolabs, Ipswich, MA, USA). Subsequently, a library
was constructed using the Nextera XT DNA sample preparation kit (Illumina, San Diego, CA, USA), followed by sequencing on the
NovaSeq Illumina platform with paired-end reads of 250 bp and dual barcoding for each pool.

For bioinformatics analysis, 250-bp paired-end reads generated by NovaSeq were debarcoded using vendor software, which was
processed using an in-house analysis pipeline running on a 32-node Linux cluster. Low-quality sequenced tails were trimmed using a
Phred quality score of 10 as the threshold. Adapter sequences were removed utilising the default VecScreen settings. Bowtie2 v2.2.4
was employed to align bacterial reads against the bacterial nucleotide sequences in the Basic Local Alignment Search Tool (BLAST) NT
database, effectively subtracting bacterial contamination from the dataset. De novo reassemble the clean reads using the default setting
(Kmer size 63) of SOAPdenovo2 version r240 [15]. The assembled contigs and singlets were compared against an in-house viral
proteome database using BLASTx (v.2.2.7), with an E-value cutoff <10~°. To obtain longer contigs or the complete genome, each viral
contig was employed as a reference, and the original data were mapped to it using the Low Sensitivity/Fastest setting in Geneious
11.1.2.

2.4. Phylogenetic analysis

Phylogenetic analysis was performed based on the amino acid sequences of viruses identified in this study, their closest BLASTx
matches in GenBank, and the representative members of relevant viral species or genera. Sequence alignment was performed using the
MUSCLE algorithm with default settings in MEGA-X [16], and ambiguously aligned regions and gaps were manually stripped using
Geneious 11.1.2. Phylogenetic trees were constructed using MrBayes version 3.2.7. The parameter "prset aamodelpr = mixed" was
used to allow the program to utilize the ten built-in amino acid substitution models. The analysis was set to run for a maximum of ten
million generations, with sampling every 50 generations. The first 25 % of the Markov Chain Monte Carlo (MCMC) samples were
discarded as part of the burn-in process. Convergence was confirmed when the standard deviation of split frequencies dropped below
0.01. Bootstrap values were assigned to each node in the tree. The National Center for Biotechnology Information (NCBI) Open
Reading Frame (ORF) Finder and Geneious 11.1.2. were used to predict putative open reading frames (ORFs).
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2.5. Nucleotide sequence accession number

The original sequence data analyzed in our study have been deposited in the Genome Sequence Archive (Genomics, Proteomics,
and Bioinformatics 2021) at the National Genomics Data Centre (Nucleic Acids Res 2021), China National Centre for Bioinformation,
Beijing Institute of Genomics, and Chinese Academy of Sciences (GSA: CRA014768). It is also publicly available at https://ngdc.cncb.
ac.cn/gsa. gsa.doc.faq.h4CB1. The genome reported in the current study has been stored in GenBank at the National Genomics Data
Centre, Beijing Institute of Genomics, Chinese Academy of Sciences, and China National Centre for Bioinformation under accession
numbers C_AA062773.1-C_AA062778.1, which are accessible to the public: https://ngdc.cncb.ac.cn/genbase.

3. Results
3.1. Overview of viral metagenome

The library was sequenced on an Illumina NovaSeq platform to generate 437,794 raw sequence reads with an average percentage of
GC content (GC %) of 54.4 %. Among them, 13,211 sequence reads had the best match with viral proteins, accounting for 3.0 % of the
raw data reads. Subsequent analyses identified the distribution of viral sequence reads across the different viral families. The majority
of sequence reads among the families were assigned to the Picornaviridae family (83.6 %), followed by those Parvoviridae (12.4 %) and
Microviridae (2.5 %). The remaining viral families included Vilyaviridae (0.7 %), Astroviridae (0.5 %), and Caliciviridae (0.4 %), each
representing a smaller proportion (Fig. 1). Viruses from families such as Parvoviridae, Astroviridae, and Caliciviridae were omitted
because their contigs were too short to provide useful information. Virus from the families Picornaviridae, Microviridae, and Vilyaviridae
were further detailed analyzed.

3.2. Two picornaviruses belonging to the Megrivirus genus of the Picornaviridae family

A total of 7771 raw sequence reads belonging to the Picornaviridae family were identified in this library, of which 6378 were
successfully mapped to the same picornavirus. Two almost complete genomes of picornaviruses were obtained using the "Map to
Reference" program in Geneious 11.1.2. BLASTn analyses indicated that these two picornaviruses were closely associated with
members of the Megrivirus genus, such as megriviruses found in swans in the UK (MW588051 and MW588050) and were named
XZDM1 (mean coverage: 289.6) and XZDM2 (mean coverage: 301.2), respectively. The genomes of XZDM1 and XZDM2 were 9356 and
9694 nucleotides (nt) in length, with an percentage of GC content of 45.5 % and 45.3 %, respectively. Both XZDM1 and XZDM2
possessed a single ORF that encoded polyproteins comprising 2843 and 2848 amino acids (aa), respectively, with untranslated regions
(UTR) of different lengths at both ends. Similar to other picornaviruses, the polyproteins of XZDM1 and XZDM2 can undergo cleavage
resulting in the generation of VPO, VP3, VP1, hypothetical protein, 2A-2C, and 3A-3D by comparison with the polyproteins of the
chicken picornavirus 4 strain found in chicken in China (NC_024768) and the megrivirus C2 strain found in chicken in China
(NC_024769) (Fig. 2a). The P1 polypeptides of XZDM1 and XZDM2 consist of 1177 aa and 1095 aa and were cleaved at the VPO/VP3
(E*?1/G*?? and T*7/G*?8), vP3/VP1 (Q°¥/G°®8 and Q>°2/5°%%), and VP1/hypothetical protein (Q®7/A%%® and Q852/A%3). They had
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Fig. 1. The composition of fecal virome detected in ruddy shelduck. The percentage of virus sequences in different virus family were shown in
pie chart.
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the highest aa identities of 94.66 % and 96.53 % with the Riboviria sp. Isolate found in birds in China (0Q425090) and Megrivirus A
strain found in swans in the UK (MW588050), respectively. The P2 polypeptides of XZDM1 and XZDM2, comprising 868 and 869 aa,
respectively, contain three nonstructural proteins: 2A (cleavage sites: Q'#46/51447 and Q1365,/51366) 2B (cleavage sites: Q'%61/51562 and
Q1580/51581y and 2C. The BLASTYp results revealed that the P2 regions of XZDM1 and XZDM2 had the highest aa identities of 97.12 %
and 97.81 %, respectively, with that of the Picornaviridae sp. isolate found in Anser albifrons in China (MT138342). A conserved
Walker A motif exists in the 2C protein region (Fig. 2a). The P3 polypeptides of XZDM1 and XZDM2 are 798 and 884 amino acids,
respectively, and are cleaved into four non-structural proteins, 3A, 3 B, 3CP™ (protease), and 3D, at sites 3A/3B (E2224/7A%225 and E2143/
A2y 3B/3C (E22%3/G%25* and E2172/G2173), and 3C/3D (E2*°°/A%%%6 and E2%74/A%%7%). The P3 regions of XZDM1 and XZDM2 shared
the highest aa identities (98.60 % and 98.8 7 %, respectively) with the megrivirus A2 strain found in ducks in China (NC_024120). The
presence of conserved polymerase and proteinase motifs, such as YGDD, KDE, and GXCGX10-15GXH, was observed in the 3C and 3D
proteins of XZDM1 and XZDM2, whereas the conserved FLKR polymerase motif was only found in the 3D protein of XZDM2 and not in
XZDM1 (Fig. 2a).

The P1 and 3CD regions of the representative strains belonging to the Megrivirus genus of the Picornaviridae family, as well as the
XZDM1 and XZDM2, were subjected to phylogenetic analysis (Fig. 2b and c). In the P1 phylogenetic tree, XZDM1 clustered with the
Megrivirus A strain MK204391 identified from faecal samples of Pacific black ducks in Australia in 2012, forming a separate branch,
whereas XZDM2 clustered with other Megrivirus A strains (KC663628, MK204417, KY369299, MW588054, and MW588050) isolated
from faecal samples of ducks, pink-eared ducks, geese, and Cygnus oleracea, forming another branch. The results of the 3CD phylo-
genetic tree showed that XZDM1 and XZDM2 clustered with other Megrivirus A strains, forming a branch. Based on these results, the
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Fig. 2. The genomic organization, conserved motifs, and phylogenetic analysis of these megriviruses identified in ruddy shelduck. (a) The genomic
organization of two megrivirus strains. The ORFs and viral encoding proteins of megriviruses were marked with different colors. The conserved
motifs were also shown. (b), (c) The phylogenetic analysis based on the P1 region and 3CD of megriviruses, which identified in this study, and other
reference strains belonging to the Megrivirus genus of the Picornaviridae family. XZDM1 and XZDM2 identified in this study were marked with red.
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3CD region of megriviruses is considered to be more suitable for studying viral evolution. According to the International Committee on
Taxonomy of Viruses (ICTV) classification for picornaviruses (https://ictv.global/report/chapter/picornaviridae/megrivirus)
(accessed on January 28th, 2024), members of a picornavirus species should exhibit significant aa identity in their P1, 2C, 3C, and 3D
proteins. Specifically, for members of the genus Megrivirus, there should be <55 % difference in P1 amino acid identity and <40 %
difference in the combined amino acid identity between regions 2C+3CD. Based on this classification standard, XZDM1 and XZDM2
were classified as Megrivirus A species.

3.3. A single-stranded DNA virus belonging to the Herugrimvirus genus of the Vilyaviridae family

A total of 63 raw sequence reads belonging to the Vilyaviridae family were identified in this library. One complete genome of
Vilyavirus was obtained using the "Map to Reference" program in Geneous 11.1.2 and designated as XZCO1 (mean coverage: 55.3). The
genome of XZCO1 was 2092 nt long and contained two bidirectional ORFs encoding a replicase-associated protein (Rep) and a capsid
protein (CP) (Fig. 3a). The CP protein comprises 259 amino acids and is the primary structural protein of this virus. The Rep protein is
335 aa in length and plays a crucial role in viral replication. The Rep protein of XZCO1 lacked conserved rolling-circle replication
(RCR) motifs I, II, and III, whereas conserved superfamily 3 (SF3) helicase motifs (Walker A: GPSGTGKS, Walker B: VLDDF, and Walker
C: LTSN) were present.

Phylogenetic analysis were performed based on the Rep proteins showed that XZCO1 clustered with other members of the Heru-
grimvirus genus, forming an independent branch (Fig. 3b). The BLASTn results showed that XZCO1 shared nucleotide sequence
identities of 97.64 %, 97.64 %, and 97.90 % with strains MT293421, MT293422, and MT293423 found in giardia in Netherlands,
respectively, and only 84.57 % nucleotide sequence identity with another strain (MT293424) of Herugrimvirus gladden. According to
the classification standard of the Vilyaviridae family proposed by Krupovic, The new virus must be classified within a species if it shares
more than 78 % nucleotide sequence identity with any variant already classified as belonging to that species [17]. Therefore, XZCO1
should be classified as a Herugrimvirus gladden species.

3.4. Three novel microviruses belonging to the Microviridae family

A total of 233 raw sequence reads belonging to the Microviridae family were identified in this library, and all sequence reads were
matched to microviruses. Three complete genomes of microviruses were successfully obtained using the "Map to Reference" program in
Geneious 11.1.2. one microvirus was related (38.2 %) to other members of the Chlamydiamicrovirus genus, whereas the other two
microviruses had 66.6 % and 75.2 % nucleotide sequence identities with two unclassified microviruses [18]. Consequently, they were
designated XZMCV1 (mean coverage: 13.4), XZMCV2 (mean coverage: 10.0), and XZMCV3 (mean coverage: 35.6). The genomes of
XZMCV1, XZMCV2, and XZMCV3 were 4447 nt, 5197 nt, and 5571 nt, respectively, and contained five ORFs encoding different
proteins. Specifically, both XZMCV3 and XZMCV2 encode major capsids, minor capsids, replication initiators, and scaffold proteins
within their genomes. Furthermore, XZMCV3 contained one ORF encoding a peptidase, whereas XZMCV2 harboured one ORF
responsible for DNA-binding protein synthesis. Among the five proteins encoded by XZMCV1, there are two proteins with unknown
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Fig. 3. The genomic organization and phylogenetic analysis of herugrimvirus identified in ruddy shelduck. (a) The genomic organization of one
herugrimvirus identified in ruddy shelduck. Viral encoding proteins of XZCO1 were marked with different colors. (b) The phylogenetic analysis
based on the Rep protein of XZCO1 which identified in this study, and reference strains of other members in the Vilyaviridae family. The XZCO1
identified in this study was marked with red.
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functions named hypothetical proteins; the remaining three proteins are a major capsid protein, a DNA pilot protein and a replication
initiator protein (Fig. 4a).

Phylogenetic tree was constructed based on the major capsid proteins of XZMCV1, XZMCV2, XZMCV3, and other representative
strains belonging to various genera of the Gokushovirinae subfamily. These results revealed that the three microviruses were positioned
in distinct branches. Among them, XZMCV3 clustered with two unidentified viruses identified from the human metagenome datasets in
the USA (BK028880 and BK024429) [19]. XZMCV2 was grouped with two unidentified viruses isolated from tracheal swabs of Gallus
gallus in USA (MN379630 and MN379640). XZMCV1 formed an independent branch cluster with other strains of the Chlamydiami-
crovirus genus identified in different environments and biological samples, such as lake water, robins, Apis mellifera ligustica, and
Tramea lacerata (MW697647, MZ364279, MH992208, and JX185431) [20] (Fig. 4b).

4. Discussion

Ducks, often referred to as “Trojan horses,” can shed and transmit disease-causing viruses without exhibiting noticeable signs of
illness, thereby facilitating cross-species transmission. Among species susceptible to viral infections, ruddy shelducks have been
identified as particularly vulnerable. Although previous studies have documented various viruses capable of infecting ruddy shelducks
and causing diseases [21-23], little is currently known regarding the faecal virome of ruddy shelducks. This study employed
high-througtput sequencing technology to investigate the viral composition in ruddy shelducks faeces. Our findings represent the first
identification of various viruses in ruddy shelduck faeces.

The faecal virome composition of ruddy shelducks in this study primarily included the families Picornaviridae, Parvoviridae,
Microviridae, Vilyaviridae, Astroviridae, and Caliciviridae, similar to the virome composition in the Wille et al. study [11]. This is
significantly different from the result of the previous Raimirez-Martinez et al. study. The fecal virome composition of the migratory
wild duck species in their study consisted of viruses from the families Myoviridae, Retroviridae, Adenoviridae, Alloherpesviridae, and
Herpesviridae [24]. The differences in virome composition may be due to differences in the host species, factors in different living
environments, or methods for library construction.
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Fig. 4. The genomic organization and phylogenetic analysis of microviruses identified in ruddy shelduck. (a) The genomic organization of three
microviruses identified in ruddy shelduck. Viral encoding proteins of three microviruses were marked with different colors. (b) The phylogenetic
analysis based on the major capsid proteins of three microviruses which identified in this study, and reference strains of other members in the
Gokushovirinae subfamily. XZMCV1, XZMCV2, and XZCV3 identified in this study were marked with red.
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Members of the Picornaviridae family are small single-stranded RNA viruses with genome lengths ranging from approximately 7.2
to 9.4 kb. This family encompasses 158 species distributed across 68 genera. Many genera within the Picornaviridae family possess
zoonotic potential, infecting both animals and humans and causing a diverse range of diseases [25-29]. Recently, picornavirus has
gained significant attention within the public health community because of its seasonal variation in abundance and quantity,
co-infection with other viruses or multiple picornavirus strains, and the potential emergence of new viral strains through recombi-
nation. Despite Megrivirus not being a new genus within the Picornaviridae family, our study identified two novel strains of Megrivirus A
in faecal samples obtained from healthy ruddy shelducks. Through aa sequence comparison, we elucidated that the P1 of XZDM1 had
an aa sequence identity of 52.72 % with that of the Megrivirus A strain found in swans in the UK (MW588050), whereas the P1 of
XZDM2 had the highest aa sequence identity (96.53 %). This variation may suggest different selective pressures acting on structural
proteins, which could be related to host adaptation or virus-host interactions. The consistent stability in the nonstructural region
suggests that the 3CD protein may serve as a more reliable basis for classifying and studying the evolutionary relationships among
megriviruses.

Vilyaviruses have single-stranded DNA genomes that are approximately 1.9-2.2 kb in length. Recently, Kinsella et al. identified
them as being associated with protozoan parasites of the genus Giardia using viral megagenomics combined with statistics and ex-
periments [30]. The XZCO1 strain identified here shared nucleotide sequence identities of 97.64 %, 97.64 %, and 97.90 %, respec-
tively, with strains MT293421, MT293422, and MT293423, which were isolated from human stool and used Giardia duodenalis as a
host; therefore, we believe that XZCO1 originated from parasites inside ruddy shelducks. To verify our hypothesis, we aligned the
genome sequence of XZCO1 to whole-genome shotgun contigs of Giardia using BLASTn at NCBI. The results showed that the viral query
aligned with high identity (95.31 %) and coverage (68 %) of nucleotide from Giardia genomes, suggesting Gifardia is the host of strain
XZCO1. Further parasite isolation and microscopic morphological observations will be beneficial for identifying the true host. Sur-
prisingly, unlike members of the Circoviridae family, the conserved RCR motifs I, II, and III were lacking in the replicase-associated
protein of XZCO1 and other herugrimviruses, suggesting that an alternative replication mechanism was employed. However,
further functional experiments are required to validate this hypothesis.

Gokushoviruses are circular, single-stranded DNA bacteriophages with a genome length ranging from 4.0 to 6.0 kb, composed of
three to 11 genes [31]. Gokushoviruses have been primarily detected in diverse environments and biological samples, including
marine environments, peatlands, methane seep sediments, dragonflies, humans, turkeys, and bats [32]. Although gokushoviruses are
widespread in the environment, the only ones that have been isolated are lytic parasites obtained from host-restricted intracellular
bacteria such as Spiroplasma, Chlamydia, and Bdellovibrio [33]. However, the hosts of most gokushoviruses are unknown. In this study,
three novel gokushoviruses were identified in the faecal samples of ruddy shelducks. These viruses have low nucleotide sequence
identity with other members of the Chlamydiamicrovirus genus in the Gokushoviridae family and unclassified microviruses. The
characterisation of the three novel microviruses, each with a unique genomic architecture and protein composition, expands our
understanding of the Microviridae family. Because gokushoviruses are widely dispersed in the natural environment, we could not
determine whether the three gokushoviruses in this study came from ruddy shelducks or from external contamination. Environmental
sampling for virus detection will help us further determine their sources.

Despite the significant insights provided by our study regarding the viral landscape of ruddy shelducks, several limitations must be
acknowledged. First, the sample size was relatively small, potentially limiting the representativeness of our findings. A larger sample
size would enhance the statistical power of our results and improve our understanding of the prevalence and diversity of viruses in this
bird species. Second, although high-throughput sequencing technologies have allowed the identification of a wide array of viruses,
their functional relevance remains uncertain. It is unclear whether all detected viruses actively replicate and contribute to disease
processes, or if some are transiently present due to environmental exposure [11]. Further studies are required to characterise the
pathogenic potential and replication status of these viruses. Furthermore, the origins of some viruses, particularly bacteriophages, such
as gokushoviruses, could not be conclusively determined. Without detailed environmental sampling and control groups, it is chal-
lenging to discern whether these viruses originated from the birds themselves or from external sources. Finally, the complex nature of
viral-host interactions and potential coinfections add another layer of complexity to interpreting virome data. The present study did
not fully explore the potential synergistic effects of co-infections or the impact of host ecology on the structure of the virome [34].
Future studies should consider these factors to better understand how viruses interact within and between host species.

5. Conclusions

In conclusion, the findings of this study contribute to a better understanding of the virome in ruddy shelducks and highlight the
need for ongoing surveillance and research on the role of these birds in the ecology of emerging viruses. The discovery of novel viruses,
particularly within the Picornaviridae, Vilyaviridae, and Microviridae families, emphasises the dynamic nature of viral evolution and the
importance of continuous monitoring to assess the potential risks to wildlife and public health.
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