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E V O L U T I O N A R Y  B I O L O G Y

A mechanism of gene evolution generating  
mucin function
Petar Pajic1,2, Shichen Shen3,4, Jun Qu3,4, Alison J. May5†, Sarah Knox5,  
Stefan Ruhl2*, Omer Gokcumen1*

How novel gene functions evolve is a fundamental question in biology. Mucin proteins, a functionally but not 
evolutionarily defined group of proteins, allow the study of convergent evolution of gene function. By analyzing 
the genomic variation of mucins across a wide range of mammalian genomes, we propose that exonic repeats and 
their copy number variation contribute substantially to the de novo evolution of new gene functions. By integrating 
bioinformatic, phylogenetic, proteomic, and immunohistochemical approaches, we identified 15 undescribed 
instances of evolutionary convergence, where novel mucins originated by gaining densely O-glycosylated exonic 
repeat domains. Our results suggest that secreted proteins rich in proline are natural precursors for acquiring 
mucin function. Our findings have broad implications for understanding the role of exonic repeats in the parallel 
evolution of new gene functions, especially those involving protein glycosylation.

INTRODUCTION
Parallel independent evolution resulting in similar genetic variants 
has been discussed as a common driver of convergent response to 
adaptive pressures (1). This line of inquiry is exciting because in-
stances of parallel evolution provide a natural framework to study 
the relative contributions of selection and mutational constraints to 
genomic variation. Recent studies provided evidence that parallel 
evolution is widespread in all branches of life (2). A considerable 
number of reported cases of parallel evolution involve recurrent 
structural variants, originating through convergent expansions of 
gene families as a response to similar adaptive pressures. Examples 
include the recurrent duplications of amylase genes among animals 
consuming starch-rich diets (3), recurrent mutations in innate 
immune system proteins (4), species-specific gene duplications 
involved in caffeine synthesis in coffee and tea plants (5), and venom 
evolution through gene duplications in reptiles (6) and mammals (7).

Recent studies have implied that mucin genes, which are grouped 
on the basis of their function rather than evolutionary commonality, 
may have been particularly prone to convergent evolution (8, 9). 
Mucins are a group of functionally characterized glycoproteins, de-
fined by the presence of repeated proline (P)-, threonine (T)-, and 
serine (S)-rich O-linked glycosylation sites (10) known as PTS repeats. 
Functionally, mucins play crucial roles in mediating signaling be-
tween epithelial cells, in forming mucous layers to lubricate various 
organs, and in providing a protective barrier against environmental 
insult (11). In addition, mucins form an interface with commensal 
and pathogenic microbes, thus contributing to both colonization by 

a physiological microflora and host defense against pathogens (12). 
In a disease- related context, mucins have been shown to play roles 
in the pathology of cystic fibrosis (13) and other lung diseases (14) 
as well as in various malignancies (15). Despite the widespread and 
growing interest in the functional and biomedical aspects of mucin 
proteins (16), the evolution of mucin genes is not well understood.

Most genes with similar functions originate from duplication of 
a shared ancestral gene (17). They are identical by descent. However, 
mucin genes in the human genome do not all share common ancestry. 
Instead, most genes with well-described mucin function in humans 
belong to two gene families: secreted gel-forming mucins and 
membrane-bound mucins that likely evolved independently (8). 
Other mucins (MUC7, MUC22, and MUC16), not belonging to 
these two major families, were named “orphans” by Dekker and 
coworkers (8) because they represent no apparent orthology to 
other genes, including other mucins. The presence of two evolu-
tionarily distinct mucin gene families, as well as the existence of 
scattered orphan mucins in the human genome, suggests that 
recurrent, lineage-specific evolution of mucin function may be a 
widespread evolutionary phenomenon in this functionally homologous, 
but genetically heterogeneous, group of genes. Thus, mucins provide 
an excellent model to study the independent evolution of specific gene 
functions for shedding light on the functional potential of non-
conserved sequences. By studying the evolution of mucin genes in 
mammals, this study puts forward an evolutionary model for genera-
tion of new gene functions, especially pertaining to glycosylation.

RESULTS AND DISCUSSION
Multiple instances of de novo mucin evolution 
in the SCPP locus
To build a foundation for studying mucin evolution, we constructed a 
simple but conservative bioinformatic approach to identify potential 
mucin genes in a given genome by searching available gene annota-
tions, and confirming mucin function by verifying the existence of 
exonic repeats that are rich in proline (P), threonine (T), and serine (S) 
amino acids. Using this approach, we searched for mucin genes in the 
genomes of human, mouse, cow, and ferret. These genomes are avail-
able as chromosome-level assemblies and can serve as representatives 
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of primates, rodents, ungulates, and carnivores. We found that 
most mucins are ancestrally shared among these mammalian ge-
nomes (Fig. 1). However, we also detected at least one lineage-spe-
cific mucin gene in each species (table S1). For example, we found 
MUC22 only in the human genome with no orthologs in mouse, 
cow, or ferret reference genomes. More notably, the ferret genome 
harbors six unique mucin genes that are not present in the other 
genomes. Evolution of de novo gene functions that does not involve 
neofunctionalization is rare (18). Thus, the fact that our stringent 
search identified multiple lineage-specific mucins that are not re-
sults of whole-gene duplications was unexpected.

We found that four of the ferret-specific mucins are localized 
within the secretory calcium-binding phosphoprotein (SCPP) locus 
(bordered in humans by CSN1s1 on the 5′ end and ENAM on the 3′ 
end). This locus also harbors another lineage-specific mucin that we 
identified in the cow reference genome. Last but not least, the 
salivary MUC7 gene and its functional counterpart, Muc10, in mice 
are both located within the SCPP locus as well. The multiple 
occurrences of lineage-specific mucins among the SCPP genes 
prompted us to extend our investigation by focusing on the SCPP 
locus and including additional mammalian species.

Orphan mucin genes within the SCPP locus have  
evolved independently
The evolution of genes within the SCPP locus has been discussed 
within the context of calcium-binding proteins important for bone 
and tooth mineralization as well as major protein components in 
milk and saliva (19). Furthermore, this locus was highlighted as a 
major example for “twilight zone of sequence conservation” (20) 

where lineage-specific adaptive evolution leads to nonconserved 
sequence variation while retaining important functions. Most 
relevant to this study, this locus harbors multiple lineage-specific 
orphan mucins. As mentioned before, orphan mucins are those that 
do not belong to known mucin gene families that are identical by 
descent, while lineage-specific mucins are those that have evolved 
only in a given branch of the mammalian phylogeny. One mecha-
nism for a lineage-specific mucin to evolve is through whole-gene 
duplication of another mucin. In this case, we expect the ancestral 
and duplicated mucin genes to share sequence similarity and form 
a gene family. Given that orphan mucins do not show such se-
quence similarity to other mucins, we hypothesize that lineage- 
specific orphan mucins evolve through a mechanism other than 
whole-gene duplication. Therefore, we investigated the presence of 
mucin functional domains within the SCPP locus in 49 mammalian 
reference genomes (fig. S1; see Materials and Methods for details). 
Next, we searched for orthologs of these genes using a combination 
of BLAST-based sequence similarity and manual verification of 
gene synteny across mammals (see Materials and Methods). Using 
this approach, we identified 28 putative mucin genes within the 
SCPP locus that only appear in certain mammalian lineages but not 
in others (table S1). Furthermore, we identified 15 independent, 
lineage-specific events explaining the origin of all 28 mucins found 
within the SCPP locus (fig. S2). All of these putative lineage-specific 
mucin genes were found in a confined region flanked by the CSN3 
and AMTN genes. These two genes are conserved across all 
mammals and provided robust locational anchors of synteny for 
our study, marking a relatively short segment, ranging from ~250 to 
300 kb, depending on the species.

Fig. 1. Novel and previously known mucin genes in select mammalian species. Phylogeny on the left represents the relationship between the species analyzed here 
[human (hg38), mouse (mm10), cow (bosTau9), and ferret (musFur1)]. Schematic karyotypes show the chromosomes in each species that harbor mucin genes. Mucin 
gene locations are indicated on each chromosome. Ancestral mucin genes that are orthologous in the four genomes are indicated in blue fonts. Lineage-specific mucins 
are indicated in green fonts. Mucin genes found within the SCPP gene family, all of which, except for MUC7, are lineage-specific are indicated in pink fonts. Note: Some of 
the orthologous genes carry different names in different species. For example, rodent Muc3 is orthologous to human MUC17. For those genes, we indicated in parentheses 
following the official gene annotation the name of the likely human ortholog based on sequence similarity and synteny. In ferrets, the “S” proceeding the putative chromo-
some number indicates on which Hi-C scaffold the mucin genes were found.
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Next, we asked whether the putative mucin genes that we identi-
fied encode for proteins with functional mucin properties (Fig. 2A). 
To investigate this question, we first analyzed the percentage of 
threonines (T) and serines (S) within the protein products of these 
genes (Fig. 2B). These amino acids are of particular importance 
because they act as anchoring sites for O-glycans, which are hallmarks 
of mucin function (21). Our analysis showed that most proteins 
encoded by SCPP genes have approximately 10% T and S content, 
independent of species of origin. In comparison, MUC7, which is a 
well-described mucin in humans (22), has at least 20% T and S content 
in all the species where it is present. The lineage-specific putative 
mucins that we found in the SCPP locus harbor a significantly higher 
percentage of T and S amino acids than proteins from nonmucin 
genes in this locus (Wilcoxon test; P < 6.811 × 10−10). Furthermore, 
we found that the TS richness (T and S percentage of the total 
number of amino acids for a given protein) correlated with the 
number of predicted O-glycosylation sites (Fig. 2C). In summary, 
the analyses support that the identified genes encode for proteins 
with mucin characteristics (fig. S3).

Muc10 as a case example for de novo mucin evolution
The identification of multiple novel mucin genes within the SCPP 
locus provides a unique opportunity to address the question whether 
these genes have evolved through neofunctionalization after gene 
duplication (17), as de novo genes from noncoding sequences 
(23–25), or through some other mechanism (Fig. 3A). The evolu-
tionary histories of two salivary mucins, MUC7 in humans and 
Muc10 in mouse and rat, may allow deeper insight into these ques-
tions. MUC7 is expressed abundantly in submandibular and sub-
lingual salivary glands in humans (26), as well as in the saliva of 
nonhuman primates (27), and is shared by most placental mammals 
(28). However, the MUC7 gene is absent in the rat and mouse 
genomes (28). Despite the absence of MUC7, mouse saliva contains 
an abundant amount of MUC10, which is a similarly small-sized, 
but distinct mucin protein (29). The evolutionary history of MUC10 
is unknown.

Following the potential models of mucin evolution that we 
summarized (Fig. 3A), we first asked if Muc10 is a product of a recent 
duplication event involving Muc7. Muc7 and Muc10 are synthetic 

Fig. 2. Verifying mucin function of putative lineage-specific mucins based on threonine (T) and serine (S) richness and O-glycosylation potential. (A) Simplified 
model of a mammalian mucin protein. (B) Box plot representing the percentage of T and S amino acids in the overall amino acid sequence of the proteins encoded by 
different categories of SCPP genes. Proteins are categorized into histatins (HTN1 and HTN3), statherin (STATH), submaxillary gland androgen-regulated proteins (SMR3A 
and SMR3B), proline-rich, lacrimal 1 (PROL1), mucin 7 (MUC7), and lineage-specific mucins. The y axis shows T and S amino acids as a percentage of all amino acids composing 
the protein. Individual proteins of each species are indicated by dots, with their diameters corresponding to protein length. The squares indicate human proteins. The two 
ellipses highlight cases of species that show unusually high levels of T and S percentage for SMR3A, SMR3B, and PROL1 proteins. Further analysis revealed that these 
proteins gained lineage-specific mucin-like repeat domains as discussed later in the manuscript. (C) Scatterplot comparing lineage-specific mucin proteins to representative 
human mucins highlighted in (8) (brown), mammalian MUC7 proteins (blue), and human SCPP locus proteins (gray) as a comparison. The y axis represents TS richness, 
and the x axis is the percentage of predicted O-glycosylation sites (as predicted by SPRINT-Gly) within the full-length protein sequence. Lineage-specific mucins are 
represented as pink dots. The broader areas in the plot containing the majority of each protein and mucin category are shaded in corresponding colors and labeled with 
arrows. The sizes of the dots indicate the length of the proteins, and boxed dots correspond to human proteins.
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in the sense that they are located in the SCPP locus flanked by the 
Amtn gene on their 3′ side. If Muc10 has evolved through duplica-
tion of Muc7, we expect to find significant sequence homology 
between these genes. We found no such homology, thus rejecting 
neofunctionalization from a Muc7 duplicate as a mechanism for the 
evolution of Muc10. Instead, we found that the 5′ and 3′ sections 
of mouse and rat Muc10 show homology to the primate PROL1 
sequences (Fig. 3B). In humans and other primates, the PROL1 gene 
flanks MUC7 on its 5′ side, but the protein lacks the characteristic 
PTS repeats of a mucin, and is expressed primarily in lacrimal 
glands (30) and only spuriously in saliva (26). Thus, the most plausible 
scenario is that the ancestral mammalian Prol1 has seeded the new 
mucin gene Muc10 in the rat and mouse lineages by gaining PTS 
repeats (Fig. 3A, “mucinization”) and becoming abundantly expressed 
in the salivary glands of these rodent species.

We tested this hypothesis first by manual alignment of human 
PROL1 with mouse and rat MUC10 (Prol1 gene) peptide sequences, 

which showed that these proteins exhibit ~60 and 33% homology at 
their 5′ and 3′ ends, respectively, the former corresponding to the 
signal peptide (Fig. 3B). Homology does not extend to the middle 
region of the MUC10 protein, which has at least nine repeats of 
39 base pairs (bp) (13 amino acids) in length that are approximately 
85% identical to each other. These exonic repeats do not exist in any 
of the primate PROL1 proteins (Fig.  3B). Further investigation 
showed that these repeats are rich in T and S amino acids (Fig. 2B), 
thus elevating the overall PTS richness of mouse and rat PROL1. To 
ensure the validity of our observations, we amplified and sequenced 
the repeated section of Prol1 from a mouse sample (C57BL/6J 
strain). This repeat sequence aligns perfectly with the mouse 
reference genome sequence (sequence file S1) but has no homologs 
in nonrodent genomes, further supporting the notion that these 
repeats were gained in the ancestor of mouse and rat.

In parallel to gaining mucin function, tissue expression patterns 
have also significantly shifted for the orthologous PROL1 and 

Fig. 3. A protein rich in proline has evolved into a salivary mucin. (A) Plausible evolutionary mechanisms that were considered during our interrogation: gene duplication, 
evolution of coding sequence from already repeated noncoding regions of the genome, and gain of repeats from existing proteins. (B) PROL1 (top) has gained exonic 
PTS-rich repeats and, thus, potential mucin function (mucinization) in mice and rats (bottom). The phylogeny on the left represents the species investigated to construct 
the alignment shown in this figure (primates: human, chimpanzee, rhesus, and green monkey; rodents: rat and mouse). Repeats in the Muc10 gene are designated by blue 
boxes below the sequence alignment, and PTS richness is indicated by blue shading. The red dot in the phylogenetic tree indicates the lineage location where mucin 
function likely evolved. (C) Two scenarios through which Muc10 could have gained salivary expression in mice. (D) Immunofluorescent localization of MUC7 in human 
(left) and MUC10 in mouse (right) sublingual and submandibular salivary glands. Left-side images of each panel show MUC7 or MUC10 (green), MUC5B (red), and E-cadherin 
(blue) immunostaining. Right side of the human image shows a magnified view of the demarcated areas (dotted square) in the same glandular region. Right-side image 
for the mouse gland shows the same image without cadherin (blue) immunostaining for clarity.
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Muc10 genes. Specifically, PROL1 is expressed primarily in lacrimal 
glands in humans with little or no expression in other tissues. In 
contrast, MUC10, in mouse and rat, is expressed abundantly in sa-
liva (31) and has little expression in lacrimal glands (32). It appears 
that the sequences that regulate Muc10 have evolved to gain strong 
salivary gland–specific expression in the mouse and rat ancestor.

To explain the expression trends of Muc10 in mice, we considered 
two scenarios (Fig. 3C). First, it is plausible that Muc10, which 
evolved from the PROL1 precursor, may have adopted the regulatory 
machinery of MUC7 after it was lost in mouse and rat lineages. 
Under this scenario, we expect the tissue and cellular expression of 
MUC7  in humans and Muc10  in mice to be similar. Second, it is 
possible that the salivary expression of Muc10 has evolved inde-
pendently in the mouse and rat lineage, leading to expression trends 
that are distinct from those of human MUC7. To discriminate 
between these two scenarios, we conducted immunohistochemical 
staining for MUC10 and MUC7  in mouse and human salivary 
gland tissues, respectively (Fig.  3D). Consistent with previous 
studies (31), we found that MUC10 in the mouse is expressed only 
in the submandibular gland, while MUC7 in humans is expressed 
in both submandibular and sublingual glands. Furthermore, while 
MUC10 is expressed in all cell types in the mouse submandibular 
gland, MUC7 is expressed by specific cell populations within glands. 
Overall, at both tissue and cellular levels, the expression patterns of 
MUC10 and MUC7 are different, suggesting that the Muc10 regu-
latory machinery likely evolved independently in the mouse lineage.

Lineage-specific mucins evolved from precursors rich 
in proline
On the basis of the insights from the Prol1 to Muc10 transition in 
the rodent lineage, we hypothesized that the other novel mucins may 
have also evolved from proteins that are rich in proline. Specifically, 
we were interested in three genes, i.e., PROL1 (recently called 
OPRPN), SMR3A (previously PROL5), and SMR3B (previously 
PROL3), that are situated adjacent to one another in the SCPP locus 
and are likely identical by descent. To test whether these genes 
constitute precursors to the novel mucins, we searched for sequence 

homology between these three proteins and the newly identified 
28 lineage-specific mucins. We found at least five instances among 
closely related species where the lineage-specific mucins show 
significant sequence similarity with nonmucin proteins that are 
rich in proline (Fig. 4, fig. S4, and table S1). We also found that they 
retain the signal peptide from their precursors (60 to 84% amino 
acid homology) but evolved TS-rich repeats in a lineage-specific 
manner (Fig. 4). For example, similar to the situation in mouse 
and rat, PROL1 in the rhinoceros harbored significantly higher 
T and S amino acid content than in other species (Wilcoxon test; 
P  <  0.002198) (Fig.  2B). However, PROL1  in rhinoceros and 
MUC10 in mouse and rat lineages shared little sequence homology, 
suggesting that the T and S richness in these proteins is unlikely to 
be identical by descent. The emergence of a novel gene function is 
generally considered a rare phenomenon. Thus, it is remarkable 
that in two distant mammalian lineages, rhinoceros and mouse, 
evolution generated a novel mucin gene from the same ancestral gene, 
Prol1. These observations are concordant with the evolutionary 
scenario where the ancestral secreted protein rich in proline, PROL1, 
has independently gained mucin function in two different lineages 
through de novo gain of TS repeats rather than through neo-
functionalization after whole-gene duplication or de novo gene 
evolution from noncoding sequences.

Our observations provide several venues for future research. For 
example, we found two novel mucins in the pangolin genome, 
which show homology to the human PROL1 and SMR3A/B genes, 
respectively, but gained exonic T- and S-rich repeats in the pangolin 
(fig. S4). This is an interesting observation because these lineage- 
specific mucins may contribute to the unusual sticky property of 
pangolin saliva, a trait likely selected to accommodate the animal’s 
insectivore feeding habits (33). Our findings thus suggest that the 
evolution of mucin genes repeatedly uses the mechanism that we 
outlined for the evolution of MUC10 in the mouse and rat lineages, 
where T- and S-rich exonic repeats are gained by a protein that is 
secreted and already rich in proline (Fig. 3A). Collectively, we argue 
that the evolution of mucins is facilitated by the existence of secret-
ed proteins rich in proline in the SCPP locus.

Fig. 4. Evolution of lineage-specific mucins from proteins that are rich in proline (mucinization). Three examples of lineage-specific mucinization events are shown. 
The branches in the phylogeny where mucinization likely occurred are indicated by red dots. The homologous regions are shown with lines, and BLAST e values are 
provided. The proposed mechanism of how a nonmucin precursor protein (top) gives rise to its orthologous mucin protein (bottom) is schematically shown for the three 
examples, i.e., rhinoceros (rhino), cat, and cow (indicated by stars on the phylogeny). Exonic repeats are indicated by small boxes. Number of repeats and number of 
nucleotides per repeat are indicated below the designated repeat sections in bold. Blue color intensity indicates approximate PTS richness.
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Rapid evolution of mucin exonic repeats
In our prior analysis of Muc7 in mammals, we found that its exonic 
repeats retain their T and S content but vary widely in copy number 
within and between species (28). Our results for Muc7 stay in con-
trast to other exonic repeats in the genome, which occur in more 
than 10% of all protein-coding genes and are often highly conserved 
both at the nucleotide and copy number levels (34, 35). On the basis 
of these results, we hypothesized that exonic repeats in mucins vary 
in copy number as a response to adjust the overall glycosylation of 
the mucin protein to variable selective pressures including dietary 
and pathogenic changes. If this hypothesis is true, we expect that we 
will observe considerable levels of copy number variation for mucin 
repeats among species and that T and S content of the individual 
repeats will be conserved over evolutionary time.

We first investigated the copy number variation of mucin re-
peats among mammalian species (Fig. 4 and table S1). We found 
that the numbers of mucin repeats range substantially, from 3  in 
seal Muc19-like to 42 in carnivore Muc2-like/Smr3a independent of 
the length of the repeat (fig. S5) or the mechanism of copy number 
change (fig. S6). Furthermore, we have several instances where copy 
number variation of certain repeats evolved in a species-specific 
manner. For example, we found that a maximum-likelihood tree of 
the individual repeats from mouse and rat Muc10 can separate the 
repeats from each species into distinct clusters with high confidence 
(fig. S6). This finding suggests independent expansions of exonic 
repeat copy number in both mouse and rat lineages. We previously 
reported on lineage-specific copy number gains and losses in MUC7 in 
primates (28). Collectively, the considerable copy number variation 
of the exonic mucin repeats we observed is concordant with the 
adaptive hypothesis that we described above.

Next, we investigated our second expectation, namely, that the 
T and S content of the mucin exonic repeats is retained over evolu-
tionary time. We focused on Muc10 in rodents and Muc2-like in 
felines where reasonable alignments of the individual repeat units to 
each other are possible. Measuring the number of synonymous and 
nonsynonymous nucleotide differences between repeat units, we 
observed that nonsynonymous changes pertaining to T and S amino 
acids occur less often than expected based on the number of synony-
mous changes (R2 < 0.15; fig. S7). This finding suggests that the 
T and S content of the repeats remains at similar levels and does not 
follow neutral expectations. For amino acids other than T and S, we 
observed the expected neutral rate of nonsynonymous differences 
(R2 > 0.65; fig. S7). Overall, as exemplified by Muc7 (28), Muc10, and 
Muc2-like exonic repeats, mucin repeats have adaptively retained 
their T and S amino acid content, suggesting that lineage- specific 
mucins evolve under selective constraint to retain O-glycosylation.

Lineage-specific mucins contribute to variation 
in the mammalian salivary glycoproteome
Previous work on mucins, mostly in humans, categorized mucins as 
either membrane bound or secreted (36, 37). Given that the SCPP 
gene family primarily comprises genes that encode secreted pro-
teins, we hypothesized that lineage-specific mucins that evolve in 
this locus will also have secretory properties. We bioinformatically 
tested this hypothesis and found that all novel lineage-specific 
mucins are predicted to be secreted (see Materials and Methods; 
table S1). Furthermore, we found no transmembrane domains in 
any of the lineage-specific mucins, supporting that they may be 
secreted proteins.

We verified previous work (26) showing that the SCPP mucins, 
MUC7 and Muc10, are expressed abundantly and specifically in the 
salivary glands of humans and mice, respectively (Fig. 3D). Thus, 
we investigated whether other lineage-specific mucins are also 
expressed in salivary glands. Other than MUC7 in humans and 
MUC10 in mice, it was difficult to conduct immunohistochemistry 
or Western blot analysis of lineage-specific mucins due to a lack of 
commercially available, validated antibodies. Nevertheless, although 
cross-species expression data from salivary glands are limited, we 
were able to detect salivary gland expression of some of the lineage- 
specific mucins, including bat MucC.1-like, cow Muc2-like, and 
pangolin new gene_9802, using available RNA sequencing (RNA-seq) 
data (figs. S4 and S8). To further investigate the salivary expression 
of mucin genes, we conducted liquid chromatography–mass spec-
trometry (LC-MS) analysis on the whole saliva from humans, mice, 
rats, pigs, cows, dogs, and ferrets (see Materials and Methods; 
Fig. 5A). Besides mucins already known to be expressed in saliva, 
such as MUC5b, MUC7, MUC19, and MUC10, we found a number of 
additional previously known mucins for which salivary expres-
sion had not been demonstrated, such as MUC4, MUC21, MUC13, 
MUC2, and MUC16 (Fig. 5A). In addition, we found that 8 of 11 
lineage-specific mucins are secreted in saliva of dog, ferret, and cow 
(Fig. 5, A and B, and table S2).

To experimentally verify whether the retention of T and S amino 
acids in lineage-specific mucins observed at the sequence level trans-
lates into protein glycosylation, we conducted tris-acetate–based 
SDS–polyacrylamide gel electrophoresis (PAGE) separation of 
salivary proteins followed by periodic acid–Schiff (PAS) staining, 
which reveals glycosylated proteins (see Materials and Methods; 
Fig. 5C) (27, 29). Comparing the electrophoretic banding pattern 
among pig, cow, ferret, dog, rat, mouse, and human salivary pro-
teins, we detected a high level of diversity for glycosylated protein 
bands among the species tested. To confirm at the amino acid 
sequence level that the strongly stained bands represent mucins, we 
excised PAS-stained bands individually and conducted mass 
spectrometric analysis (see Materials and Methods; Fig. 5C). We 
were able to confirm substantial salivary expression of most mucins 
that we identified by LC-MS (Fig. 5C and table S2). Of the lineage- 
specific mucins, besides MUC7 and MUC10, we could identify 
SMR3A in dog and ferret saliva, proteoglycan-like in dog saliva, and 
MUC5AC-LIKE in ferret saliva, within strongly PAS-stained bands, 
supporting our bioinformatic predictions that these proteins are 
likely glycosylated.

One of the unexpected but interesting results from the SDS-PAGE 
analysis is the high level of variation of glycosylated protein content 
among mammalian saliva samples. Our current methods are limited 
in distinguishing between mucins and other glycoproteins. Thus, 
linking the glycoprotein variation among mammals to mucins 
remains an assumption and needs to be investigated further, perhaps 
using recently available mucin purification methods (38). Having 
said that, previous work showed that the primary glycosylated pro-
teins most intensely stained by PAS in human saliva within the size 
range of our SDS-PAGE are MUC5B and MUC7 (27, 39, 40). Thus, 
our results provide correlative evidence that at least some of these 
observed differences are driven by mucins. Ferret saliva, for example, 
yields at least four times as many glycosylated bands as human saliva 
(Fig. 5B). This is concordant with our finding that ferrets harbor the 
highest number of lineage-specific mucins among the species we 
investigated (Fig. 1). In addition to lineage-specific mucins, we 
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found that multiple mucin genes with orthologs in virtually all 
mammals are expressed in a species-specific manner in ferret saliva. 
These observations in ferrets contribute an additional piece of 
evidence to suggest that the high level of diversity in salivary mucin 
proteins among mammals has evolved by both gaining novel mucin 
genes and repurposing existing mucins to be expressed and secreted 
in saliva (Fig. 5B).

Toward a model of mucin evolution
We documented multiple instances of independent evolution of 
mucin function in different mammals and showed that most of 
these newly found mucins are located within the SCPP locus. Such 
recurrent evolution of gene function in a specific locus that does not 

occur through duplication of a whole gene is unusual. Thus, we 
constructed a model of mucin evolution (Fig. 6) where nonmucin 
genes that code for secreted proteins rich in proline serve as build-
ing blocks for novel mucins. The hypothesis makes biological 
sense because proteins rich in proline are similar to mucin proteins 
structurally (rigidity due to proline richness) and functionally 
(secreted proteins). They are distinct from mucin proteins only 
because they lack T- and S-rich exonic repeats—prime targets for 
O-glycosylation. Thus, these genes carry the potential to rapidly 
gain mucin function through repeated addition of exonic repeats. 
Our study provides an initial and conservative map of such 
occurrences with a focus on the SCPP locus. We conducted a parallel 
analysis of a recently available, biochemically guided “mucinome” 

Fig. 5. Comparison of mucins in saliva of diverse mammalian species. (A) Mucin proteins in whole saliva of different mammalian species identified by LC-MS analysis. 
Mucins previously not known to be expressed in saliva are colored in dark blue boxes. Lineage-specific mucins identified in this study are boxes in magenta. Gray boxes 
indicate mucins with previously known salivary expression, while light gray indicates that the gene is present in the species’ genome with no expression detected in saliva. 
Empty boxes indicate that the species does not have the corresponding gene. Gene annotations were used as provided by the respective assemblies. Longer gene names 
indicated by an asterisk were shortened (PROGLY: PROTEOGLYCAN-LIKE; MUC2: MUC2-LIKE; MUC5AC: MUC5AC-LIKE; MUCC.1: MUCC.1-LIKE). (B) Graphical representation 
of the data in (A) to indicate the total number of mucin proteins expressed in whole saliva (WS) of human, mouse, rat, dog, ferret, cow, and pig (magenta rectangles). 
Lineage-specific mucins found within the SCPP locus are indicated by a black border. (C) Whole saliva of the above mammalian species separated by SDS-PAGE and 
stained with periodic acid–Schiff to reveal glycosylated proteins. Gel bands that were analyzed by LC-MS are circled. Gray circles indicate bands where a mucin could not 
be identified. Vertical banners below the gel lanes show the identified mucins with numbers corresponding to bands in the gel. Magenta highlights indicate lineage-specific 
orphan mucins, while blue highlights indicate known mucin proteins that were not previously identified in saliva. MW, molecular weight.
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database, reaching similar conclusions but identifying additional 
candidates for lineage-specific mucin formation (fig. S9). Thus, a 
more exhaustive effort will be needed to extend this analysis to other 
species and loci.

The model of mucin evolution that we propose has three broader 
implications. First, it places exonic repeats as major drivers for rapid 
evolution and functional diversity (41). Second, it reveals proteins 
rich in proline as precursors for mucin generation. Third, it identi-
fies glycosylation as a likely force in adaptive mammalian evolution 
(42). Our model is concordant with the growing appreciation of 
recurrence, convergence, and reversal as common themes in 
molecular evolution (43).

Beyond mechanistic insights, our results also beg the question: 
What are the adaptive forces that led to the retention of novel 
mucin genes? One clue comes from the salivary expression of these 
mucins. In humans, mucin function in saliva has been linked to 
pathogen binding, mucus layer formation, facilitating digestion, 
and providing viscosity and lubricity to the salivary fluid. Thus, it is 
safe to argue that novel mucins may have beneficial roles pertaining 
to immunity, diet, and mechanical properties of saliva. Previous 
work, including ours, has shown that O-glycans on mucin proteins 
interact with pathogens (39). Secreted mucins have been discussed 

as decoys (21) that saturate pathogen receptors in secreted fluids, 
thereby preventing their binding to tissue surfaces. They can also 
“tame” the pathogenic behavior and promote more commensal 
interactions between the microbes and the host organism (44, 45). 
The overall density, size, structure, and sterical presentation of 
mucin O-glycans shape the range of interaction with pathogens 
(39, 46) such that individual mucins have likely evolved to target 
specific microbes (47). For example, sialic acid residues as terminal 
components of mucin O-glycans provide molecular motifs for 
recognition by specific pathogens (48, 49), and these motifs often 
change in an evolutionary arms race (49, 50). Thus, it is plausible 
that lineage-specific mucins may bind to, or are bound by, particular 
pathogens in a lineage-specific manner, and that copy number variation 
of their exonic repeats fine-tunes the glycosylation that may help to 
keep pace with ever-evolving pathogenic pressures.

Mucin evolution could also be related to digestion and per-
ception of varied diets in different species. The mucin content of 
saliva can directly interact with food and alter perception (51, 52). 
Furthermore, mucins can interact and potentially alter the microbiome 
composition of the gastrointestinal tract (53), thereby affecting diges-
tion (54). It has been argued that the oral and intestinal microbes are 
in competition in their interaction with mucins in the gastrointestinal 

Fig. 6. Evolutionary assembly line of mucinization. The chromosome at the top shows a hypothetical secretory protein locus where the overall regulatory architecture 
leads to expression in glandular and secretory tissues. In the case of the SCPP locus, in addition to being expressed in glandular tissues, these genes code for secreted 
proteins rich in proline. The following step is the gain of repeats that code for peptides rich in serine and threonine (gray and blue boxes). Next, existing posttranslational 
modification machinery attaches O-glycans to the newly formed TS-rich repeats. Last, the novel gene functions are maintained in the population provided that they lead 
to environmental adaptations such as pathogen clearance, or in the unique case of the pangolin to increased stickiness of saliva as an adaptation to its specific dietary 
niche, namely, trapping ants with its long sticky tongue.
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tract (55). Therefore, some of the mucins may have been adaptively 
maintained in specific lineages due to selective pressures shaped by 
diet in concert with the gastrointestinal microbiome. Mucins also 
play critical roles in determining the physical properties of bodily 
fluids and their function in forming tissue barriers. Thus, one excit-
ing future venue of research will be to study the salivary activity of 
novel mucins in conjunction with the physical properties of saliva, 
such as viscosity, lubricity, and Spinnbarkeit (56).

In sum, our study establishes mechanisms how common func-
tional and structural properties of a gene cluster can promote recurrent 
birth of mucin function among otherwise evolutionarily unrelated 
genes. Our results provide mechanistic insights into de novo forma-
tion of mucins and how it generates diversity in the mucinome. We 
also open up several avenues for future work to delineate the func-
tion, mechanism of formation, and adaptive impact of mucin pro-
teins and, at a broader level, the evolution of novel gene function.

MATERIALS AND METHODS
Initial identification of candidate mucins in select species
Gene and protein annotations were downloaded from the National 
Center for Biotechnology Information (NCBI) Index of Genomes 
database available at ftp://ftp.ncbi.nih.gov/genomes/. Putative mucins 
were extracted from this dataset, by searching for the keywords “muc,” 
“mucin,” “mucin-like,” and “mucin-domain containing” (accessed 
26 May 2021). Each species queried (human, mouse, cow, and ferret) 
contained several putative mucin genes that were not annotated by 
the mucin database available at www.medkem.gu.se/mucinbiology/
databases/ (accessed 26 May 2021).

BLAST search for homologous sequences
Once we had obtained the list of candidate mucin genes by the key-
word search described above, NCBI BLAST was used to determine 
the presence or absence of the candidate mucins in each human, 
mouse, cow, and ferret reference genome. This step allowed us to 
verify the annotations as well as to distinguish between lineage- 
specific and orthologous genes. Briefly, protein sequences were 
downloaded from UniProt and NCBI. These sequences were searched 
in each individual species using BLASTp (nonredundant protein 
sequences). Scoring parameters for the BLASTp (57) algorithm were 
as follows: matrix, BLOSUM62; gap costs, existence 11 extension 1; 
compositional adjustments, composition score matrix adjustment 
as described elsewhere (58). BLAST hits were assessed on the basis 
of maximum score, total score, query cover (>30%), e value (<0.01), 
and identity percentage (>20%). Next, we identified gene annotations 
in respective reference genomes that correspond to the genomic 
regions with the highest homology to the candidate protein se-
quences. Furthermore, using NCBI and UCSC Genome Browsers, 
we compared the genomic locations of these putative genes relative 
to each other and other known mucin genes to establish syntenic 
positions. We report our combined efforts for these four species in 
Fig. 1. It is important to note that our pipeline is conservative and 
relies on the accuracy of gene annotations and assembly qualities. 
We believe that, although our main observations remain the same, 
further verification is needed to construct a final map of mucin 
content in mammals. Tandem repeats, for example, are particularly 
difficult to assemble and thus may be missing in some reference 
genomes. The recently released human T2T Consortium assembly 
(59), which is arguably the most accurate mammalian reference 

genome, identifies two new mucins in the human genome, MUC3B 
and MUC22-like. These are not included in our dataset. Thus, 
it is clear that future long-read sequence–based assemblies in other 
mammals will remedy these shortcomings and expand our under-
standing of mucins.

Investigating mucin properties
We organized a two-pronged pipeline to confirm mucin properties 
among these putative mucin candidates. One defining characteristic 
of mucins is their repetitive open reading frame sequences confined 
into domains (8). In our pipeline, we searched for repeats on our 
candidate mucins in all four of our mammalian query species using 
the Tandem Repeats Finder (60). This algorithm identifies repeating 
motifs in a given sequence. One issue is that motifs are difficult to 
define (e.g., we may have multiple repeating motifs within a tandem 
repeat array) (e.g., fig. S6). For consistency, we report all of the 
motifs (repeat tandems ≥ 3) in table S1 and use the longest motif 
unit in our analyses.

Next, we located domains rich in proline, threonine, and serine, 
a defining feature of a mucin protein. We used a Perl script algorithm 
called PTSpred (61). PTSpred uses a sliding window (50 to 200 amino 
acids) along a given protein sequence to count the percentage of 
proline, threonine, and serine amino acids within that window. We 
used the recommended thresholds to identify PTS domains. Novel 
(lineage-specific) mucin characteristics were determined by requir-
ing all of the following features: presence of a  >4% predicted 
O-glycosylation sites per length of the peptide, presence of >20% of 
TS richness within peptide sequences, presence of repeats contained 
within a domain of the gene, and, finally, presence of proline-, 
threonine-, and serine-rich amino acid sequences clustering within 
exonic repeats.

Determining the secretory potential of proteins
To establish signal peptides on protein sequences, we used SignalP 
5.0 (62), available at www.cbs.dtu.dk/services/SignalP/, using the 
standard parameters for prediction. In addition, we searched for 
known mucin domains [such as von Willebrand factor–like, epidermal 
growth factor–like, sperm protein enterokinase, and agrin domains 
(8)] using Pfam 32.0 (https://pfam.xfam.org/) (63). This algorithm 
uses multiple sequence alignments and hidden Markov models to 
predict such domains. In parallel, we searched for the presence of 
transmembrane helices in novel mucins using TMHMM (www.cbs.
dtu.dk/services/TMHMM/) (64). In addition, to determine the like-
lihood of novel mucins being secreted, we used SRTpred server (65) 
available at https://webs.iiitd.edu.in/raghava/srtpred/home.html. 
Briefly, this database uses a machine learning algorithm to measure 
the secretory potential of proteins where positive values indicate 
secretion. In parallel, we also verified these results in the OutCyte 
database (available at www.outcyte.com/) (66), which also involves 
machine learning to estimate secretion potential. Specifically, a 
score of 0.5 or higher indicates likely secretion. Both SRTpred and 
OutCyte results are reported in table S1.

Determining O-glycosylation potential of proteins
O-Glycosylation sites were predicted using SPRINT-Gly (available 
at https://doi.org/10.1093/bioinformatics/btz215) (67). This deep 
neural network approach predicts the likelihood of a T or S peptide 
being O-glycosylated based on the surrounding repertoire of amino 
acids in each given window. Briefly, the algorithm scans each protein 
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sequence for T and S amino acids and produces a window compris-
ing four amino acids upstream and four amino acids downstream 
around the identified T or S amino acid. Then, it assigns a probability 
of O-glycosylation based on this window and previously verified 
O-glycosylated peptides in humans and mice. To further support 
potential O-glycan sites predicted by SPRINT-Gly, we used Net-O-
Glyc 4.0 (available at www.cbs.dtu.dk/services/NetOGlyc/) (68), 
which can estimate potential O-glycosylation across mammalian 
species trained on experimental prediction of O-glycosylation in 
human cell lines. The results of both algorithms coincide. However, 
we found that using the SPRINT-Gly provided a more stringent 
prediction for O-glycosylation, and thus, we chose to use the results 
from this more conservative algorithm in our figures.

Identification of additional lineage-specific mucins and their 
likely orthologs
As described in the main text, we identified the 250- to 300-kb 
region (depending on the species) between CSN3 and AMTN genes 
within the SCPP locus as a hotspot for lineage-specific mucins. 
Then, we expanded our search for lineage-specific genes within this 
locus in additional mammals (49 mammals total). Specifically, we 
identified gene annotations within this hotspot region and down-
loaded protein sequences. We then used these protein sequences to 
categorize genes using our mucin determining pipeline, involving 
the determination of exonic repeats and the O-glycosylation poten-
tial of these repeats, as described above. Next, we used BLAST 
search, with the same parameters used for our initial screen described 
above, to search for orthologs of each candidate mucin in other 
mammalian species. This process allowed us to identify 28 lineage- 
specific mucins described in table S1.

Identifying precursors for lineage-specific mucins
We wanted to test the hypothesis that at least some lineage-specific 
mucins have evolved from existing genes, which do not have TS-rich 
repeats, as is exemplified by the evolution of MUC10 from an 
ancestral proline-rich protein precursor (Fig. 3). For this purpose, 
we conducted a thorough search for protein sequences of each of 
the 28 lineage-specific mucins among mammals using a combina-
tion of gene annotations, BLAST searches, and RNA-seq maps. 
It is noteworthy that every single precursor we identified was a 
proline-rich protein. Because of the repetitive nature of the lineage- 
specific proteins, our search was not straightforward. First, the 
repeat content adds uncertainty to the BLAST similarity search and 
hence lowers the statistical power. Second, because of PTS-rich 
repeats, there is a possibility of false-positive BLAST hits. Thus, to 
avoid including repeat sections for our initial BLAST searches, we 
used the first 30 amino acids, which roughly coincide with the 
signal peptides in secreted proteins. Next, we manually aligned 
lineage-specific mucins with putatively ancestral homologs to iden-
tify specific regions of sequence similarity as reported in Fig. 4. We 
describe the specifics of our search for each lineage-specific protein 
for which we identified a proline-rich precursor in detail below. 
Overall, our pipeline is conservative and other lineage-specific 
mucins may also have proline-rich precursors that we did not 
detect in this study.
Carnivore MUC2-like
To identify the ancestral origins of the carnivore lineage-specific 
mucin (called MUC2-like in cats, but SMR3A in ferrets and dogs; 
fig. S2, seventh row), we BLASTed the first 30 amino acids of 

MUC2-like protein sequence from cats (Felis catus, felCat9) to 
humans (taxid: 9606, hg38). We started with a BLAST to the human 
genome because the gene annotations and the protein sequence 
accuracy are optimal for humans and can have unknown biases in 
other species. We found significant hits to SMR3A and SMR3B 
genes (e = 6 × 10−8). We then manually aligned the human SMR3A 
and SMR3B to cat MUC2-like protein sequences and found that 
SMR3A has two regions of high sequence similarity and SMR3B has 
only one region. We then use BLAST again to verify these individual 
trimmed regions (see sequence file S1 for the alignments and Fig. 4 
for the e values, e < 10−30). Incidentally, the new assembly that was 
updated during the time of the revision now annotates this gene in 
cats as SMR3A.
Ungulate MUC2-like
We were able to trace one of the lineage-specific mucins found in 
even-toed ungulates (cows, sheep, camels, alpacas, and antelope; 
fig. S2, first row) to the ancestral proline-rich SMR3B protein. 
Similar to the above pipeline, we first BLASTed the first 30 amino 
acids of this lineage-specific mucin protein to humans and found a 
significant hit to SMR3B gene (e = 0.001). Then, we narrowed our 
search to the outgroup lineage, odd-toed ungulates (taxid: 9787). 
The most significant hit was SMR3B in the donkey (e = 3 × 10−12). 
We verified that the donkey SMR3B does not have repeats. Next, we 
aligned cow MUC2-like and donkey SMR3B sequences manually 
and retrieved BLAST e values for the nonrepetitive sections as 
reported in Fig. 4 and sequence file S1.
Rodent MUC10
We found that the first 30 amino acids of this protein BLAST to 
human PROL1 (e = 0.046). As per previous examples, we aligned 
mouse and human amino acid sequences and identified the similari-
ties and assessed the uniqueness using BLAST search. We found 
that doing this same process with the rat produced lower e values. 
These are now reported in Fig. 3B and sequence file S1. It is of note 
that gene annotations contribute to the confusion of the evolutionary 
origins of these genes. For example, concordant with our results, the 
latest gene annotation of MUC10  in the mouse reference genome 
refers to this gene as PROL1. However, the latest human gene anno-
tation update now refers to PROL1 in humans as OPRPN.
Rhinoceros PROL1
We could not find any significant hit when we BLASTed the first 30 
amino acids of Rhino PROL1 to humans. Instead, trusting the gene 
annotation in the reference genome, we aligned Rhino PROL1 with 
human PROL1 (now OPRPN). We found multiple well-aligned 
sections, which we interrogated in detail using BLAST, and found 
significant hits for some of these sections (e < 10−6). We report these 
in Fig. 4 and sequence file S1.

Sequence amplification and validation
Mouse Prol1/Muc10 genomic sequence was polymerase chain 
reaction (PCR)–amplified and Sanger-sequenced using standard 
methods. Primer sequences and sequencing results are found in 
sequence file S1. We found no differences between our sequenced 
region and the mouse (mm10) reference genome for repeat number 
and for nucleotides.

Phylogenetic and synonymous versus nonsynonymous 
site analysis
The lineage-specific mucin sequences found in rodents (Muc10) and 
felines (Muc2-like) were downloaded from NCBI. Repeats contained 

http://www.cbs.dtu.dk/services/NetOGlyc/
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within the repeat domain were manually compiled in TextWrangler 
and aligned using CLUSTALW (69) in MEGA (70). A maximum- 
likelihood phylogenetic tree was constructed using 100 bootstrap 
replicates. Repeat sequences were then analyzed in MEGA’s pair-
wise distance computer for synonymous versus nonsynonymous 
site changes within and between species for rodents and felines 
independently.

RNA-seq data mining
RNA-seq data used to construct fig. S8 were taken from the 
expression exonic coverage track on NCBI Genome Data Viewer 
(www.ncbi.nlm.nih.gov/genome/gdv/). This database houses 
comprehensive RNA-seq data from multiple tissues and species. To 
determine whether a gene had observable tissue expression, we used 
a “housekeeping” RNA expression gene, PSMB2, which is known to 
be expressed in all tissues of all placental mammals (71). If a gene is 
expressed at the same order of magnitude as PSMB2, we deemed 
this gene to be “expressed” in that tissue.

Saliva collection
Saliva samples from human, mouse, rat, pig, cow, dog, and ferret 
individuals were collected and stored at −80°C. Human subjects: 
Saliva from humans was collected by passive drooling following the 
protocol approved by the University at Buffalo Human Subjects 
Institutional Review Board (IRB) board (study #030-505616). 
Informed consent was obtained from all human participants. The 
samples from other mammals were collected in collaboration with 
colleagues and other research institutions. A more detailed descrip-
tion of the collection methods used for the different mammalian 
species is provided in (3).

SDS-PAGE separation of salivary proteins and PAS staining 
of glycosylated components
Samples were denatured under reducing conditions by adding 4× 
tris-acetate sample buffer (NuPAGE, Invitrogen, Carlsbad, CA), 
2.5% -mercaptoethanol by sample volume, and boiling in water for 
10 min. Equal amounts of total protein (15 g per lane) were 
subjected to separation by SDS-PAGE using 3 to 8% gradient 
tris-acetate mini gels (NuPAGE, Invitrogen, Carlsbad, CA). Glyco-
sylated protein bands were revealed using PAS stain as previously 
described (40). Stained gels were imaged using a flat-bed scanner in 
the transparent mode (ImageScanner III, GE Healthcare).

Saliva sample preparation for mass spectrometry
Saliva samples were prepared using a surfactant-aided precipitation/
on-pellet digestion protocol (71). Briefly, 50 g of protein was 
aliquoted from each saliva sample and spiked with SDS to a final 
concentration of 0.5%. Samples were sequentially reduced by 10 mM 
dithiothreitol (DTT) at 56°C for 30 min and alkylated by 25 mM 
iodoacetamide (IAM) at 37°C for 30 min, both of which were 
performed with constant shaking in a covered thermomixer 
(Eppendorf). A total of six volumes of chilled acetone were then 
added to the samples under vigorous vortexing, and the mixture 
was incubated at −20°C for 3 hours. After centrifugation at 18,000g, 
4°C for 30 min, samples were decanted and the pelleted protein was 
gently washed with 500 l of methanol. After air-drying for 1 min, a 
volume of 40 l of 50 mM (pH 8.4) tris–formic acid (FA) was added 
to the pellet, and a total volume of 10 l of trypsin [0.25 g/l, 
dissolved in 50 mM (pH 8.4) tris-FA] was added for 6-hour tryptic 

digestion at 37°C with constant shaking. Digestion was terminated 
by the addition of 0.5 l of FA, and protein digest was centrifuged at 
18,000g, 4°C for 30 min. The supernatant was carefully transferred 
to LC vials for analysis.

Excision of bands from protein gels and preparation 
for mass spectrometry
Excised gel band samples were prepared using an in-gel digestion 
protocol. Gel bands were first cut into smaller cubes (1 to 2 mm in 
each dimension) using a clean scalpel and transferred to new 
LoBind tubes (Eppendorf). Gel cubes were dehydrated by incubating 
in 500 l of acetonitrile (ACN) for 5 min with constant vortexing, 
and liquid was discarded (all dehydration steps below followed the 
same procedure, if not specified otherwise). After incubation in 
500 l of 50% ACN in 50 mM tris-FA (pH 8.4) overnight, gel cubes 
were then dehydrated three times and kept at 37°C in a thermomixer 
for 5  min to completely evaporate the remaining ACN. Samples 
were sequentially reduced in 100 l of 10 mM DTT at 56°C for 
30 min and alkylated in 100 l of 25 mM IAM at 37°C for 30 min, 
both of which were performed with constant shaking in a covered 
thermomixer. Gel cubes were then dehydrated three times and 
incubated in 200 l of trypsin (0.0125 g/l) (in tris-FA) on ice for 
30 min. Excess trypsin was then removed and replaced by 200 l of 
tris-FA, and samples were incubated at 37°C overnight with con-
stant shaking. Digestion was terminated by addition of 20 l of 5% 
FA and incubation for 15 min with constant vortexing, and liquid 
was transferred to new LoBind tubes. Gel bands were dehydrated by 
sequential incubation with 500 l of 50% ACN in 50 mM tris-FA 
and 500 l of ACN, each for 15 min with constant vortexing, and 
liquid from all three steps was combined. The protein digest was 
dried in a SpeedVac and reconstituted in 50 l of 1% ACN and 
0.05% trifluoroacetic acid in ddH2O with 10-min gentle vortexing. 
Samples were centrifuged at 18,000g, 4°C for 30 min, and the super-
natant was carefully transferred to LC vials for analysis.

LC-MS analysis
The LC-MS system consisted of a Dionex UltiMate 3000 nano LC 
system, a Dionex UltiMate 3000 micro LC system with a WPS-3000 
autosampler, and an Orbitrap Fusion Lumos mass spectrometer. A 
large–inner diameter (i.d.) trapping column (300-m i.d. × 5 mm) 
was implemented before the nano LC column (75-m i.d. × 65 cm, 
packed with 2.5-m Xselect CSH C18 material) for high-capacity 
sample loading, cleanup, and delivery. For each sample, 4 l of 
derived peptides was injected for LC-MS analysis. Mobile phase A 
and B were 0.1% FA in 2% ACN and 0.1% FA in 88% ACN. The 
180-min LC gradient profile was 4% for 3 min, 4 to 11% for 5 min, 
11 to 32% B for 117 min, 32 to 50% B for 10 min, 50 to 97% B for 
1 min, and 97% B for 17 min and then equilibrated to 4% for 27 min. The 
mass spectrometer was operated under data-dependent acquisition 
mode with a maximal duty cycle of 3 s. MS1 spectra were acquired 
by Orbitrap under 120k resolution for ions within the mass/charge 
ratio (m/z) range of 400 to 1500. Automatic gain control and maximal 
injection time were set at 175% and 50 ms, and dynamic exclusion was 
set at 60 s, ±10 parts per million (ppm). Precursor ions were isolated 
by quadrupole using an m/z window of 1.2 Th and were fragmented 
by high-energy collision dissociation at 30% energy. MS2 spectra 
were acquired by ion trap under rapid scan rate with a maximal 
injection time of 35 ms. Detailed LC-MS settings and relevant infor-
mation are described in a previous publication by Shen et al. (72).

http://www.ncbi.nlm.nih.gov/genome/gdv/
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LC-MS files were searched against UniProt protein sequence 
databases plus putative mucin sequences that were predicted in this 
study (sequence file S1) for corresponding species (Swiss-Prot: 
Homo sapiens, Mus musculus; Swiss-Prot + TrEMBL: Rattus norvegicus, 
Bos taurus, Canis lupus familiaris, Mustela putorius furo, and Sus 
scrofa) using Sequest HT embedded in Proteome Discoverer 1.4 
(Thermo Fisher Scientific). Target-decoy searching approach using 
a concatenated forward and reverse protein sequence database was 
applied for false discovery rate (FDR) estimation and control 
purposes. Searching parameters include (i) precursor ion mass 
tolerance: 20  ppm; (ii) product ion mass tolerance: 0.8 Da; (iii) 
maximal missed cleavages per peptide: 2; (iv) fixed modifications: 
carbamidomethylation of cysteine; and (v) dynamic modifications: 
oxidation of methionine, acetylation of peptide N-terminals. Peptide 
filtering, protein inference and grouping, and FDR control were 
accomplished by Scaffold v5.0.0 (Proteome Software Inc.). Criteria 
for protein identification included 1% protein/peptide FDR and ≥2 
peptides per protein. Protein lists containing relative protein abun-
dance (spectral counts) and sequence coverage were exported from 
Scaffold and manually curated by R using a customized script. The 
parameters described here, including the 0.8-Da mass tolerance for 
their MS2s, have been routinely used in the field [see, e.g., (73)]. The 
mass spectrometry proteomics data have been deposited to the 
ProteomeXchange Consortium via the PRIDE (74) partner repository 
with the dataset identifier PXD033197.

Parallel examination of lineage-specific mucin evolution 
using the mucinome database
Our pipeline uses a general definition of mucins, i.e., proteins that 
harbor highly O-glycosylated T- and S-rich repeats, as a bioinformatic 
starting point. However, recently, biochemically guided classifica-
tion of mucins (38) has been published and thus provides an 
alternative starting database for human mucins. We conducted a 
parallel analysis of the genes that are scored in the top 50 for “mucin” 
properties in this database. Specifically, among these 50 genes, we 
identified 28 genes that fit our definition of mucins in humans (i.e., 
harboring T- and S-rich tandem repeats). All of these genes were 
previously identified to have very high levels of O-glycosylation, and 
thus, we have not conducted additional analysis on that. Of the 28 
putative mucin genes, 15 of them were already in our previous analysis 
and include well-described canonical human mucin genes, such as 
MUC5B and MUC2. In addition, we identified 13 genes that are not 
previously annotated as mucin genes but exhibit all characteristics 
of mucin genes based on both our definition and the biochemical 
characterizations of the mucinome database. Furthermore, we found 
that, of these 13 genes, 6 have conserved mucin repeat domains across 
mammals that we investigated, while 7 may have evolved the mucin 
repeat domains in a lineage-specific manner (fig. S9). These results 
provide additional candidates for exciting future studies to verify the 
functional and evolutionary relevance of these putative mucin genes.

Statistical information
Wilcoxon test was used to determine P values in Fig. 2 and fig. S9. 
All other statistics performed are mentioned in the above appropriate 
methods sections.

Figures and analyses
All statistical analyses were conducted using R. All data and figures 
were created using R in RStudio, Keynote, and BioRender.

Ethics
Human subjects: Saliva from humans was collected by passive 
drooling following the protocol approved by the University at 
Buffalo Human Subjects IRB board (study #030-505616). Informed 
consent was obtained from all human participants. Animal experi-
mentation: The samples from other animals were collected in 
collaboration with colleagues and other research institutions. 
The samples from all the live animals specifically for this study 
were collected using minimally invasive methods such as saliva 
collection kits or from the passive drool. Descriptions of sample 
sources and collection methods can be found in (3) and in the 
Acknowledgments section.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abm8757

View/request a protocol for this paper from Bio-protocol.
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