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SUMMARY

The North American beaver is an exceptionally long-lived and cancer-resistant rodent species. 

Here, we report the evolutionary changes in its gene coding sequences, copy numbers, and 

expression. We identify changes that likely increase its ability to detoxify aldehydes, enhance 

tumor suppression and DNA repair, and alter lipid metabolism, potentially contributing to its 

longevity and cancer resistance. Hpgd, a tumor suppressor gene, is uniquely duplicated in beavers 

among rodents, and several genes associated with tumor suppression and longevity are under 

positive selection in beavers. Lipid metabolism genes show positive selection signals, changes in 

copy numbers, or altered gene expression in beavers. Aldh1a1, encoding an enzyme for aldehydes 

detoxification, is particularly notable due to its massive expansion in beavers, which enhances 

their cellular resistance to ethanol and capacity to metabolize diverse aldehyde substrates from 

lipid oxidation and their woody diet. We hypothesize that the amplification of Aldh1a1 may 

contribute to the longevity of beavers.
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Graphical Abstract

In brief

Zhang et al. examine the genome of North American beavers and find evolutionary changes that 

could contribute to beavers’ longevity. In particular, Aldh1a1, encoding an enzyme for aldehyde 

detoxification, is massively expanded in the beaver genome, protecting them against exposure to 

aldehydes from lipid oxidation and their woody diet.

INTRODUCTION

Between species, large animals tend to live longer. Recent studies of several long-lived 

mammalian species with large body sizes revealed diverse antitumor mechanisms. For 

example, elephants, the largest land mammals, were found to have enhanced Tp53 activity 

through gene copy-number expansion (~20 copies) (Abegglen et al., 2015), while bowhead 

whales, possibly the longest-lived mammals, show signals of natural selection in aging and 

cancer-associated genes (Keane et al., 2015). In this study, we focused on North American 

beavers (Castor canadensis), whose maximum lifespans (>24 years) and adult weights (from 

24 to 71 lb) make them the longest lived and second largest rodent species.

The lifespans of rodent species are nearly 10 times more variable than those of other 

mammalian orders (Gorbunova et al., 2014). This heightened variability makes them 

excellent model organisms to study mechanisms of aging and longevity. Most notably, the 
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naked mole rat, a rodent species with an extreme resistance to cancer, has a maximum 

lifespan of ~30 years, ~10 times the lifespan of mice (Gorbunova et al., 2014). Recent 

studies found unique amino acid changes in proteins involved in DNA repair and cell 

cycle (Kim et al., 2011), insulin β chain associated with insulin misfolding and diabetes 

(Fang et al., 2014), decreased expression of genes in insulin/Igf1 signaling in the liver 

(Kim et al., 2011), and an increased expression of genes involved in DNA repair and 

genome maintenance (MacRae et al., 2015). Beavers are another long-lived rodent species, 

and their cells are more resistant to malignant transformation than other rodent species 

(e.g., capybara, the largest rodent) and require similar “hits” as human cells for malignant 

transformation (Seluanov et al., 2018), making beavers a promising model organism to study 

human cancer. A recent study showed that Sirt6 in beavers can repair DNA double-strand 

breaks better than its ortholog in mice, and this increased genome maintenance contributes 

to the longevity of beavers (Tian et al., 2019). However, it remains unclear how beavers, the 

second largest rodents, evolved to have cancer resistance and longevity.

The beaver genome assembly was first released in 2017 (Lok et al., 2017). Before analyzing 

it, we re-sequenced and reassembled the beaver genome to improve the quality of its 

assembly in terms of both contiguity and completeness (Zhou et al., 2020). To find 

potential mechanisms of cancer resistance and longevity, using our improved beaver genome 

assembly, we explored three major types of signals of natural selection in beavers compared 

to other rodents: changes in gene copy numbers; positive selection in coding regions, which 

has affected protein structure, interaction, and function; and changes in gene expression. 

Through a systematic, comparative analysis, we identified a striking expansion of Aldh1a1, 

a stem cell marker gene, by ~10 copies in the beaver genome and also beaver-only expansion 

of several genes, including Hpgd, a tumor suppressor gene, and Cyp19a1, a gene involved 

in estrogen biosynthesis and linked to human longevity (Corbo et al., 2011). We also 

found signals of positive selection among beaver genes associated with lipid metabolism, 

oxidation reduction, and cancer suppression and increased expression of DNA repair genes 

in beavers compared to mice, which are consistent with observations in other long-lived 

species (MacRae et al., 2015).

RESULTS

Significant expansion of beaver Aldh1a1 and its functional consequences

Based on our gene annotation (Figure S1), we applied CAFE 3 (Han et al., 2013) to predict 

significant (false discovery rate [FDR] < 0.01) copy number increases in 12 beaver genes 

(Figure S2; see Method details and Data S2 for the gene list). Most of these significant 

increases are not specific to beavers. However, the expansion of one of them, Aldh1a1, is 

striking in beavers. We examined beaver Aldh1a1 in detail to explore whether its expansion 

could be important for the cancer resistance and/or longevity of beavers.

Expansion of beaver Aldh1a1—Compared with humans and chimpanzees, both of 

which have one copy of Aldh1a1, most rodent species have two copies of this gene (its 

close paralog in mouse is called Aldh1a7). This indicates an expansion in rodents, which 

very likely happened before their last common ancestor (Figure S2B). In contrast, 10 copies 

Zhang et al. Page 3

Cell Rep. Author manuscript; available in PMC 2021 December 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



of Aldh1a1 were identified in the beaver genome, among which 2 copies are predicted as 

pseudogenes because of frameshift indels (Figure S3). One copy (ID: 266.2) has relatively 

lower annotation quality with two repeat fragments, which may indicate a mixture of two 

copies of Aldh1a1.

We next examined every copy of beaver Aldh1a1 and carried out qPCR to experimentally 

quantify duplication events. We compared synteny of the Aldh1a1 locus among beavers, 

humans, and mice (Figure 1A). Missing or unordered genes in a genomic region may 

indicate a poor assembly quality. In contrast, a perfect match of the order of corresponding 

genes indicates the good quality of genome assembly at this locus. After expansion, different 

gene copies evolved independently and accumulated differences in both sequence and 

gene structure. Using Apollo (Lee et al., 2013) and RNA sequencing (RNA-seq) data, 

we manually improved the gene annotation of seven functional copies of beaver Aldh1a1 
(excluding two pseudogenes and the low-quality copy 266.2), which have different gene 

structures (Figure 1B). Bona fide gene copies likely encode homologous proteins with 

different substitutions. We picked 3 sites in the coding sequences of exon 4 (Figures 1C and 

S4A), which can distinguish the 7 copies from one another. The alignment of RNA-seq reads 

from different beavers indicates that those variable sites are genuine and that the different 

copies were transcribed simultaneously. While the RNA-seq read coverage at these variable 

sites was relatively low for the copy 266.5, we also analyzed another site, where the copy 

266.5 is distinct from all of the other copies and with much higher RNA-seq reads coverage 

(Figure S4B). To further validate the expansion of Aldh1a1, we performed qPCR analysis, 

which showed that there are ~10 copies of Aldh1a1 in the beaver genome (Figure 1D).

Gene expression of expanded beaver Aldh1a1 copies—All of the predicted beaver 

Aldh1a1 copies have regular gene structures with introns, and only two of them were 

identified as pseudogenes by GeneWise (Birney et al., 2004) (see Method details and Figure 

S3C). At least seven copies of Aldh1a1 are of high annotation quality and transcribed 

in parallel in several different beavers (Figure 1C). Based on their expression patterns in 

different tissues, beaver Aldh1a1 copies can be clustered into three groups (Figure 1E). 

As expected, the two pseudogenes show very low expression in all of the tissues. While 

some copies are expressed in multiple tissues, others show particularly high expression 

levels in liver, which is the organ most important to metabolize aldehydes. To understand 

the overall transcriptional activity of Aldh1a1 copies in beavers, we compared expression 

levels of Aldh1a1 copies in liver, brain, kidney, skin, and spleen between beavers and 

mice using RNA-seq data (see Method details). The overall expression of Aldh1a1 was 

significantly higher in beaver liver, brain, kidney, and skin than that in the same mouse 

organs, respectively (Figure 1F). Although significantly expanded in beavers, Aldh1a1 
was not differentially expressed in the spleen tissue between beavers and mice. We also 

examined the protein levels of Aldh1a1 with the western blot. Using cytosolic extracts from 

beaver and mouse liver cells, we found that there is more Aldh1a1 in beaver liver cells 

than in mouse liver cells (Figure 1G). To measure the protein quantity of each Aldh1a1 

copy, we performed the label-free quantitation of beaver and mouse liver proteins by mass 

spectrometry. Of ~2,000 proteins measured in beaver livers, the protein levels of the 7 best 

annotated Aldh1a1 copies ranked among the highest (all in the top 300 and 6 of them in the 
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top 60) (Figure 1H). These results suggest that the expanded Aldh1a1 copies play important 

roles in beavers, especially in their livers. Aldh1a1 and Aldh1a7 are also abundant among 

~3,000 measured proteins in the mouse livers (Figure 1I).

Divergent evolution of beaver Aldh1a1 copies after expansion—Expanded beaver 

Aldh1a1 copies have shown differences in their gene structures (Figure 1B) and coding 

sequences (Figure S4). In addition, they show differences in the expression pattern across 

beaver tissues; several copies are highly expressed in the beaver livers (Figure 1E). To 

further check whether they have different functions, we modeled their three-dimensional 

(3D) structures with SwissModel (Waterhouse et al., 2018) and the structure of the sheep 

Aldh1a1, 5ABM.pdb (Koch et al., 2015), as the template, which show >80% identity 

with beaver Aldh1a1 copies (Figure S5A). While beaver Aldh1a1 copies have distinct 3D 

structures (Figure S5B), much clearer structural differences were revealed by measuring 

the solvent accessible volume of the substrate entry channel (Figure S5C). Beaver Aldh1a1 

copies 35.14, 265.1, 35.16, and 266.22 showed a higher degree of accessibility as if “gates” 

were more open to the external solvent area and the copy 266.5 was even more extreme. 

More detailed models with implicit hydrogens added were shown in Figure S5D. The 

absence of Voronoi spheres for some copies could be a result of either a narrow outer gate or 

a shallow substrate entry channel.

Aldh1a1 expansion among other conserved Aldh genes—Aldh1a1 belongs to the 

Aldh super gene family: there are 19 human and 21 mouse Aldh genes, respectively. To 

investigate whether the expansion of beaver Aldh1a1 is a compensation for the loss of other 

Aldh genes or a result of natural selection on its own, we manually checked all Aldh genes 

in the beaver genome (Figure S6A). Except for Aldh1a1, beavers have the same set of Aldh 
genes as mice and humans, with regular gene structures and open reading frames (Figures 

S6B and S6C). The conservation of other Aldh genes suggests that natural selection likely 

drove the fixation of multiple copies of Aldh1a1 in beavers.

Enhanced tolerance of alcohol and aldehydes of beaver cells—Aldh gene 

products can protect organisms against damage from oxidative stress by processing toxic 

aldehydes generated as a result of lipid peroxidation (Singh et al., 2013). Both alcohol 

and endogenous aldehydes can lead to DNA damage and increase mutations in stem cells 

(Garaycoechea et al., 2018). We next tested the resistance of beaver cells to ethanol and 

aldehydes. After treatment with 18% ethanol for 7 h, both beaver and mouse lung fibroblasts 

showed significantly decreased cell viability (Figure 2A). However, the reduction of cell 

viability was significantly lower for beaver lung fibroblasts than mouse cells (p = 0.002). 

Higher expression of Aldh1a1 in beaver lung fibroblasts was validated by quantitative real-

time PCR (Figure 2B). This result suggests that higher Aldh1a1 levels in beaver may lead 

to higher alcohol resistance. We also tested Aldh1a1 activity for three types of endogenous 

aldehydes: all-trans-retinal (RET), malonaldehyde (MDA), and 4-hydroxynonenal (HNE). 

Beaver and mouse liver extracts did not differ in their ability to process RET; however, 

beaver extract showed much stronger activity on MDA and HNE (Figure 2C). This result 

clearly shows that the beaver liver possesses higher Aldh1a1 activity than the mouse liver.
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Beaver-only gene expansion

In addition to significant gene expansion identified by CAFE 3 (Han et al., 2013), beaver-

specific expansion of highly conserved genes could be biologically relevant. We identified 

12 gene candidates for potential beaver-specific expansion and successfully validated 5 

of them by qPCR (see Method details): Hpgd (15-hydroxyprostaglandin dehydrogenase), 

Fitm1 (Fat storage inducing transmembrane protein 1), Cyp19a1 (Cytochrome P450 
family 19 subfamily A member 1), Pla2g4c (Phospholipase A2 Group IVC), and Cenpt 
(Centromere protein T) (Figures 3A and S7–S10). There are two copies of Hpgd, a well-

known tumor suppressor gene, in the beaver genome. The Hpgd loci in beaver, mouse, and 

human genomes show good synteny (Figure 3B), indicating a good assembly quality at this 

region. The beaver-specific expansion of Hpgd was validated by real-time qPCR (Figure 

3A). We aligned beaver and mouse Hpgd sequences together (Figure 3C). While the two 

copies of beaver Hpgd have a high degree of sequence similarity, there are several amino 

acid residue differences. RNA-seq reads from individual beavers covered variable sites in 

both Hpgd copies, indicating that both copies are transcribed (and likely functional) and that 

sequence differences were not due to DNA sequencing errors but instead divergent evolution 

after the expansion (Figure 3D). Hpgd is a tumor suppressor of many cancer types, including 

cancers of the liver (Lu et al., 2014), colon (Myung et al., 2006), lung (Ding et al., 2005), 

and breast (Wu et al., 2017). Our RNA-seq data analysis showed that the expression of Hpgd 
in both liver and skin was significantly higher in beavers than in mice (Figure 3E). The 

expansion of Hpgd and its higher expression likely contribute to the cancer resistance of 

beavers. Among those expanded genes, the extra copies of Cenpt and Fitm1 were predicted 

to be pseudogenes and still expressed at levels similar to those of the functional copies (Data 

S2), suggesting potential functionality. Studies have shown that some pseudogenes (e.g., 

PTENP1 in humans [Poliseno et al., 2010] and Lethe in mice [Rapicavoli et al., 2013]) are 

expressed and functional (Cheetham et al., 2020).

Beaver genes under positive selection and their association with tumor suppression and 
longevity

We identified 21 beaver genes putatively under positive selection (FDR < 0.01; Table 1; 

Data S1), using the branch site model (Zhang et al., 2005) implemented in the PosiGene 

(Sahm et al., 2017) pipeline, followed by manual curation (see Method details). Although 

not enriched at the pathway level, several top genes under positive selection are known to 

be associated with lipid metabolism (e.g., Erlin2, Fabp3, Cilp2), tumor suppression (e.g., 

Vwa5a, Fabp3), and oxidation reduction process (e.g., Hsd17b1, Fabp3, Cox15, Cyb5a, 

Aoc1). For several of them, past studies have shown their potential association with aging/

longevity. Different alleles of Hsd17b1 were found to be significantly associated with human 

longevity in females (Scarabino et al., 2015). A single knockout of Mtbp in mice led to 

an extension of lifespan (Grieb et al., 2016). Knockdown of Mrpl37 increased the lifespan 

of Caenorhabditis elegans by 41% on average (Houtkooper et al., 2013). Long-lived bats 

have a greater abundance of Fabp3 in muscle mitochondria than that of short-lived mice, 

and thus its regulation of lipids may influence mitochondrial function (Pollard et al., 2019). 

FABP3 also acts as a tumor suppressor in human embryonic cancer cells and breast cancer 

(Song et al., 2012). In addition, Ptx3 is an inflammatory protein that protects the organism 
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against pathogens and controls autoimmunity and is involved in tissue remodeling and 

cancer development (Doni et al., 2019).

Mtbp (Mdm2 binding protein) interacts with and enhances the stability of oncoprotein 

Mdm2 (mouse double minute 2), which promotes the degradation of Tp53 (Figure S11). 

Sites with positive selection signals were identified in exons encoding the mid-domain and 

the C-domain of Mtbp (Figure 4A). In addition to codon changes (i.e., selection signals 

identified by PosiGene), there are indels in beaver Mtbp, compared with the ortholog from 

other rodent species. In particular, there is a 15-bp insertion in exon 18 of beaver Mtbp that 

resembles an insertion at a similar location in Mtbp of the long-lived naked mole rat. We 

explore potential functional effects of changes in codons and indels using PROVEAN (Choi 

and Chan, 2015), PolyPehn2 (Adzhubei et al., 2013), and CADD (Rentzsch et al., 2019) by 

considering changes from those in the human genome (human sequences are the consensus 

sequence at those loci) to those in the beaver genome (Figure 4B). Two sites under positive 

selection are consistently predicted to be deleterious, suggesting that they could result in 

decreased Mtbp function and hence decrease the stability of Mdm2, leading to higher Tp53 

activity. We also checked the top 3 sites under positive selection identified in the multiple 

sequence alignment of Mtbp from 62 mammals (Figures S11B–S11D) and examined in the 

gnomAD (Genome Aggregation Database) (Karczewski et al., 2020) the frequency of the 

human allele identical to the beaver nucleotide. We examined a few other sequence changes 

at the positive selection sites in other mammals and found that only changes in beaver 

Mtbp were predicted to be deleterious (Figure S11D), which may contribute to its cancer 

resistance. Haploinsufficiency of Mtbp in mice delays spontaneous cancer development 

and extends lifespan by enhancing Tp53 function (Grieb et al., 2016). Our hypothesis on 

the decreased function of Mtbp, due to deleterious mutations, is supported by the lower 

expression of Mtbp in beavers than in mice (Figure 4C).

Enhanced expression of DNA repair genes and changes in genes involved in lipid 
metabolism

Among 12,090 genes with one-to-one orthologs between beavers and mice, we detected 

3,267 (1,657 upregulated and 1,610 downregulated), 2,813 (1,593 upregulated and 

1,220 downregulated), 3,681 (1,908 upregulated and 1,773 downregulated), 3,270 (1,465 

upregulated and 1,805 downregulated), 3,270 (1,465 upregulated and 1,805 downregulated), 

and 3,451 (1,754 upregulated and 1,697 downregulated) differentially expressed genes (fold 

change > 2.5 and adjusted p < 0.01 after Bonferroni correction) in liver, brain, kidney, 

skin, and spleen, respectively, between beavers and mice (see Method details). Except 

for the spleen, upregulated genes in beavers were enriched in DNA repair and cell-cycle 

pathways, while downregulated ones in beavers were enriched in metabolism of lipids, 

post-translational protein modification, and transport of small molecules pathways (Figure 5; 

Data S2).

Among differentially expressed genes, Igf2 (insulin-like growth factor 2) showed much 

higher liver expression in beavers than in mice (fold change = 58.87, adjusted p = 1.43E–

76 after Bonferroni correction), and the gene of its binding protein Igf2bp2 also shows 

significant upregulation in beaver livers (adjusted p = 8.63E–5 after Bonferroni correction) 
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(Figure S12). The expression of Igf2 significantly decreases after birth in the liver of most 

mammals, including mice and rats. Interestingly, Igf2 and Igf2bp2 show relatively higher 

expression levels in the livers of naked mole rats and Damaraland mole rats (Fang et al., 

2014; Ma and Gladyshev, 2017), both long-lived rodents.

DISCUSSION

Aldh gene products process aldehydes generated as a result of lipid peroxidation, thus 

protecting the organism from the consequence of oxidative stress (Singh et al., 2013). A 

recent study showed that both alcohol and endogenous aldehydes damage chromosomes 

and increase the mutation rate of stem cells (Garaycoechea et al., 2018). The activation of 

Aldh1a1 was found with the ability to reduce cell oxidative stress damage (Calleja et al., 

2021). We found that beaver cells exhibited better tolerance to ethanol than mouse cells 

and showed strikingly enhanced capabilities for metabolizing MDA and HNE (Figure 2). 

While MDA is the most mutagenic aldehyde product of lipid peroxidation, making up 70% 

of the total aldehydes produced (Townsend et al., 2001), HNE is the most toxic (Ayala et 

al., 2014). The upregulation of Aldh occurs in mammals in response to lipid peroxidation 

(Vassalli, 2019), which is a major source of endogenous aldehydes. Polyunsaturated fatty 

acids (PUFAs) are more susceptible to oxidation than monounsaturated fatty acids, and 

beavers have a high proportion of PUFAs, which is unusual among mammals (Domaradzki 

et al., 2019; Martysiak-Zurowska et al., 2009; Zalewski et al., 2009). For example, beaver 

tail fat contains >80% UFAs (Zalewski et al., 2009). High levels of PUFAs will result 

in increased lipid peroxidation, which is reversely correlated with the lifespan of diverse 

species, including mammals (Hulbert et al., 2014). Compared to Aldh2 and Aldh3a1, 

Aldh1a1 is the most important enzyme to oxidize aldehydes formed by lipid peroxidation 

in murine hepatocytes (Makia et al., 2011). Thus, the long lifespan of beavers indicates 

the presence of a potential protective mechanism against lipid peroxidation, and Aldh1a1 
expansion could be a key factor.

In addition, one major difference between beavers and other rodents (and also most other 

mammals) is their woody diet. They eat tree barks and twigs (e.g., aspen, maple, willow, 

birch, black alder), stems, buds, and some soft plants (e.g., grass, leaves). Woody plants 

produce a large variety of volatile organic compounds (VOCs) as antiherbivore defense 

mechanisms (Dyer et al., 2018; Iason et al., 2012; Pallardy, 2008). The beaver diet of woody 

plants may have provided evolutionary pressure that selected for the expansion of Aldh1a1. 

A study of VOCs in the tree barks of six coniferous and nine deciduous tree species found 

an abundance of aldehydes, including hexanal, heptanal, and benzaldehyde (Ozgenc et al., 

2017). Similarly, a recent metabolomics analysis of sugar maple sap revealed additional 

aldehydes with complex structures such as sinapaldehyde and 4-hydroxybenzaldehyde, 

among several other natural products such as polyphenols (Garcia et al., 2020). This 

suggests that beavers are also exposed to high degrees of aldehydes and alcohol through 

their woody diet. The exposure of beavers to aldehydes through both diet and PUFA 

oxidation may entail the increased expression of Aldh1a1 to cope with this challenge. Gene 

expansion is one effective way to increase gene dosage rapidly. From this point of view, 

it is very likely that Aldh1a1 expansion in beavers is a result of natural selection against 

exposure to aldehydes. Since Aldh1a1 expansion significantly improves their tolerance 
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against oxidative stress, we hypothesize that as a result it may contribute to beavers’ 

longevity.

In addition to measuring their overall expression level and metabolic activity on aldehydes, 

we explored whether different Aldh1a1 copies have evolved different gene regulation and 

functionalities after expansion. Several copies showed a high expression in the liver, the 

organ most important for aldehyde metabolism (Figure 1E). Interestingly, the expansion of 

beaver Aldh1a1 does not lead to universally higher expression in beavers than in mice (e.g., 

spleen; Figure 1F). Such results indicate tissue-specific regulation of expanded Aldh1a1 
copies. Furthermore, our structural modeling revealed potential differences in their protein 

structures, suggesting that they may recognize diverse aldehyde substrates (Figure S5). 

This is consistent with the idea that function diversification of the Aldhs arose from gene 

duplication events, and the substrate entry channel dictates the specificity of each Aldh 
(Vasiliou et al., 2000). Different substrate entry channels of beaver Aldh1a1 copies (Figure 

S5) indicate their different functionalities, which may respond to the organ-specific toxicity 

of aldehydes.

While no difference in Aldh1a1 activity on RET was observed between beavers and 

mice, Aldh1a1 in beavers showed much higher activities on MDA and HNE than in 

mice, supporting the idea that the extra copies of Aldh1a1 may confer a greater ability 

to oxidize diverse aldehyde substrates. Increased Aldh1 activity is expected to increase 

an organism’s resistance to oxidative stress. Enhanced tolerance for oxidative stress has 

been found in long-lived fruit flies compared to those with a normal lifespan (Deepashree 

et al., 2019). Human centenarians have been found to have less oxidative stress damage 

compared to controls (Belenguer-Varea et al., 2020). Linked to multiple age-related diseases, 

the oxidative stress is likely one of the major contributors to aging (Liguori et al., 

2018). Lipoxidation increases with age (Mitchell et al., 2007), while reactive aldehyde, a 

known carcinogen, interferes with DNA replication, causes DNA damage, and induces the 

formation of DNA adducts (Langevin et al., 2011). Aldh1a1 expansion can increase cellular 

protection against these toxins. Our finding of better toleration of ethanol by beaver cells 

is consistent with a previous human study, which showed that low Aldh1a1 activity may 

account for alcohol sensitivity in some White populations (Marchitti et al., 2008). Stem 

cell exhaustion is one of hallmarks of the aging process. Aldh1a1 is also a marker gene 

associated with the stemness of cells and is expressed higher in stem cells (Li et al., 2017). 

Aldh1a1 expansion may also contribute to stem cell maintenance in beavers. This hypothesis 

is consistent with results from other studies, which found that UFAs can maintain cancer cell 

stemness (Mukherjee et al., 2017) and the positive association between Aldh1a1 expression 

and lipid unsaturation level (Li et al., 2017). Thus, Aldh1a1 expansion may affect the aging 

process of beavers by increasing both resilience to oxidative stress and the stemness of 

beaver cells. Mice deficient in both Aldh1a1 and Aldh3a1 had fewer hematopoietic stem 

cells, more reactive oxygen species, and increased sensitivity to DNA damage (Gasparetto et 

al., 2012), all of which are early aging phenotypes.

Several studies have shown the association of Aldh1a1 expression with the aging process. 

The expression of Aldh1a1 dramatically increases with age in mouse hematopoietic stem 

cells (Levi et al., 2009). It is significantly lower in CD4+ T cells from aged mice than 
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those from young mice, and its low expression may affect the migration of T cells in 

aged mice (Park et al., 2014). However, how and in which tissues the expression of 

Aldh1a1 is significantly changed with age is not clear. To explore this, we used human 

gene expression data in diverse tissues from GTEx (Genotype-Tissue Expression project) 

(Carithers et al., 2015) and studied Aldh1a1 expression patterns during aging in the presence 

of several potential covariates (see Method details). In several tissues, the expression 

of Aldh1a1 significantly changes with age (FDR < 0.01) (Figure 6). For example, it 

significantly increases with age in adipose tissue, which may be associated with an increase 

in the percentage of body fat among older people (St-Onge and Gallagher, 2010). It also 

significantly decreases with age in several human brain regions. This may be associated with 

an increase in some brain disorders among older individuals, as patients with Parkinson’s 

disease tend to have a decreased expression of Aldh1a1 in corresponding brain regions 

(Galter et al., 2003). It is believed that aldehyde dehydrogenases (ALDHs) play a significant 

role in neuroprotection (Marchitti et al., 2007). For example, ALDH1A1 has been found 

to be a marker of astrocytic differentiation during brain development (Adam et al., 2012). 

Thus, Aldh1a1 expansion may also protect beavers from age-related brain impairment.

Compared to other mammals, the adipose tissue and muscles of beavers show different lipid 

composition, with the highest proportion of PUFAs (Domaradzki et al., 2019; Martysiak-

Zurowska et al., 2009; Zalewski et al., 2009), which may indicate an unusual method of lipid 

metabolism and antilipoxidation in beavers. Consistent with the unusual lipid composition 

in beavers, we found that genes differentially expressed between mice and beavers are also 

enriched in lipid metabolism (Figure 5). Several genes expanded in the beaver genome, 

including Aldh1a1, Hpgd, Fitm1, Cyp19a1, and Pla2g4c, are also associated with lipid 

metabolism. Aldh1a1-knockout mice show decreased accumulation of both subcutaneous 

and visceral fat pads (Ziouzenkova et al., 2007), indicating that Aldh1a1 expansion may 

contribute to the accumulation of protective layers of fat that beavers evolved to provide 

insulation in cold water. Furthermore, Fabp3, one of the top positively selected genes in 

the beaver, has also been found to be associated with intramuscular fat deposition and body 

weight in chickens (Ye et al., 2010) and pigs (Gerbens et al., 1999). In mice, Fabp3 is 

essential for fatty acid oxidation in brown adipose tissue and plays a central role in cold 

tolerance (Vergnes et al., 2011).

Among the genes duplicated specifically in beavers, Hpgd is highly expressed in 

regulatory T cells, which prevents autoimmunity and maintains adipose tissue homeostasis 

(Schmidleithner et al., 2019). Fitm1 plays an important role in lipid droplet accumulation. 

Cyp19a1 is involved in the synthesis of cholesterol, steroids, and other lipids. It also 

catalyzes estrogen biosynthesis, which enhances healthy aging and human longevity 

(Horstman et al., 2012). A significant association between Cyp19a1 polymorphisms and 

longevity was observed in humans (Corbo et al., 2011). As a member of the phospholipase 

A2 enzyme family, Pla2g4c plays a role in hydrolyzing glycerol phospholipids to produce 

lysophospholipids and free fatty acids. Although not enriched on the pathway level, among 

the top 10 putative positive selection genes, 3 are associated with lipid metabolism. Erlin2 
is a regulator of the cytosolic lipid of cancer cells (Wang et al., 2012). Fabp3 plays a role 

in the metabolism and transport of long-chain PUFAs, and its role in lipid regulation may 

be important for mitochondrial function (Pollard et al., 2019). Genetic variant association 
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studies indicate that Cilp2 regulates lipid species in both mice and humans (Jha et al., 2018). 

All of these genetic and phenotypic features indicate a natural selection on lipid metabolism 

in beavers. Genes involved in lipid composition have been found under stronger selective 

pressure in long-lived species (Jobson et al., 2010). The evolution of lipid metabolism is 

connected to mammalian longevity (Li and de Magalhães, 2013), and the important role of 

lipid metabolism in aging and lifespan regulation has been observed in different species, 

including humans (Johnson and Stolzing, 2019). Altered regulation of genes associated 

with lipid metabolism in the beaver genome likely contributes to its longevity. Although 

how altered lipid metabolism affects the longevity of beavers needs further exploration, 

several unusual fatty acids, such as branched-chain (BCFA) and odd-chain (OCFA), which 

are typical for ruminants, were detected in beaver muscles. BCFA and OCFA have shown 

positive biological effects on anticancer activity (Domaradzki et al., 2019).

Like other long-lived rodent species, beavers are cancer resistant (Tian et al., 2018). 

The malignant transformation of beaver cells needs both inactivation of Tp53, Rb1, and 

Pp2ca and constitutive activation of telomerase and HRas (Seluanov et al., 2018). Such 

requirements for beaver cells are more stringent than for mouse cells and identical to those 

for human cells, which makes beavers a promising model to study human cancer. Several 

findings from this study may shed some light on the cancer resistance of beavers. Hpgd, a 

known tumor suppressor for many types of cancer, has been expanded uniquely in beavers 

among rodents. The expansion of Aldh1a1 can better protect beaver cells against exposure 

to aldehyde from both their woody diet and lipid peroxidation, which can damage DNA 

and proteins, by metabolizing reactive aldehyde into harmless acetic acid. The increased 

expression of genes in DNA repair pathway can also protect beavers from cancer.

STAR⋆METHODS

Detailed methods are provided in the online version of this paper and include the following:

RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources and reagents should 

be directed to and will be fulfilled by the lead contact, Zhengdong D. Zhang 

(zhengdong.zhang@einsteinmed.org).

Materials availability—This study did not generate new unique reagents.

Data and code availability

• Most data are listed in the Key resources table. Duplicated genes, gene sets 

enriched with genes differentially expressed between beavers and mice, and 

proteome quantity data are provided in the Data S2. The raw mass spectrometry 

proteomics data have been deposited into the ProteomeXchange Consortium 

(Deutsch et al., 2017) via the PRIDE (Perez-Riverol et al., 2019) partner 

repository with the dataset identifier PXD028546.

• This paper does not report original code.
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• Any additional data that support the findings of this study are available from the 

corresponding author upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals and ethics statement—Compliance with ethical regulations and all animal 

experiments were approved by University Committee on Animal Resources of University of 

Rochester. The beavers and mice were caught in the wild. Mice were females and about 3–4 

months old. Beavers were all young adults, while their exact ages are not known. Among the 

beaver samples (Table S1), B1, B4, B5, and B7 were from males, B8 from a female, while 

the sex of the animals is unknown for B2, B3, and B6.

METHOD DETAILS

Genome annotation and phylogeny—On the basis of our highly improved beaver 

genome assembly (Zhou et al., 2020), we did gene annotation using the Maker2 pipeline 

(Holt and Yandell, 2011). We predicted 26,515 beaver genes with support from either 

transcriptomes or protein sequences (Figure S1A). Among these genes, 20,670 (78%) were 

found with functional domains by InterProScan (v5.25) (Jones et al., 2014). A genome is 

considered well annotated if more than 90% genes have an annotation edit distance (AED) 

score, which measures the goodness of fit of each gene to the evidence supporting it, lower 

than 0.5, and over 50% proteins contain a recognizable domain (Campbell et al., 2014). 

In our beaver genome annotation, ~90.7% gene models have AED scores lower than 0.5 

(Figure S1C) and 78% gene products contain domains. The number of predicted 26,515 

protein coding genes in the beaver genome could be an overestimation due to potentially 

redundantly predicted genes (or gene fragments) in tens of thousands of shorter scaffolds 

fragments that currently cannot be assembled into longer ones. For our analysis, we only 

used high-quality predicted beaver genes: ~17k high-quality orthologs for gene expansion 

identification, ~16k high-quality orthologs between beavers and mice for gene expression 

comparison, and ~9k high-quality orthologs with good alignment of coding sequences from 

at least 10 species for discovery of genes under positive selection.

A total of 14 rodent species, 2 rabbit species, and human and chimpanzee (as outgroup 

species), are included in our analysis. With 5,087 single copy genes across them, we 

generated their phylogeny and estimated that beaver and its evolutionally closest species 

in our set, Ord’s Kangroo rat, separated about 46 million years ago (Figure S1B).

De novo transcriptome assembly—RNA-seq data from brain and liver (each with 

two replicates) were assembled using Trinity (Haas et al., 2013). We collected 16,816 high 

quality beaver transcripts, by requiring each transcript to meet the following conditions: (1) 

proper start and stop codons, (2) a correct reading frame (codons in triplets), (3) a gene 

length similar to the mouse ortholog (±20%), (4) a good alignment with the mouse ortholog 

(in peptide sequence), (5) the best candidate among all beaver Trinity assembled sequences. 

Such transcriptome assemblies were used as evidence support in our gene annotation 

pipeline (Figure S1A).
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Training for ab initio gene prediction—Augustus was trained by running BUSCO 

(Simão et al., 2015) with the ‘–long’ parameter, which performs a full optimization of 

training for Augustus gene finding. SNAP was trained following the previously described 

pipeline (Campbell et al., 2014) with three iterations.

Gene structure and function annotation—Maker2 (Holt and Yandell, 2011) was used 

for gene structure prediction (see Figure S1A for the pipeline). Repeating elements were 

first masked by RepeatMasker (v4.07) (Tarailo-Graovac and Chen, 2009), with RepBase 

repeat libraries (20170127) (Bao et al., 2015) and beaver-specific repeating elements 

constructed by RepeatModeler (version 1.0.10) following the instruction given by: http://

weatherby.genetics.utah.edu/MAKER/wiki/index.php/Repeat_Library_Construction-Basic. 

RepeatRunner was then used to further identify more divergent transposable protein 

elements provided by Maker2.

With the repeat-masked assembly, genes were predicted by ab initio gene predictors (i.e., 

SNAP (Korf, 2004) and Augustus (Stanke and Waack, 2003)) and evidence-based gene 

calling (i.e., using transcript assembly and protein sequences). For beaver gene transcripts, 

we used our 16,816 assembled transcripts (see above) and the 9,805 full length open reading 

frames from the published beaver genome (Lok et al., 2017). For protein evidence, about 

66.7 thousands of reviewed mammalian protein sequences from Swiss-Prot (The UniProt 

Consortium, 2017) were used for homolog-based gene prediction. These transcript and 

protein sequences were used to train the ab initio gene predictors (see above), polish the 

predicted gene models, and evaluate each predicted gene model. Finally, we predicted 

26,515 beaver genes with evidence support from either transcript or protein sequences.

For each gene, Maker2 calculates an annotation edit distance (AED) score, which measures 

the goodness of fit of each gene to the evidence supporting it. A genome is usually 

considered well annotated if more than 90% genes have AED scores < 0.5 and over 50% 

proteins contain a recognizable domain (Campbell et al., 2014). In our beaver genome 

annotation, ~90.7% gene models have AED scores lower than 0.5 (Figure S1C) and 78% of 

predicted gene products contain known protein domains by InterProScan (v5.25) (Jones et 

al., 2014).

Orthology and phylogeny analyses—To identify gene families across species, we 

used OrthoDB (release 9) (Zdobnov et al., 2017), which covers more than 600 eukaryotic 

species with functional annotation from more than 100 sources. In our analysis we selected 

14 rodent and rabbit species from OrthoDB and mapped beaver and naked mole rat 

protein sequences to OrthoDB. We chose human and chimpanzee as out-group species. 

We identified ~21,000 gene families, among which 5,087 gene families have a single copy 

across all 18 species.

Single-copy gene families were used for phylogenetic analysis. Briefly, orthologs from each 

family were first aligned by MUSCLE (Edgar, 2004). Poorly aligned regions was removed 

by TrimAI (Capella-Gutiérrez et al., 2009). Trimmed alignments were then concatenated and 

used to generate the phylogenetic tree by RAxML (Stamatakis, 2014). The best substitution 

model for the full data matrix was determined by the Akaike information criterion in 
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MrModeltest software (Nylander, 2004). The best-scoring maximum likelihood (ML) tree 

was inferred using a novel rapid bootstrap algorithm combined with ML searches following 

1000 RAxML runs (using the ‘f-a’ option) (Stamatakis, 2014). The divergence times for 

the species analyzed were estimated by Reltime (Tamura et al., 2012). Diverged about 46 

million years ago, Ords Kangroo rat is evolutionarily closest to beaver (Figure S1B).

RNA extraction and sequencing—Initially, we generated RNA-seq data from brain and 

liver tissues, with two replicates each, and used the assembled transcriptomes as evidences 

in our gene annotation. For those samples, the total RNA was isolated from frozen tissues 

using the mRNA-Seq Sample Prep Kit Illumina (San Diego, CA. USA) in accordance 

with the manufacturer’s instructions, and the mRNA integrity was checked by the agarose 

gel analysis. Polyadenylated RNA was then isolated using a poly-dT bead procedure and 

followed by reverse transcription. Short-insert ‘paired-end’ libraries were prepared using 

the Illumina TruSeq Sample Preparation Kit v2, and the sequencing was performed on the 

Illumina HiSeq2000 platform. The raw data were processed by NGS QC Toolkit (v.2.3.3)

(Patel and Jain, 2012) to remove low-quality reads.

RNA-Seq data of 5 tissues (brain, liver, kidney, skin and spleen) from 4 or 5 samples, 

depending on the tissue type, were generated to identify differentially expressed genes 

between beavers and mice. For each of those tissues, total RNA from 4 or 5 young adult 

beavers and 5 young adult wild mice, 3–4 months old, were extracted using a PureLink 

RNA Mini Kit (ThermoFisher). A DNase I on column digestion was performed to remove 

genomic DNA contamination. The RNA samples were processed with the Illumina TruSeq 

stranded total RNA RiboZero Gold kit and then subjected to Illumina NovaSeq 6000 paired-

end 150bp sequencing at University of Rochester Genomics Research Center.

Identification of significant gene expansion in beaver—With the phylogeny that 

we built and the gene counts from OrthoDB (Zdobnov et al., 2017), we predicted gene 

family expansion using CAFE 3 (Han et al., 2013). CAFE first calculated an error model 

for gene family size estimation as a part of genome assembly and annotation. For our gene 

counts, it estimated ~4.8% of the gene families had incorrect gene numbers assigned to 

them. It corrected this error before calculating ancestral family sizes and then estimated a 

more accurate gene family evolution rate. Finally, it calculated the probability of observing 

the sizes of each gene family of those species by Monte Carlo re-sampling procedure. 

Families with large variance in size, especially observed in closely related species, will tend 

to have a lower P-value. For families with low P-values (0.01 as the default), a P-value for 

the transition between parent and child nodes for each branch in the phylogeny was also 

calculated to identify where the large change of family size takes place.

We identified 84 candidate gene families with significant expansion (FDR < 0.01) in the 

beaver lineage. Assembly and annotation artifacts and pseudogenes can reduce the accuracy 

of gene expansion prediction (Keane et al., 2015). To improve the prediction reliability, 

we iteratively removed the gene copy with the lowest average sequence similarity to other 

beaver genes in the family, if it was below 70%. We also removed any gene copy whose 

expression was low (TPM < 0.5 across all tissues). With these criteria, we reduced our 

candidate expanded gene families to 12 genes (Figure S2C).

Zhang et al. Page 14

Cell Rep. Author manuscript; available in PMC 2021 December 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Genes expanded only in the beaver—To find beaver-specific expansion of conserved 

genes, we require identical gene copy numbers in all other species included in our study 

and a higher copy number only in the beaver genome. Initially, we identified 121 gene 

candidates. After we removed gene copies with low sequence similarity between gene 

products (identity < 0.7) and low expression (TPM < 0.5 across all tissues), 61 genes 

remained. We then manually checked them to select most reliable candidates with the 

following qualifications: (1) gene predictions with matching synteny in their genomic 

neighborhood among beaver, mouse, and human and (2) genes copies with different coding 

sequences supported by RNA-seq reads (from the same beaver). 12 beaver-specific gene 

expansions met these stringent criteria and were further checked by qPCR. We verified more 

copy numbers for five of them when compared to reference genes (Figures 3, S2A, and 

S2D).

Pseudogene identification—GeneWise (Birney et al., 2004) was used to identify 

pseudogenes (Figure S3). For a predicted beaver gene, we extracted the genomic sequence 

from its locus with both upstream and downstream 5-kb regions. Using its mouse (or 

human) ortholog as the reference, we then scanned the gene sequence by GeneWise and 

checked the presence of frameshift indels that can ‘pseudogenize’ the gene. We also 

checked if the predicted gene can be a processed pseudogene, which can be generated 

through mRNA retrotransposition. If a predicted beaver gene has no introns, we checked 

its orthologs in other rodents to determine whether it is a processed pseudogene or a 

single-exon gene.

Positive selection—Branch-site likelihood method (Zhang et al., 2005) implemented in 

PosiGene (Sahm et al., 2017) was used to identify genes under positive selection in the 

beaver genome. Only 9,749 genes with alignment of ortholog coding sequence from at least 

10 species were considered. In addition to the quality control procedures implemented in 

PosiGene (Sahm et al., 2017), we also manually checked all ~150 genes potentially under 

positive selection (p < 0.05) and removed ones with poor local sequence alignments as 

potential false positives. In case, the poor local sequence alignment is due to relatively 

low quality of beaver gene annotation, Apollo (Lee et al., 2013) was used to improve the 

gene annotation based on evidence support from ortholog protein sequence and RNA-seq 

reads. We then used the improved coding sequences as the input for PosiGene. Finally, we 

ran PosiGene three times at different starting points and identified 21 beaver genes under 

positive selection with FDR < 0.01 consistently among these independent runs. The coding 

sequences of other species were download from NCBI as of January of 2020.

Reverse transcription quantitative PCR (RT-qPCR)—Total RNA from mouse and 

beaver lung fibroblasts were extracted with a PureLink RNA Mini Kit (Thermo Fisher 

Scientific), with DNase I on column digestion to remove genomic DNA contamination. 

Reverse transcription was performed using an iScript cDNA Synthesis Kit (Bio-Rad). qPCR 

was performed using a CFX Connect Real-Time PCR Detection System (Bio-Rad).

Primers were designed based on the conserved regions of beaver and mouse Aldh1a1 
gene, covering the consensus sequences of all seven copies of the gene in beavers and 

two copies in mice. Designed to cross exons to prevent the amplification of genomic 
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DNA, the following primer sequences were used: AAGGCCCTCAGATTGACAAGG 

(Aldh1a1 forward) and AAAGTAGCCTTTGTTCCCCCA (Aldh1a1 reverse). Results were 

normalized by β-actin.

qPCR validation of gene expansion—Candidate primers were designed by Primer-

Blast (Ye et al., 2012) in the exons of selected genes. Specificity of the primers was 

first checked by Primer-Blast against all of the coding sequences in the beaver genome. 

Then genome-wide specificity was checked by MFEprimer (Qu et al., 2012). Specificity 

of primers was further inspected by gel electrophoresis and the melting curve analysis. 

Amplification efficiency was checked by a standard curve analysis for each candidate 

primers with different amount of DNA input to make sure that the finally used primers have 

equal amplification efficiency. Quantitative PCR was used to quantify gene copy number, 

with three replicates for each of the three different amount of DNA input. Two genes – 

Hcfc1 on an autosome and Pelo on chromosome X – with no predicted expansion in beaver 

and no annotated expansion in other rodents (according to orthoDB (Zdobnov et al., 2017)) 

were used as references. The copy number of each target gene relative to its corresponding 

reference genes was calculated by ΔCt. And the genomic DNA of a male beaver, different 

from ones whose samples were used for the genome sequencing and assembly, was used for 

the experiment. Primers for target and reference genes are listed in Table S2.

Western blot—Liver cytosolic extracts were quantitated using the BCA assay (Thermo). 

30 ug of each extract was resolved through 4%–20% Criterion Tris-Glycine (TGX) Stain-

Free SDS-PAGE (Biorad) and transferred to nitrocellulose. Prior to transfer, total proteins 

were imaged using a Biorad Gel Documentation System to control for protein loading. 

Rabbit polyclonal anti-Aldh1a1 (Invitrogen cat# PA5–95937) was used as the primary to 

detect Aldh1a1 isoforms. Protein loading was also checked by performing western blot 

using anti-beta Actin (Abcam, ab8227).

Liver proteomics of beaver and mouse—Data dependent analysis (DDA), otherwise 

known as ‘shotgun’ or random proteome analysis, was combined with label free quantitation 

(LFQ) to analyze beaver and mouse liver proteomes by mass spectrometry (MS). Liver 

tissues from three wild caught beavers and three mice were flash frozen in liquid nitrogen 

and stored at −80C. Approximately half of a gram of tissue was pulverized to a fine 

powder under liquid nitrogen using a stainless-steel pulverizer chilled in liquid nitrogen. 

Approximately 5 mg of liver tissue was mixed with 250 ul of 50 mM TEAB PH 7.6; 

5% SDS and mixed by pipetting. Samples were sonicated in a chilled cup-horn Q800R3 

Sonicator System (Qsonica; Newtown, CT) for a total of 15 minutes at 30% output- 30 

× 30 s pulses with 30 s in between pulses. Next, samples reduced with 5 mM DTT and 

alkylated with 10 mM iodoacetamide. Samples were processed using the standard S-trap 

mini column method (Protifi; Farmingdale, NY). Prior to MS, peptides were mixed with 

common internal Retention Time standards (CiRT) peptide mix (50 fmol CiRT/2ug total 

tryptic peptides) followed by analysis by MS on a Orbitrap Tribrid Fusion Lumos instrument 

(Thermo) equipped with an EASY-Spray HPLC Column (500 mm × 75 um 2 um 100A 

P/N ES803A, Nano-Trap Pep Map C18 100A; Thermo). Buffer A was 0.1% formic acid 

and buffer B was 100% acetonitrile (ACN) with 0.1% FA. Flow rate was 300nl/min and 
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runs were 150 minutes: 0–120 minutes, 5% B to 35% B; then from 120–120.5 minutes, 

35%–80% B; followed by a 9-minute 80% B wash until 130 min. From 130–130.5 minutes 

B was decreased to 5% and the column was re-equilibrated for the remaining 20 minutes at 

5% B. The instrument was run in data dependent analysis (DDA) mode. MS2 fragmentation 

was with HCD (30% energy fixed) and dynamic exclusion was operative after a single 

time and lasted for 30 s. Additional instrument parameters may be found in the Thermo 

RAW file. Raw files were analyzed directly with the MSFragger/Philosopher pipeline (da 

Veiga Leprevost et al., 2020; Kong et al., 2017) and included Peptide and Protein Prophet 

modules (Ma et al., 2012) for additional quality control. Label-free quantitation at the 

level of MS1 was performed along with the ‘match-between-runs’ function for alignment 

of chromatographic peaks between separate runs. MaxLFQ with a minimum of two ions 

was implemented and normalization was selected. The beaver complete proteome database 

derived from an earlier build of the beaver genome (Lok et al., 2017) was used as the 

search for searching and ciRT peptides, contaminants. The Aldh1a1 copy 266.23 was added 

along with the reverse complement of all to determine false discovery rate (FDR). Search 

and refinement iterations converged in their stringency to keep the FDR below 1% for all 

peptide assignments. CiRT peptides were also analyzed for consistency of retention times 

(RTs) between runs. Additional details are available in MSFragger Log files. In total 2,121 

beaver proteins and 3,239 mouse proteins are quantified with sufficient data for accurate 

quantitation (Data S2).

Model of protein structure of Aldh1a1 copies—In an effort to understand the 

substrate specificity and potential mechanistic/kinetic differences between beaver Aldh1a1 

copies, each copy was modeled using SwissModel (Waterhouse et al., 2018), with the 

reported structure of sheep Aldh1a1, 5ABM.pdb, (Koch et al., 2015) as the template. The 

sheep enzyme is > 80% conserved with all of the beaver alleles, suggesting the models are 

reasonably accurate. UCSF Chimera (Pettersen et al., 2004) was used to view the structural 

models of beaver Aldh1a1 alleles. In order to more accurately compare differences in the 

characteristics of the substrate channels of each allele, the BetaCavityWeb web server (Kim 

et al., 2015) was used to measure the solvent accessible volume of the channel. In order to 

have a more realistic appraisal, implicit hydrogens were added to the models with the Dock 

prep function in UCSF Chimera (Pettersen et al., 2004).

Ethanol treatment of cells—The effects of ethanol on cellular functions were studied 

with cultured primary beaver and mouse lung fibroblasts. We used two different beaver and 

mouse cell lines, low PD cells stabilized in culture. Cells were seed in complete medium 

containing 15% FBS in 96 well plate for 24 hours, then incubated in medium containing 300 

mM ethanol for seven hours. Then WST-1 assay was performed by adding WST-1 reagent 

(cell proliferation reagent, Roche) directly to the culture wells, incubating for 4 hours at 

37°C and 5% CO, shaking thoroughly for 1 minute on a shaker and then measuring the 

absorbance at 430–480 nm with TECAN spark 20M spectrophotometric reader. The stable 

tetrazolium salt WST-1 was cleaved to a soluble formazan by a complex cellular mechanism 

that occurs primarily at the cell surface. This bio-reduction is largely dependent on the 

glycolytic production of NAD(P)H in viable cells. Therefore, the amount of formazan dye 

formed directly correlates to the number of metabolically active cells in the culture.
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To examine whether beaver and mouse lung fibroblast cells show significantly different 

rate of cell death under the ethanol treatment, relative to corresponding controls, a linear 

mixed effects model was used with species as the fixed effect and individuals (n = 4 

for each species with 3 replicates each individual) as random effects: lmer(cell death rate 

~species+(1|individual)), which was implemented with the R package lme4 (Bates et al., 

2015).

Liver aldehyde dehydrogenase activity—In addition to the cytosolic Aldh1a1, a 

mitochondrial enzyme, Aldh2, also plays an important role in the aldehyde metabolism. 

A previous study had shown that in murine liver Aldh1a1 plays a more important role 

in the metabolism of endogenous aldehydes than Aldh2 (Makia et al., 2011). To exclude 

influence from Aldh2, we tested aldehyde dehydrogenase activity using cytosolic protein 

extracts from liver cells. Crude cytosolic protein extracts were prepared from wild beaver or 

mouse (C57/Bl6) livers using phosphate buffer similar to a previously described method 

(Makia et al., 2011). Specifically, tissue was resuspended in K-Phos Buffer (50 mM 

potassium phosphate pH7.4, 250 mM sucrose, 1 mM EDTA) at 1g/3.0ml. Tissues were 

dounce homogenized in ice using a Teflon pestle followed by ten passages through a 27Ga 

needle to lyse the cells. Samples were centrifuged (Thermo/Sorvall Legend Micro21R) at 

1,000 rpm (100 3 g) for 10 minutes at 4°C to remove any remaining intact cells. Supernatant 

was transferred to a clean tube and centrifuged at 14,000 rpm (18,800 3 g) for 20 minutes 

at 4°C. We found that the supernatants/extracts prepared this way and rapidly aliquotted 

and frozen with liquid nitrogen did not lose significant activity after one freeze/thaw 

cycle. Just prior to assaying, a 100 μL aliquot of the supernatant was thawed on ice and 

passaged through a 0.5 mL Zeba desalting spin column (Thermo; 7,000 mwco) equilibrated 

in the same K-Phos buffer to remove small molecules that might compete with added 

substrates. Aldehyde dehydrogenase was measured in 384-well transparent microplates in 50 

μL volume consisting of 10 μL extract in the same K-Phos buffer supplemented with 1 mM 

NAD+. Aldehyde substrates all-trans-retinal (RET), malonaldehyde tetrabutylammonium 

salt (MAD), and 4-hydroxynonenal (NHE) were added at indicated concentrations from 

DMSO stocks. Final DMSO in assay was 4%. Dehydrogenase activity was measured as 

the change in absorbance at 340 nm (reduction of NAD+ to NADH) using a Tecan Spark 

20M plate reader pre-equilibrated at 37°C. Rates were determined after a few minutes of lag 

during which time the plate temperature was adjusting to 37°C. NAD+, all-trans-retinal, and 

malonaldehyde tetrabutylammonium salt, were purchased from Sigma. 4-hydroxynonenal 

was purchased from Cayman Chemical. Aldh1a1-class of specific activity was determined 

by subtracting any trace amount of NAD+ to NADH conversion that occurred in the absence 

of added aldehyde substrate.

Gene expression comparison between beavers and mice—Transcriptomic 

analysis was done for 5 tissues (liver, brain, kidney, skin and spleen), with 4 or 5 replicates, 

between wild beavers (young adults) and wild mice (young adults, 3–4 months old). 

Distribution of beaver and mouse samples on the first two principal components was shown 

in Figure S12B. To remove the potential normalization bias due to uneven mapping of 

reads to non-orthologous genes between beaver and mouse genes, only orthologous genes 

between these two species were included for read mapping and downstream analysis. Gene 
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expression levels were measured using Kallisto (Bray et al., 2016). Different lengths of 

orthologous genes could lead to bias in differential expression analysis between species. 

Taking the same approach as a previous study (Cooper et al., 2020), we used DESeq2 (Love 

et al., 2014) and included lengths of orthologous genes as a normalization factor to identify 

genes differentially expressed between beavers and mice.

ALDH1A1 expression during human aging—Using data from the GTEx Project 

(phs000424.v8.p2) (Carithers et al., 2015), we studied gene expression changes of 

ALDH1A1 during aging. In the GTEx Project, many samples were taken from post-mortem 

individuals. Studies have demonstrated that expression of some genes may change in certain 

tissues after death and show significant association with post-mortem interval (PMI, in 

minutes between death and sample collection) (Ferreira et al., 2018). To reduce artifacts 

from PMIs, we ignored tissues where the expression of ALDH1A1 shows significant 

association with PMI (p < 0.01). For the remaining tissues, we used robust liner regression 

(Greco et al., 2019) to assess the association between gene expression and age with sex, 

body mass index, and PMI as covariates.

QUANTIFICATION AND STATISTICAL ANALYSIS

A linear mixed model was used to measure the effects of ethanol on cellular functions. 

Robust linear regression was used to analzye gene expression pattern of ALDH1A1 in 

human tissues during aging. Differentially expressed genes were identified using DESeq2 

(Love et al., 2014). Details can be found in Method details. Numbers of biological and 

technical replicates are indicated in the figure legends.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Aldh1a1 expansion protects beavers from their high exposure to aldehydes

• Hpgd, a tumor suppressor, shows beaver-specific expansion among rodents

• Mtbp, an antilongevity gene, shows deleterious mutations and low expression 

in beavers

• Beavers show enhanced DNA repair and altered lipid metabolism, compared 

with mice
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Figure 1. Expansion of Aldh1a1 in the beaver genome
(A) The synteny of the Aldh1a1 locus in the genomes of the beaver, mouse, and human. We 

identified 10 copies of Aldh1a1 in the beaver genome, including 2 pseudogenes (35.15 and 

266.4) and a low-quality copy (266.2).

(B) Gene structure of the 7 functional copies of Aldh1a1.

(C) RNA-seq reads coverage at genomic locations of different amino acid residues among 7 

Aldh1a1 gene products. Variable sites were highlighted in red, and the gray box indicates the 

selected sites where we checked the coverage of RNA-seq reads. RNA-seq reads from the 

liver tissue of 5 beaver samples (B1–B5) were used in the plot (Table S1). Normalized read 

coverage is the read counts per 100 million mapped reads.
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(D) Validation of the Aldh1a1 copy number by qPCR. Two single-copy genes were used as 

references: Hcfc1 on an autosome and Pelo on chromosome X. Three technical replicates for 

each of the 3 different amounts of DNA input. Data are shown as mean ± SD.

(E) Expression of different beaver Aldh1a1 copies across tissues. With an extremely high 

expression in liver alone, 3 copies show a liver-specific expression.

(F) Aldh1a1 expression comparison between beavers and mice. The double asterisk denotes 

adjusted p < 0.01 after Bonferroni correction. There is no difference in the spleen tissue 

(nominal p = 0.53). Five biological replicates for beaver liver and skin tissues; 4 biological 

replicates for beaver brain, kidney, and spleen tissues. Five biological replicates for each 

tissue of the mouse. Data are shown as mean ± SD.

(G) Western blot of Aldh1a1 protein from beaver and mouse liver extracts of 4 different 

samples of each species. Aldh1a1 protein quantity is statistically higher (p = 0.001 by 

1-tailed Welch 2-sample t test) in the beaver liver than in the mouse liver.

(H) Relative abundance of Aldh1a1 copies among detected beaver liver proteins. The 

Aldh1a1 copies are highly abundant.

(I) Relative abundance of mouse Aldh1a1 and Aldh1a7 among all detected liver proteins. 

Relative protein rank is inversely correlated with abundance. The mean abundance of protein 

from 3 biological samples are shown in (H) and (I).
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Figure 2. Functional characterization of Aldh1a1
(A) Cell viability. Beaver lung fibroblasts have a lower percentage of death in the presence 

of high concentrations of ethanol, normalized by corresponding controls (p = 0.002 by 

mixed-effects model; see Method details).

(B) Expression of Aldh1a1 in lung fibroblasts measured by qPCR with β-actin 

normalization. The expression of Aldh1a1 in beaver cells is higher than in mouse cells 

(p = 0.02, 1-tailed t test).

(C) Aldehyde metabolic activity. Enhanced Aldh1a1 activity of beaver in aldehyde 

metabolism. Activities are normalized by corresponding controls without any addition (see 

Method details). HNE, 4-hydroxynonenal; MDA, malonaldehyde; RET, all-trans-retinal.

Lung fibroblasts were used in experiments of (A) and (B). Cytosolic extracts from 

hepatocytes were used for the experiment of (C). Four different biological samples of each 

species were used in experiments of (A)–(C), with 3 technical replicates of each sample for 

(A) and (C), and 2 technical replicates of each sample for (B). Data are shown as mean ± 

SD.
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Figure 3. Beaver-only gene expansion, including tumor suppressor Hpgd
(A) qPCR validation of the copy number of beaver-only expanded genes. The copy numbers 

relative to the reference gene on chromosome X (i.e., Pelo) and on an autosome (i.e., Hcfc1) 

are shown for each candidate gene. Three technical replicates for each of the 3 different 

amounts of DNA input. Data are shown as mean ± SD.

(B) Synteny at the Hpgd locus.

(C) Alignment of beaver and mouse Hpgd protein sequences. Variable sites are highlighted 

in red, and the gray box indicates the selected sites where we checked the coverage of 

RNA-seq reads.

(D) Coverage of RNA-seq reads at the selected sites in individual beavers. RNA-seq reads 

from the liver tissue of 5 beaver samples (B1–B5) were used in the plot (Table S1). 

Normalized read coverage is the read counts per 100 million mapped reads.

(E) Expression of Hpgd in tissues of both beavers and mice (**adjusted p < 0.01, Bonferroni 

correction). Five biological replicates for beaver liver and skin tissues; 4 biological replicates 

for beaver brain, kidney, and spleen tissues. Five biological replicates for each tissue of 

mouse. Data are shown as mean ± SD.

Zhang et al. Page 30

Cell Rep. Author manuscript; available in PMC 2021 December 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. Mtbp is under positive selection
(A) Positive selection signals in Mtbp gene. We observed nucleotide positions and indels 

under positive selection in the coding sequences of 3 exons, corresponding to the mid-

domains and the C domains of Mtbp.

(B) Nucleotide sequence changes between the beaver and human genomes. We predicted 

the deleteriousness of these changes based on their human genome annotation, using the 

following metrics and thresholds: PROVEAN score < ‒2.5, 0.85 < PolyPhen2 score < 1.0, 

and CADD score > 20. In addition, the change of S→W (AGT→TGG) is a splicing variant, 

1 bp away from the splicing junction.

(C) Mtbp gene expression in tissues of beavers and mice. *FDR < 0.01; **adjusted p < 

0.01 (Bonferroni correction). Five biological replicates for beaver liver and skin tissues; 4 

biological replicates for beaver brain, kidney, and spleen tissues. Five biological replicates 

for each tissue of mouse. Data are shown as mean ± SD.
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Figure 5. REACTOM pathways enriched with genes differentially expressed in liver between 
beavers and mice
Up (Down) refers to gene upregulation (downregulation) in beavers. See Data S2 for the full 

pathway enrichment analysis results.
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Figure 6. Age-associated expression of ALDH1A1 in humans
(A) Correlation of ALDH1A1 expression with age, sex, body mass index (BMI), and post-

mortem interval (PMI, minutes between death and sample collection). Tissues are ordered 

according to the regression coefficients on the age, as the digits show, from the highest 

positive coefficient to the lowest negative coefficient. The color represents p values (on a 

−log10 scale), and a significant correlation (FDR < 0.01) is denoted by an asterisk.

(B) Significant correlation between ALDH1A1 expression and age in 3 human tissues. The 

gray-shaded area around the regression line indicates 95% confidence interval.
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Table 1.

Putative positive selection genes in beaver (FDR < 0.01)

Gene Gene name No. seq.
a

No. sites
b

FDR

Mtbp MDM2 Binding Protein 12 4 6.58E–4

Ptx3 Pentraxin 3 16 6 1.56E–3

Tbxa2r Thromboxane A2 Receptor 15 6 2.75E–3

Hsd17b1 Hydroxysteroid 17-Beta Dehydrogenase 1 14 6 3.32E–3

Erlin2 ER Lipid Raft Associated 2 18 3 3.86E–3

Fabp3 Fatty Acid Binding Protein 3 17 7 3.86E–3

Adam19 ADAM Metallopeptidase Domain 19 18 6 4.38E–3

Cilp2 Cartilage Intermediate Layer Protein 2 14 30 5.07E–3

Chst12 Carbohydrate Sulfotransferase 12 18 5 5.07E–3

Urb2 URB2 Ribosome Biogenesis Homolog 16 4 5.07E–3

Mrpl37 Mitochondrial Ribosomal Protein L37 18 6 5.07E–3

Depdc7 DEP Domain Containing 7 17 7 5.61E–3

Neu2 Neuraminidase 2 12 3 6.07E–3

Vwa5a Von Willebrand Factor A Domain Containing 5A 10 16 6.07E–3

Cox15 Cytochrome C Oxidase Assembly Homolog COX15 18 4 6.64E–3

Gdf2 Growth Differentiation Factor 2 17 9 7.31E–3

Sit1 Signaling Threshold Regulating Transmembrane Adaptor 1 10 4 7.31E–3

Aoc1 Amine Oxidase Copper Containing 1 17 9 8.02E–3

Cyb5a Cytochrome B5 Type A 18 1 8.52E–3

Scn4b Sodium Voltage-Gated Channel Beta Subunit 4 16 6 8.64E–3

Il23a Interleukin 23 Subunit Alpha 16 4 1.00E–2

a
No. seq., the number of available orthologous sequences from a subset of our selected 18 species to build the high-quality alignment for detecting 

selection signals.

b
No. sites, the number of amino acid residues that show selection signal in beavers.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins

Anti-ALDH1A1 Invitrogen Cat#PA5-95937; RRID:AB_2807739

4-hydroxy-nonenal Cayman Chemical Company 32100

Malondialdehyde tetrabutylammonium salt Millipore Sigma 36357-100MG

All trans-Retinal, powder, ≥ 98% Sigma-Aldrich R2500-100MG

Ethanol Millipore-Sigma 1009831011

S-Trap mini columns (100 – 300 μg) Protifi CO2-mini-80

C 18 Tips Thermo Fisher Scientific 87784

Triethylammonium bicarbonate buffer Sigma-Aldrich T7408-500ML

DTT,1,4-Dithiothreitol Millipore-Sigma 11583786001

Iodoacetamide Sigma-Aldrich I1149-5G

Thermo Scientific Pierce MS Grade Trypsin Thermo Fisher Scientific 90058

β-Nicotinamide adenine dinucleotide sodium salt Sigma-Aldrich N0632-5G

Critical commercial assays

Cell Proliferation Reagent WST-1 Millipore-Sigma Cat.#5015944001

Deposited data

Proteomics This paper ProteomeXchang: PXD028546

RNA-Seq This paper NCBI: SRS6617922

RNA-Seq This paper NCBI: SRS6617923

RNA-Seq This paper NCBI: SRS6617924

RNA-Seq This paper NCBI: SRS6617925

RNA-Seq (Zhao et al., 2021) NCBI: SRX11644691

RNA-Seq (Zhao et al., 2021) NCBI: SRX11644699

RNA-Seq (Zhao et al., 2021) NCBI: SRX11644707

RNA-Seq (Zhao et al., 2021) NCBI: SRX11644715

RNA-Seq (Zhao et al., 2021) NCBI: SRX11644723

RNA-Seq (Zhao et al., 2021) NCBI: SRX11644690

RNA-Seq (Zhao et al., 2021) NCBI: SRX11644698

RNA-Seq (Zhao et al., 2021) NCBI: SRX11644706

RNA-Seq (Zhao et al., 2021) NCBI: SRX11644714

RNA-Seq (Zhao et al., 2021) NCBI: SRX11644722

RNA-Seq (Zhao et al., 2021) NCBI: SRX11644695

RNA-Seq (Zhao et al., 2021) NCBI: SRX11644703

RNA-Seq (Zhao et al., 2021) NCBI: SRX11644711

RNA-Seq (Zhao et al., 2021) NCBI: SRX11644719

RNA-Seq (Zhao et al., 2021) NCBI: SRX11644727

RNA-Seq (Zhao et al., 2021) NCBI: SRX11644694
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REAGENT or RESOURCE SOURCE IDENTIFIER

RNA-Seq (Zhao et al., 2021) NCBI: SRX11644702

RNA-Seq (Zhao et al., 2021) NCBI: SRX11644710

RNA-Seq (Zhao et al., 2021) NCBI: SRX11644718

RNA-Seq (Zhao et al., 2021) NCBI: SRX11644726

RNA-Seq This paper NCBI: SRR15970260

RNA-Seq This paper NCBI: SRR15970261

RNA-Seq This paper NCBI: SRR15970262

RNA-Seq This paper NCBI: SRR15970263

RNA-Seq This paper NCBI: SRR15970264

RNA-Seq This paper NCBI: SRR15970265

RNA-Seq This paper NCBI: SRR15970266

RNA-Seq This paper NCBI: SRR15970267

RNA-Seq This paper NCBI: SRR15970268

RNA-Seq This paper NCBI: SRR15970269

RNA-Seq This paper NCBI: SRR15970270

RNA-Seq This paper NCBI: SRR15970271

RNA-Seq This paper NCBI: SRR15970272

RNA-Seq This paper NCBI: SRR15970273

RNA-Seq This paper NCBI: SRR15970274

RNA-Seq This paper NCBI: SRR15970275

RNA-Seq This paper NCBI: SRR15970276

RNA-Seq This paper NCBI: SRR15970277

RNA-Seq This paper NCBI: SRR15970278

RNA-Seq This paper NCBI: SRR15970279

RNA-Seq This paper NCBI: SRR15970280

RNA-Seq This paper NCBI: SRR15970281

RNA-Seq This paper NCBI: SRR15970282

RNA-Seq This paper NCBI: SRR15970283

RNA-Seq This paper NCBI: SRR15970284

RNA-Seq This paper NCBI: SRR15970285

RNA-Seq This paper NCBI: SRR15970286

Software and algorithms

Trinity Haas et al., 2013 https://github.com/trinityrnaseq/trinityrnaseq/wiki

BUSCO Simão et al., 2015 https://busco.ezlab.org/

RepBase Bao et al., 2015 https://www.girinst.org/repbase/

RepeatMasker Tarailo-Graovac and Chen, 2009 https://www.repeatmasker.org/

Maker2 Holt and Yandell, 2011 https://www.yandell-lab.org/software/maker.html

MUSCLE Edgar, 2004 https://www.drive5.com/muscle/

RAxML Stamatakis, 2014 https://github.com/stamatak/standard-RAxML

PosiGene Sahm et al., 2017 https://github.com/gengit/PosiGene

OrthoDB Zdobnov et al., 2017 https://www.orthodb.org/v9/index.html
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REAGENT or RESOURCE SOURCE IDENTIFIER

CAFÉ 3 Han et al., 2013 https://github.com/hahnlab/CAFE

GeneWise Birney et al., 2004 ftp://ftp.ebi.ac.uk/pub/software/unix/wise2/

DeSeq2 Love et al., 2014 https://bioconductor.org/packages/release/bioc/html/
DESeq2.html

Kallisto Bray et al., 2016 https://pachterlab.github.io/kallisto/

SwissModel Waterhouse et al., 2018 https://swissmodel.expasy.org/

Experimental models: cell lines

Beaver/Mouse lung fibroblast cells This paper N/A
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