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Abstract

The milu (Pere David’s deer, Elaphurus davidianus) has become a classic example of how highly endangered
animal species can be rescued. However, the mechanisms that underpinned this population recovery remain
largely unknown. As part of this study, we sequenced and analyzed whole genomes from multiple captive
individuals. Following this analysis, we observed that the milu experienced a prolonged population decline
over the last 200,000 years, which led to an elongated history of inbreeding. This protracted inbreeding history
facilitated the purging of deleterious recessive alleles, thereby ameliorating associated threats to population
viability. Because of this phenomenon, milu are now believed to be less susceptible to future inbreeding
depression occurrences. SNP distribution patterns confirmed inbreeding history and also indicated sign
of increased and increasing diversity in the recovered milu population. A selective sweep analysis
identified two outlier genes (CTSR2 and GSGL1) that were related to male fertility. Furthermore, we observed
strong signatures of selection pertaining to the host immune system, including six genes (SERPINEL, PDIA3,
CD302, IGLL1, VPREB3, and CD53 antigen), which are likely to strengthen resistance to pathogens. We also
identified several adaptive features including the over-representation of gene families encoding for olfactory
receptor activity, a high selection pressure pertaining to DNA repair and host immunity, and tolerance to
high-salt swamp diets. Moreover, glycan biosynthesis, lipid metabolism, and cofactor and vitamin metabolism
were all significantly enriched in the gut microbiomes of milu. We speculate that these characteristics play an
important role in milu energy metabolism, immunity, development, and health. In conclusion, our findings

provide a unique insight into animal population recovery strategies.
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I ntroduction

Milu were once widely distributed in the swamps of East Asia, and they were predominantly found in China
(Figure 1AB, Supplementary Fig. S1). This species was first introduced to west in 1866 by Armand David
(Pére David)(Cao 2005), and subsequently became extinct in its native China in the early 20" century(Cao
2005). Fortunately, between 1894 and 1901, Herbrand Arthur Russell (the 11" Duke of Bedford), acquired the
few remaining deer (18 individuals) from European zoos. These individuals were nurtured at Woburn Abbey
in England(Cao 2005) (Figure 1C) and the current world population was derived from this herd(Cao 2005). In
the mid-1980s, 77 individuals were reintroduced to captive facilities in China(Cao 2005; Jiang and Harris
2008), and populations were established in Beijing, Dafeng, Tianezhou and Yuanyang (Figure 1C). Since then,
the populations have rapidly expanded, and the milu have managed to overcome the genetic bottleneck of
inbreeding. The repopulation of milu is now deemed a classic example of how a highly endangered species
can be rescued. However, the mechanisms that underpin this population recovery remain largely unknown.
Results and Discussion

We sequenced and analysed the milu genome and performed whole-genome re-sequencing for five another
individuals. The assembled genome (2.58 GB; ~114-fold coverage) had a scaffold N50 value of 2.85 Mb
(Supplementary Table S2). Assembly quality assessment was performed by aligning the transcripts from
Odocoileus virginianus (white-tailed deer, WTD) and Cervus nippon (Chinese Sika deer, CSD) to the
scaffolds of milu (>93.9% and >97.6% coverage, respectively) (Supplementary Table S3) and a core
eukaryotic gene set (>92.0% conserved genes). We observed that repetitive sequences occupied 39.84% of the
whole assembly (Supplementary Table $4-S5), and 22,126 protein-coding genes were predicted by
combining de novo and evidence-based gene predictions (Supplementary Table S6).

Milu had been raised in enclosures for more than 1,200 years, with supplementation occurring through the
introduction of wild individuals(Li et al. 2011). This resulted in a prolonged genetic bottleneck with low
resultant genetic diversity. Results generated using the Pairwise Sequentially Markovian Coalescent (PSMC)
model(Li and Durbin 2011) validated this hypothesis (Figure 1D, Supplementary Fig. S33). After the Last
Glacial Maximum (LGM, ~20 thousand years ago/KYA)(Yokoyama et al. 2000), it is likely that milu suffered
from the effects of climate change, over-hunting and/or habitat loss. Indeed, milu populations diminished, and
there was a tendency towards continuous decreases. This is further evidenced by fossil records and associated
literary records(Cao 2005).

Reduced population sizes increase the opportunity for inbreeding. The protracted existence of small
3
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88  populations along with more recent declines resulted in high levels of milu inbreeding. When related
89 individuals mate, the offspring carry long stretches of homozygous genome. Thus, the detection of runs of
90  homozygosity (ROH) is a practical approach for estimating inbreeding at the individual level(Kim et al. 2013;
91  Zhou et al. 2014) (Supplementary Table S36). When compared with 34 giant panda genomes(Zhao et al.
92  2013), 18 polar bear genomes(Liu et al. 2014) and eight Crested ibis(Li et al. 2014) genomes, we observed
93  that the Froh (ROH length / Genome effective length) of milu ranged from 0.11 to 0.16. These values are
94  much higher than those exhibited by the well-known panda (from 0.04 to 0.10) and polar bear (from 0.004 to
95  0.064), which are less prone to occurrences of inbreeding. However, the milu Froh values are lower than those
96  exhibited by the previously critically-endangered crested ibis (from 0.19 to 0.32), which experienced a more
97  recent and severe genetic bottleneck(Li et al. 2014) (Figure 1E). Length distribution of ROH also provides
98 information about the timing of major inbreeding events. Long ROH are most likely derived from a recent
99  ancestor; shorter ones, from a more distant ancestor(Curik et al. 2014). As revealed in Figure 1F, the milu has

100  amedium average ROH length when compared with the crested ibis, the panda and the polar bear. The crested

101  ibis contains an elongated ROH (longer than 1M), which is consistent with the fact that current crested ibis

102  populations are derived from seven individuals approximately 40 years ago(Li et al. 2014). The milu harbors

103  an increased average ROH length compared with the pandas and polar bears; however, this value is shorter

104  than those observed for crested ibis. This would suggest that the time of major milu inbreeding event occurred

105  prior to that of crested ibis but after those of panda and polar bear. These data confirm the existence of a

106  prolonged reduced milu population.

107  Another major threat to small and endangered populations involves the loss of genetic diversity(Frankham

108  2005; Steiner et al. 2013). Small populations are susceptible to genetic drift and fixation, and these

109  phenomena can be accelerated by inbreeding(Saccheri et al. 1998; Keller and Waller 2002; Steiner et al. 2013).

110  We observed that genetic diversity was lower in the milu than in the panda, with a heterozygosity rate of 0.51

111 per kilobase pair in the milu, versus 1.32 per kilobase pair in the panda (Supplementary Table S25).

112 Comparison with other endangered animals that experience, or have experienced, ongoing or recent

113 population bottlenecks, indicated that this value was similar to that of mountain gorillas (Xue et al. 2015)

114 (0.64x107%) but slightly higher than that of the crested ibis (0.36x10°, Figure 2A), Chinese alligator(Wan et al.

115  2013)(0.15x107°) and baiji(Zhou et al. 2013) (0.12x107%). In addition, patterns of SNP density distributions

116 were explored by fitting a two-component mixture model to the observed SNP densities using the

117  expectation-maximization algorithm(Hacquard et al. 2013) (Figure 2B, Supplementary Table S30-S33).
4
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Half of the milu genome harbored only less than 5% of the called SNPs, and the mean heterozygosity of these
low SNP density regions was 0.03 per kilobase, a value that was similar to that observed in crested ibis but
much lower than those observed in panda and polar bear, reflecting more recent inbreeding history in milu and
crested ibis. However, the mean heterozygosity in the other half of the milu genome was 1.26 per kilobase,
which was similar to that observed in panda but higher than that observed in crested ibis, indicating a stronger
sign of increased diversity in the recovered milu population than crested ibis population. Generally, the
occurrence of heterozygosity in exons is reduced due to selective constraints(Li et al. 2014). However, the
ratio of exon heterozygosity to genome heterozygosity in the milu and crested ibis is higher than that observed
for the panda and polar bear (Figure 2C, Supplementary Table S25). There are two possible explanations for
this finding. First, it is possible that the milu and crested ibis experienced a slower rate of loss of genetic
diversity in exons during inbreeding. Second, a rapid increase in the diversity of exons in recovered milu and
crested ibis populations, following the occurrence of severe genetic bottlenecks, may have resulted in greater
genetic diversity in these genetic regions. Inbreeding depression is a major force affecting the evolution and
viability of small populations in captive breeding and restoration programs(Saccheri et al. 1998; Keller and
Waller 2002; Steiner et al. 2013). Deleterious mutations tend to accumulate in associated populations due to
reduced selective strength(Saccheri et al. 1998; Steiner et al. 2013). We observed that the milu exhibits a
relatively low percentage of deleterious variants compared to other healthy or recovered populations (Figure
2D). This is consistent with a low effective population size (Ne) and the occurrence of inbreeding(Xue et al.
2015). In these populations, alleles occur more frequently in the homozygous state, and because deleterious
variants are more likely to be pronounced, they are less likely to persist in the population (even if
recessive)(Xue et al. 2015). Therefore, populations, such as the milu, that have experienced reduced
population sizes for prolonged periods may be less susceptible to future inbreeding depressions because they
have been purged of deleterious recessive alleles. Consequently, these populations are more likely to recover
from future severe genetic bottlenecks.

Because of the prolonged history of captivity, reduced population size, and inbreeding associated with the
milu, the study of adaptive evolution following exposure to these conditions is imperative in our efforts to
prevent further future bottlenecks. We investigated adaptive evolution in the milu by analyzing the
composition of several protein domains, and the expansion and contraction of a number of gene families'**%%,
We also investigated lineage-specific accelerated evolving GO categories(Sequencing and Consortium 2005;

Bakewell et al. 2007; Qiu et al. 2012) and PSGs(Qiu et al. 2012; Zhou et al. 2013; Yim et al. 2014)
5
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148  (Supplementary Materials). A functional analysis of the milu-specific expansion domains (Supplementary
149  Table S13) showed that a large proportion of such domains is related to translation machinery. Notably,
150  HSP90 genes in milu show a remarkable expansion in cytosolic members (HSP90AA and HSP90AB),
151  especially the inducible HSP90AA1 and HSP90AAZ2 forms (Supplementary Table S14, Supplementary Fig.
152  S15). The Hsp90 protein (PF00183) is important in stress response and has a capacity to buffer underlying
153  genetic variation(Yeyati et al. 2007). Upon analysis of gene family numbers, we identified 835 and 4,584 gene
154  families that expanded and contracted in the milu, respectively. In other mammals, it was observed that 77
155  gene families expanded (p<0.01, Figure 3A). The more pronounced expanded families were significantly
156  over-represented (Supplementary Table S11) by genetic elements pertaining to ‘olfactory receptor activity’
157  (P=3.29x10%), detection of chemical stimulus involved in sensory perception of smell (P=2.00x10%"), ‘ATPase
158  activity’ (P=6.26x10’), ‘platelet dense granule membranes’ (P=5.65x10'), chloride channel activity
159  (P=7.92x10°), antigen processing and presentation of peptide antigen via MHC class | (P=3.54x10°%), cellular
160  response to interferon-gamma (P=1.35x10%), sperm mitochondrial sheath (P=9.85x10%). These functional
161  groups might play important roles in milu's behavior, development, immune and breeding. For example, much
162  of the cellular response to interferon-gamma can be described in terms of a set of integrated molecular
163  programs underlying well-defined physiological systems; and the induction of efficient antigen processing for
164  MHC-mediated antigen presentation, which play clearly defined roles in pathogen resistance(Boehm et al.
165  1997). We also identified 26, 25, and 17 GO categories that demonstrated a significantly elevated pairwise
166  number of non-synonymous substitution (A) values in the milu in the comparison of milu-cow-human,
167  milu-TA-human and milu-baiji-human, respectively; while 14, 21, and 30 GO categories were elevated in cow,
168  TA and baiji, respectively. In reference to the milu, the accelerated evolving GO categories were
169  predominantly found to be involved in DNA repair, gene expression, protein modification, development,
170  immunity, excretion, and responses to insulin stimuli (Figure 3B, Supplementary Table S17-S18,
171 Supplementary Fig. S17-S18). Furthermore, 455 PSGs were identified using the likelihood ratio test
172 implemented in PAML(Yang 2007) (Supplementary Table S19). These PSGs were enriched for genes
173 involved in DNA repair, RNA metabolic processes, cellular protein modification processes, nitrogen
174  compound metabolic processes, TLR 3 signaling pathways, regulation of development processes, and
175  regulation of cytokine production (Supplementary Table S20, Supplementary Fig. S19).

176  Insmall captive populations, genetic adaptation to artificial environments can also occur, through processes

177  including selective sweeps(Rubin et al. 2010; Rubin et al. 2012). We searched the genome for regions with
6
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high degrees of fixation, and the distributions of observed Hp values and the Z transformations of Hp, ZHp,
are shown in Figure 3C. In the genome-wide screen, 30 distinct gene loci showed a ZHp value lower than —6.
Among the outliers derived following this analysis, we observed two genes that are related to male fertility,
CTSR2 (a.k.a. CATSPER2, cation channel sperm-associated protein 2) and GSG1 (Germ cell-specific gene 1
protein). CTSR2 complexes with other family members to form a calcium permeant ion channel, which plays
a primary role in the regulation of sperm motility(Quill et al. 2003). GSG1 colocalized with testis-specific
poly(A) polymerase (TRAP) during spermiogenesis, and the interaction between TPAP and GSG1 may be
related to morphological alterations that occur during spermiogenesis (the transformation of round spermatids
to elongating spermatids)(Choi et al. 2008). This may imply that potential selection of breeding stocks
occurred in the milu population, thereby supporting the prolonged captive history of the latter. Interestingly,
the gene family of sperm mitochondrial sheath (P=9.85x10®) was significant expanded in Milu genome. The
mature sperm tail has several accessory structures, including a mitochondrial sheath, outer dense fibers and a
fibrous sheath, and (Holstein 1976). Studies with gene knockout mice have proven that precisely regulated
mitochondrial sheath formation is critical for sperm motility and fertility(Bouchard et al. 2000; Miki et al.
2004).

We also observed strong signatures of selection in relation to host immunity, including six genes (SERPINE1,
PDIA3, CD302, IGLL1, VPREB3, and CD53 antigen), which may strengthen host resistance to pathogenic
infection. Another interesting signature of positive selection was the TAS2R locus (Figure 3C). The TA2R
locus controls bitter taste sensitivity, including sensitivity to saccharin, quinine, and salicin(Deshpande et al.
2010). Moreover, we also found the significant gene family expansion on chloride channel activity in Milu
genome, which mediates salt and liquid movement(Sheppard and Welsh 1999). By scanning milu-specific
single amino acid polymorphisms (SAPs) in salt-sensitive ENaCs (epithelial sodium channels)(Chandrashekar
et al. 2010), we identified 14 SAPs associated with SCNN1A, SCNN1B, SCNN1G, and SCNN1D
(Supplementary Table S39, Supplementary Fig. S34-S37). Eight SAPs were predicted to influence channel
function, thereby affecting salt-sensation and sodium absorption (Figure 3D). Historically, milu were widely
distributed in the eastern coastal regions of China(Cao 2005) (Figure 1A). Currently, the largest captive and
wild release populations live in Dafeng Natural Reserve, in the eastern coastal shoal region of China (Figure
1C). The salinity of the main diet of these individuals is significantly higher than for inland populations
(Figure 3E, Supplementary Table S40-S41). Thus, the occurrence of polymorphisms in loci that are related

to bitter and salt tasting sensations may explain the adaption of the milu to high-salt diets in swamp.
7
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208  Symbiotic gut microbes play important roles in host nutrition, development, immunity, and health in
209  animals(Ley et al. 2008). Metagenomic analysis of 10 milu gut microbial genomes and 39 mammalian
210  microbial genomes (including whale, dolphin, carnivore, omnivore and herbivore genomes)(Muegge et al.
211 2011; Sanders et al. 2015) was performed using the MG-RAST online server(Meyer et al. 2008)
212 (Supplementary Table S42). This analysis revealed functional enrichment of sodium transportation in milu
213 gut microbes. Factors that were affected by this phenomenon included the Sodium transport system
214  ATP-binding protein, Adenosinetriphosphatase, and Transcriptional regulatory protein NatR (Figure 4A-C).
215  These occurrences may reflect an adaptation to a high salinity diet. Moreover, glycan biosynthesis, lipid
216  metabolism, cofactor and vitamin metabolism (including folate biosynthesis, thiamine biosynthesis and
217  vitamin B6 metabolism), and biosynthesis of other secondary metabolites (including penicillin and
218  cephalosporins) were also significantly enriched in milu gut microbes (Figure 4D-G). It is possible that these
219  reactions participate in host immunity, development, and health.
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243

244

245  FigureLegends

246 Figurel. History of milu.

247 A, Palaeogeographic distribution history of wild milu in China. The data for milu fossils were adopted from
248  Cao. The color relates to the density of the fossils in specific provinces, and the density was calculated as the
249  number of fossils per million square kilometers. B, Forage selection in coastal shoal habitat of milu in Dafeng
250  Milu Natural Reserve, Jiangsu, China. C, Large-scale reintroduction programs since 1985. C, fawn; F, females;
251 M, males. D, Demographic history of the milu. The history of the milu population and climate change spans
252 from 3 KYA to 4 MYA. We used the default mutation rate of 1.5x10°® for baiji (1) and an estimation of 6
253 years per generation (g). The last glacial maximum (LGM) is highlighted in grey. Tsurf, atmospheric surface
254 air temperature; RSL, relative sea level; 10 m.s.l.e., 10 m sea level equivalent. E, Box plot of Froh for milu,
255  crested ibis, panda, and polar bear populations. Fron denotes the proportion of total ROH length. F. Box plot
256 of length of ROH in each individual from milu, crested ibis, panda, and polar bear.

257

258  Figure 2. Genetic diversity of milu and other animals.

259  A. Box plot of heterozygosity from milu, crested ibis, panda, and polar bear individuals. Only heterozygous
260  SNPs were included. CI, Crested Ibis; ML, Milu; PA: Panda; PB: Polar bear. B. Bias distribution of SNPs in
261  animal genomes. Each circle denotes one species as (A). L, low SNP density region; H, high SNP density region;
262 kbp, kilobase; the proportion of total length of L and H regions in whole genome are green and purple; the
263 proportion of SNP number in L and H region to total SNP number in both L and H regions are light blue and blue.
264  C. Ratio of heterozygosity in each genomic element. The genomes were subdivided into three regions — exons,
265 introns and other (regions that were neither exons nor introns). Then, heterozygosity in each type of genomic
266  element was compared to heterozygosity of whole genome. D. Classification of missense variants. DE:

267  deleterious; TO: Tolerated; and OT: Other.
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268

269  Figure 3. Adaptive evolution in the milu genome.

270 A. Phylogenetic position of milu relative to other mammals. The branch lengths of the phylogenetic tree are
271  scaled to demonstrate divergence time. Tree topology is supported by a posterior probability of 1.0 for all
272 nodes. The blue bars on the nodes indicate the 95% credibility intervals of the estimated posterior distributions
273 of the divergence times. The red circles indicate the fossil calibration times used for setting the upper and
274  lower bounds of the estimates. The number of significantly expanded (green) and contracted (orange) gene
275  families is designated on each branch. MRCA, most recent common ancestor. B. Lineage-specific accelerated
276 evolving GO categories of biological process using the number of non-synonymous substitutions. C.
277  Summary of selective sweep analysis. The negative end of the ZHp distribution presented along
278  pseudo-chromosomes 1-29. The horizontal dashed lines indicate the threshold at ZHp = -6. Genes residing
279  within 20 kb of a window with ZHp < -6 are indicated by their gene names. D. Red dot, milu-specific SAPs
280  (single amino acid polymorphisms); red circle, damaging milu-specific SAPs predicted by PPH2. E. The
281  salinity of forage plants in Dafeng Milu Natural Reserve.

282

283  Figure 4. The comparative metagenomic analysis of 10 milu gut microbial genomes and another 39
284  mammalian genomes (including genomes from whales, dolphins, carnivores, omnivores and herbivores).
285  A-C, the genes coding for putative enzymes related to the sodium transport system, including Sodium
286  transport system ATP-binding protein, Adenosinetriphosphatase, and Transcriptional regulatory protein, NatR.
287 D-G, the genes coding for putative metabolism of cofactors and vitamins (folate biosynthesis, thiamine
288  biosynthesis and vitamin B6 metabolism), and biosynthesis of other secondary metabolites (including
289  penicillin and cephalosporin biosynthesis). CA, carnivores. WD, whales and dolphins. HE, herbivores. OC,
290  omnivores. The number in brackets represents sample size.
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308  OnlineMethods

309  Genome sequencing and assembly

310 DNA from blood samples acquired from an adult female milu in Dafeng Milu Natural Reserve was used for
311  de novo sequencing. Samples from an additional five animals were utilized for resequencing. Libraries with
312  different insert sizes were constructed at Majorbio (Shanghai), and the insert sizes of the libraries were 180 bp,
313 500 bp, 800 bp, 3 kb, 5 kb, 8 kb, and 10 kb. The libraries were sequenced using a HiSeq2000 instrument. The
314  other five resequencing samples were sequenced with read and insert lengths of 101 bp and 500 bp,
315  respectively.

316 Whole-genome shotgun assembly of the milu was performed using the short oligonucleotide analysis
317  package, SOAPdenovo(Li et al. 2010). After filtering the reads, short-insert size library data were used to
318  construct a de Bruijn graph without paired-end information. Contigs were constructed by merging the bubbles
319  and resolving the small repeats. All qualified reads were realigned to contig sequences and paired-end
320 relationships between the reads of allowed linkages between the contigs. We subsequently used the
321  relationships, step by step, from the short-insert size-paired ends and the long-distance paired-ends to
322 construct scaffolds. Gaps were then closed using the paired-end information to retrieve read pairs in which
323  one end mapped to a unique contig and the other was located in the gap region. Assembly quality was
324  assessed by aligning the assembled WTD(Malenfant et al. 2014) and CSD(Yao et al. 2012a; Yao et al. 2012b)
325  transcripts with the milu scaffolds and by using a core eukaryotic gene mapping method(Parra et al. 2007).
326  Genomeannotation

327  Transposable elements in the milu genome were identified by a combination of homology-based and de novo
328  approaches. Tandem repeats were identified using Tandem Repeat Finder(Benson 1999). Interspersed repeats
329  were characterized by homolog-based identification using RepeatMasker open-4.0.3(Smit et al. 1996) and the
330  repeat database, Repbase?. Repeated proteins were identified using RepeatProteinMask and the transposable
331  elements protein database. De novo identified interspersed repeats were annotated using RepeatModeler(Price
332 etal. 2005), and LTR_FINDER(Xu and Wang 2007) was used to identify the LTRs; these results were used to
333  generate the de novo repeat libraries, and then RepeatMasker was run once more against the de novo libraries.
334  All repeats identified in this manner were included in the total count of interspersed repeats.

335 The milu protein-coding genes were annotated following the use of a combination of homolog gene
336  prediction and de novo gene prediction tools. For homolog gene prediction, the protein sequences from cow,

337 vyak, goat, TA, and human were mapped to the genome using tBLASTn(Altschul et al. 1990), and
15
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GeneWise(Birney et al. 2004) was used to predict the gene model based on the alignment results. De novo
gene prediction was performed using GENSCAN(Burge and Karlin 1997), AUGUSTUS(Stanke et al. 2006),
and GLIMMERHMM(Majoros et al. 2004) based on the repeat-masked genome. Then, EVM(Haas et al. 2008)
and MAKER(Cantarel et al. 2008) were applied to integrate the predicted genes. Finally, manual integration
was performed to construct the final gene set. We searched the final gene set against the KEGG(Kanehisa and
Goto 2000), SwissProt(Bairoch and Apweiler 2000), and TrEMBL(Bairoch and Apweiler 2000) protein
databases to identify gene functions. The gene motifs and domains were determined using
InterProScan(Zdobnov and Apweiler 2001) following analysis of public protein databases, including ProDom,
PRINTS, PFAM, SMART, PANTHER and PROSITE. All genes were aligned against the KEGG pathway
database(Kanehisa and Goto 2000), and the best match for each gene was identified. The GO IDs for each
gene were obtained from the corresponding InterPro entries. We also mapped milu proteins to the NCBI nr
database and retrieved GO IDs using BLAST2GO(Conesa et al. 2005).

Genome evolution

Orthologous groups were constructed by ORTHOMCL v2.0.9. Phylogenetic tree inference and divergence
time estimation was conducted based on fourfold-degenerate sites of single-copy gene families. Significantly
expanded and contracted gene families were identified by CAFE(De Bie et al. 2006). Molecular evolution
analyses were performed using the framework provided by the PAML4.7 package. Please see Supplementary
information for more detailed methodologies.

Detection of variants

For the individual that was used for de novo sequencing, we used the BWA(Li and Durbin 2009) program to
remap the pair-end (180 bp, 500 bp, and 800 bp) clean reads to the assembled scaffolds. After merging the
BWA results and sorting alignments (using the leftmost coordinates) and removing potential PCR duplicates,
we used SAMtools(Li et al. 2009) mpileup to call SNPs and short InDels. We applied vcfutils.pl varFilter (in
SAMtools) as the filtering tool with parameters ‘-Q 20 -d 6 -D 86°. Then, homologous SNP positions were
extracted and further filtered, to disqualify SNPs that may have resulted from errors due to assembly and/or
mapping. The heterozygosity rate was estimated as the density of heterozygous SNPs for the whole genome,
gene intervals, introns, and exons, respectively. For the five resequencing milu individuals, variants were
identified using similar methods, except that the filtering parameter used by vcfutils.pl varFilter was ‘-Q 20 -d
6-D 75

Whole genome re-sequencing data from 34 giant panda genomes(Zhao et al. 2013), and eight crested ibis(Li
16
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et al. 2014) genomes were downloaded from the NCBI SRA database, and BAM files were generated using
identical methods to those used for milu individuals. Next, the bam files for each species were processed using
the mpileup module in samtools and the following parameters; ‘-q 1 -C 50 -g -t DP,SP,DP4 -1 -d 250 -L 250
-m 2 -p’. The associated variants were called and filtered using the varFilter module of vcfutils.pl (parameters
*-Q 20 -d 10 -D 50000 -w 5 -W 10’ for panda, and *-Q 20 -d 5 -D 4000 -w 5 -W 10’ for crested ibis). Finally,
variants from each individual were generated by filtering positions with low depth (‘<3’ for panda, and ‘<5’
for crested ibis). The SNP positions in 18 polar bear genomes(Liu et al. 2014) were extracted from variant
files downloaded from GigaDB(Sneddon et al. 2012). SNPs were annotated using snpEff (Cingolani et al.
2012). To estimate how the functional changes for proteins in milu/panda/polar bear/crested ibis differed from
those in humans, we evaluated the likely effect of a mutation in humans relative to the milu/panda/polar
bear/crested ibis alleles as either neutral or deleterious using SIFT(Ng and Henikoff 2003).

Demographic history reconstruction and ROH identification

Demographic histories of the milu were reconstructed using the Pairwise Sequentially Markovian Coalescent
(PSMC) model(Li and Durbin 2011). The mutation rate (i) was set to 1.5x10® and the generation time (g)
was set to 6 years. We identified the ROH for each individual using the runs of homozygosity tool in PLINK
(v.1.07)(Purcell et al. 2007) with adjusted parameters (--homozyg-window-kb 0 --homozyg-window-snp 65
--homozyg-window-het 1 --homozyg-window-missing 3 --homozyg-window-threshold 0.05 --homozyg-snp
65 --homozyg-kb 100 --homozyg-density 5000 --homozyg-gap 5000). The individual genome-based
inbreeding coefficient, denoted as Froh, is defined as the fraction of total ROH length to genome effective
length(Gazal et al. 2014).

SNP densities

To check the distribution pattern of SNPs in the genomes, we adopted a method that was described by
Hacquard et al.(Hacquard et al. 2013) Specifically, to estimate the distributions of the high- and low-SNP
densities, we fitted a two-component mixture model to the observed SNP densities using the
expectation-maximization (EM) algorithm (function normalmixEM, R-package mixtools). SNP densities were
obtained via a sliding window of 200 kb, at steps of 2 kb, in scaffolds with lengths longer than 300kb. To
identify regions with high- and low-SNP densities, a two-state hidden Markov model (HMM) was fitted on
the 200-kb SNP densities using the EM algorithm, and the posterior state sequence was computed via the

Viterbi algorithm (function fit, package depmixS4).
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397  Selective sweep identification

398  To detect putative selective sweeps, we searched genomic regions with higher degrees of fixation, following
399  previously described methods(Rubin et al. 2010; Rubin et al. 2012). The numbers of major and minor allele
400  reads observed at each variant position were counted, and SNP positions which located on non-autosomes and
401  whose minor allele frequency was <0.05 were filtered. We then scanned the genome using sliding 100-kb
402  windows with a step size of 50 kb. Windows with less than five SNPs were not considered. Windows with
403  ZHp <-6 were retained as candidate selective sweeps.

404  Salinity analyses

405 5 mg, 10 mg, 15 mg, 20 mg, 25 mg, 40 mg, 60 mg, 80 mg, 100 mg, 120 mg, 140 mg, 160 mg, 180 mg, and 200 mg
406  of NaCl were weighed respectively in separate beakers. A total of 50 ml of distilled water was subsequently mixed
407  with each quantity of NaCl to prepare saline standards. The electric conductivity (EC) value of standard saline was
408  determined using a conductivity meter and the resultant values were used to generate the X-axis. The saline
409  standard concentration values were used as the Y-axis. A total of 0.5 g of plant materials was weighed in a beaker
410 and mixed with 100 ml of distilled water. After the mixture was heated using an electric stove for 30 min, the
411  resultant solution was strained into a new volumetric flask with 25 ml of distilled water. The solution was stored in
412 a 50-milliliter centrifuge tube and was subsequently used to determine EC values.

413  Metagenomics analyses

414 10 fresh fecal samples from three core areas in Dafeng Natural Reserve (China) were collected immediately after
415  defecation, snap-frozen in liquid N2, and shipped to the laboratory on dry ice. All samples were obtained from
416  inside the feces, where there was no contact with soil. DNA was extracted from fecal samples using the Qiagen
417  QIlAamp DNA Stool Mini Kit according to the protocol for isolation of DNA for pathogen detection. DNA was
418  eluted in a final volume of 250 uL using elution buffer and then stored at —20 °C. Sequencing and general data
419  analyses were performed by Shanghai Majorbio Bio-pharm Biotechnology (Shanghai, China). A library was
420  constructed with an average clone insert size of 350-bp for each sample. We compared the raw short reads with host
421  genome data to remove the host sequence. Clean reads were subsequently obtained to assemble long contig
422  sequences using SOAPdenovo(Li et al. 2010) during metagenomic analyses. Different Kmer frequencies were
423  utilized to generate different assembly results, and N50 lengths were used to access the best assembly result. The
424  metagenomes were uploaded to MG-RAST. Functional annotation of 49 metagenomes (10 from milu and 39 from
425  published data) was performed with Hierarchical Classification using the KEGG ortholog database within

426  MG-RAST(Meyer et al. 2008). The following parameters were used: maximum e-value cutoff of 1e-5, minimum
18
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identity cutoff of 60%, and minimum alignment length cutoff of 15 (default). The statistical analysis for KEGG

function pathways were performed in STAMP(Parks et al. 2014).
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