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Abstract Copy number variation may be the most common form of structural genetic
variation in the genome. Numerous studies have shown that gene copy number
variation can correlate with phenotypic variation, where higher copy numbers corre-
spond to increased expression of the protein and vice versa. Examples include some
digestive enzyme genes, where variation in copy numbers and protein expression may
be related to dietary differences. Increasing the expression of a digestive enzyme
through higher gene copy numbers may thus be a potential mechanism for altering
an organism’s digestive capabilities. I investigated copy number variation in genes
coding for acidic mammalian chitinase, a chitinolytic digestive enzyme that may be
used for the digestion of insect exoskeletons, in nonhuman primates with varying levels
of insect consumption. I hypothesized that CHIA copy number correlates positively
with level of insectivory, predicting higher copy numbers in more insectivorous
primates. I assessed copy number variation with the QuantStudio 3D digital PCR
platform, in a comparative sample of Old World and New World primate species
(N = 10 species, one or two individuals each). Contrary to my prediction, no evidence
of copy number variation was found and all species tested had two gene copies per
diploid genome. These findings suggest that if acidic mammalian chitinase expression
varies according to insect consumption in primates, it may be up- or downregulated
through another mechanism.
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Introduction

Copy number variation (CNV) is a form of structural variation in the genome, in which a
genomic region is present in higher or lower numbers compared to a reference genome or
another species’ genome (Clop et al. 2012; Stankiewicz and Lupski 2010). Research on
CNV has emerged over the past 10 years, as cheaper next-generation sequencing methods
and other techniques have allowed for the identification of these structural variants on a
broader scale (Clop et al. 2012). Although it is still unclear how common CNV is, some
research suggests that it might be the most common form of structural genetic variation
(Stankiewicz and Lupski 2010). Some work shows an accelerated rate of CNV in the great
apes (Cheng et al. 2005; Marques-Bonet et al. 2009; Sudmant et al. 2013), and species-
specific patterns of structural variation across great apes and other primates have been found
(Dumas et al. 2007; Gazave et al. 2011; Gokcumen et al. 2013; Gschwind et al. 2017).
Although the phenotypic or functional effects of much CNVare not yet understood (Zarrei
et al. 2015), comparative studies of human and nonhuman primates have identified potential
effects of structural variation on gene expression and transcription (Dumas et al. 2007;
Gokcumen et al. 2011, 2013; Gschwind et al. 2017; Iskow et al. 2012; Lee et al. 2008).

Numerous studies have provided evidence that gene CNV can correlate with phenotypic
variation (e.g., higher copy numbers can correspond to increased expression of the protein
and vice versa) (Hollox et al. 2003; Linzmeier and Ganz 2006; Perry et al. 2006, 2007).
CNVhas been associatedwith diseases and developmental disorders in humans (Cantsilieris
and White 2013; Jacquemont et al. 2011; Malhotra and Sebat 2012; Pinto et al. 2010),
immune function acrossmammals (Bickhart et al. 2012; Hardwick et al. 2011; Leonard et al.
2012; Wang et al. 2013), and appearance in domestic animals (Elferink et al. 2008;
Fontanesi et al. 2009, 2011; Giuffra et al. 1999; Wright et al. 2009).

CNV has also been implicated in digestive enzyme expression. Research indicates
that there is variation in the types and amounts of digestive enzymes that are secreted
among primates (and other mammals), and that the driving selective pressure on this
variation is diet (Axelsson et al. 2013; Behringer et al. 2013; Zhang et al. 2002).
Phenotypic variation relating to digestive enzymes can strongly affect an organism’s
digestive abilities (Ingram et al. 2009; Mandel and Breslin 2012), which in humans is
illustrated most famously through the example of lactase persistence (Enattah et al.
2008; Itan et al. 2009, 2010; Ranciaro et al. 2014; Schlebusch et al. 2013; Tishkoff et al.
2007). Pepsin A, a protein-digesting enzyme produced in the stomach, has been shown
to be highly polymorphic at both the protein level and the genetic level in various
primates (Narita et al. 2000; Taggart et al. 1985). The genetic basis of the observed
protein variation has not been completely resolved yet, but one study suggests that in
Pongo pygmaeus pepsin A is encoded by two different genes, which may have three
and five copies, respectively (Narita et al. 2010). Human populations with high-starch
diets produce higher levels of salivary amylase, an enzyme that digests starch, than
populations that do not commonly include starch in their diets (Perry et al. 2007). This
increased secretion correlates with a larger number of copies of the salivary amylase
gene, AMY1 (Mandel et al. 2010; Perry et al. 2007). A relationship between pancreatic
amylase secretion and AMY2 gene copy number has been identified in dogs, but not in
wolves, which have only the standard two copies (Axelsson et al. 2013). It is possible
that this change allowed dogs to digest potentially starch-rich food scraps provided by
humans (Axelsson et al. 2013).
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This work suggests that increasing the expression of a digestive enzyme through higher
copy numbers may be a potential mechanism for altering an organism’s digestive capa-
bilities, and provides an incentive for exploring CNV in other digestive enzyme genes,
such as the acidic mammalian chitinase genes (CHIA). Acidic mammalian chitinase
(AMCase) is a chitinolytic enzyme produced in the stomach (Boot et al. 2001, 2005;
Krykbaev et al. 2010; Ohno et al. 2016; Strobel et al. 2013), and work on mice,
insectivorous bats, poultry, and pigs has shown that it is used for the digestion of chitinous
insect exoskeletons (Ohno et al. 2016; Strobel et al. 2013; Tabata et al. 2017a, b, 2018). In
other tissues, such as the lungs, acidic mammalian chitinase degrades environmental
chitin, and genetic variation in human CHIA genes has been linked to asthma and other
lung diseases (Okawa et al. 2016; Reese et al. 2007; Seibold et al. 2009; Zhu et al. 2004).
In nonhuman primates, most species retain at least one protein-coding CHIA gene, while
some of the more insectivorous species have between two and five protein-coding CHIA
paralogs (hCHIA, mCHIA, CHIA3, CHIA4, and CHIA5) (Janiak et al. 2018). The only
species in which all CHIA paralogs have been pseudogenized are some of the folivorous
colobine monkeys (Rhinopithecus bieti and Nasalis larvatus), which are not known to
feed on insects (Janiak et al. 2018). However, there is also significant variation in insect
consumption across species that share the same CHIA genotype, such as the
cercopithecines, in which only mCHIA remains protein coding. Likewise, platyrrhines,
in some of which both mCHIA and hCHIA remain protein coding, vary in their mean
insect intake (Table I). For example, insects reportedly make up only 7.2% of the diet of
Callithrix jacchus, while it is 53.4% for Saimiri sciureus (Table I). Another platyrrhine,
Sapajus apella, retains only one protein-coding CHIA gene, despite a mean insect
consumption of >30% (Table I). It is therefore possible that in primate species with higher
insect consumption, the production of acidic mammalian chitinase is increased via higher
copy numbers of themCHIA or hCHIA genes, similar to what has been found for salivary
amylase and the AMY1 gene (Perry et al. 2007).

I investigated CNV at the mCHIA and hCHIA loci in nonhuman primates, hypoth-
esizing that CHIA copy number correlates positively with level of insectivory. I
predicted that primates that are relatively more insectivorous (Erythrocebus patas,
Miopithecus talapoin, Macaca nigra, Saguinus fuscicollis, Saimiri sciureus, and
Sapajus apella) will have higher copy numbers of the mCHIA gene and the hCHIA
gene (only in species with a protein-coding hCHIA sequence) than primates that are
relatively less insectivorous (Callicebus moloch, Callithrix jacchus, Macaca mulatta,
and M. nemestrina).

Methods

Samples and Sample Preparation

I obtained high-quality DNA samples from seven nonhuman primate species from
Coriell Biorepositories: Callithrix jacchus, Callicebus moloch, Saguinus fuscicollis,
Saimiri sciureus, Macaca mulatta, M. nemestrina, and M. nigra. Dr. George Perry
(Penn State University) provided extracted DNA from Sapajus apella and Dr. Todd
Disotell (New York University) provided extracted DNA from Erythrocebus patas (two
individuals) and Miopithecus talapoin. I quantified all DNA samples using the Qubit
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dsDNA BR assay kit (Invitrogen) and a Qubit 2.0 fluorometer (Invitrogen). I diluted
samples with water to a final concentration of 10 ng/μl.

Assay Design

To design primers for use across multiple species, I identified a conserved region around
exons 9 and 10 of both the mCHIA and hCHIA genes (Krykbaev et al. 2010). To design
specific primers, I aligned the mCHIA exon 9 and 10 sequences, including the intronic
region, of 13 catarrhine primates (Chlorocebus aethiops, C. sabaeus, Allenopithecus
nigroviridis,Cercocebus atys,Colobus guereza,Allochrocebus lhoesti,Macaca fascicularis,
M. nemestrina,M. mulatta,Miopithecus ogouensis, Cercopithecus mitis, Papio anubis, and
Rhinopithecus roxellana) and, separately, of four platyrrhine primates (Aotus nancymaae,
Callithrix jacchus, Cebus capucinus, and Saimiri boliviensis). I likewise aligned the corre-
sponding region of the hCHIA gene for Callithrix jacchus, Saimiri sciureus, and Saguinus
fuscicollis, the only species in my sample in which hCHIA is not pseudogenized. All
sequences were either available via reference genomes on GenBank or had been generated
de novo for another study (Janiak et al. 2018). Accession numbers for the species included in
this study are listed in Electronic Supplementary Material (ESM) Table SI and the align-
ments generated for assay design are available in ESM Table SII. I masked any bases that
were not identical across all sequences in the alignment by replacing the corresponding
nucleotide with BN^ in the consensus sequence. I entered the masked consensus sequences
in the CustomTaqManAssayDesign Tool (ThermoFisher Scientific) and submitted them to
the TaqMan design pipeline. I conducted primer BLASTs of the assays against primate
reference genomes to ensure that the assays were specific to the region of interest and would
not amplify other, unrelated, loci or paralogous CHIA genes. Table II lists primer sequences
and assay IDs and ESM Fig. S1 shows the locations of the primers along the gene.

I used the RNase P TaqMan copy number reference assay (ThermoFisher) as the
reference assay in all experiments. This assay detects the ribonuclease P (RNase P)
RNA component H1 gene, RPPH1, a gene with known copy number of two copies per
diploid genome. A reference assay for a gene with known copy number is necessary to

Table II Primer and probe sequences used in custom TaqMan assays to measure copy numbers of mCHIA
and hCHIA genes in 10 primate species

Gene Taxon Assay Sequence

hCHIA Platyrrhines hCHIA_NW_CD47VWA_F ATGGTCTGGGCCATTGATCTG

hCHIA_NW_CD47VWA_R CCTTCTTCAGGGTGGAGATTAGG

hCHIA_NW_CD47VWA_M ATGACTTCACTGGCACTTTCT

mCHIA Catarrhines CHIA_OWM_CDGZE6W_F GAGTGGCTTGGATATGATAACACCAA

CHIA_OWM_CDGZE6W_R GGGAACATGCTCACAGGCA

CHIA_OWM_CDGZE6W_M ACACAGTCTACCTTGATTTGGAAACT

Platyrrhines CHIA_NWM_CDPRJ2G_F AATTATTACAGGCTGATTGGTTAAAGA

CHIA_NWM_CDPRJ2G_R AGGGAATTTTCCTTGGTTGCAGAA

CHIA_NWM_CDPRJ2G_M CCATTGACTTGGATGATTTCAC
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determine the number of copies of the gene of interest and other studies of nonhuman
primate CNV have also used the RNase P assay (Yoshida et al. 2016).

3D Digital PCR

I assessed CNVusing the QuantStudio 3DDigital polymerase chain reaction (PCR) system,
with QuantStudio 3D Digital PCR 20 K chips and QuantStudio 3D Digital PCR Master
Mix. I prepared reactions in a total volume of 34.8 μl, containing 17.4 μl of Master Mix,
1.74 μl of custom assay, 1.74 μl of RNase P assay, 1.92 μl of water, and 12 μl of template
(10 ng/μl). I incubated this super mix at room temperature for 15 min before loading it onto
the chips. I ran all reactions in duplicate with 14.5 μl of the super mix loaded onto
each chip. I loaded and sealed chips according to the manufacturer’s protocol and
ran them under the following conditions: 96 °C for 10 min, followed by 39 cycles
of 60 °C for 2 min, 98 °C for 30 s, and 60 °C for 2 min. Chips remained at 10 °C
until reading. The chips were read on the QuantStudio3D Digital PCR Instrument
and analyzed with QuantStudio 3D Analysis Suite Cloud. I calculated the number
of gene copies per diploid genome (CN) as follows:

CN ¼ 2
Copies per μl CHIA

Copies per μl RNase P

� �

I divided the measure of copies/μl for the custom assay, mCHIA or hCHIA in this
case, by the copies/μl measured by the reference assay, RNase P, and multiplied by 2 to
arrive at the total number of copies per diploid genome.

Data Availability Gene sequences were generated for a previous study (Janiak et al.
2018) and are deposited in GenBank. The accession numbers for species included in
this study are provided in ESM Table SI. The sequence alignments used to design
primers are provided in ESM Table SII.

Ethical Note

This research was approved by the Rutgers University Institutional Animal Care and
Use Committee(Protocol #13-043). I have no conflict of interest to declare with respect
to the content in this article.

Results

The mCHIA and hCHIA TaqMan assays successfully amplified the loci of interest in all
species I studied. Absolute numbers amplified by the custom and reference assays ranged
from 224.2 to 1961.6 copies/μl (Table III, Table SIII). Measurements for the numbers of
copies per microliter and per reaction were very variable between species, but very similar
within species across the different assays (Figs. 1 and 2, Table SIII). There was no difference
in the copies per microliter detected by the custom assay and the copies/μl detected by the
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RNase P reference assay for any of the samples (Figs. 1 and 2, Table SIII). For all species in
the study, the total number of copies calculated for mCHIA and hCHIAwas closest to two
copies per diploid genome (Fig. 3).

Discussion

I found no evidence of CNVin the primateCHIA genes,mCHIA and hCHIA, in any of the
10 primate species I studied, suggesting that they all have only two gene copies per diploid
genome. This does not support my prediction that more insectivorous primates would
have higher copy numbers of mCHIA and hCHIA than less insectivorous primates.

Although previous work on other enzymes suggests that higher copy numbers may
be a useful way of increasing the expression of a digestive enzyme (Axelsson et al.
2013; Mandel et al. 2010; Mandel and Breslin 2012; Perry et al. 2007), my results
suggest this may not be the case for acidic mammalian chitinase. However, an
important caveat to this conclusion is that I tested only one individual for most species
(I included two Erythrocebus patas individuals), so additional research is needed to test
whether the result applies more generally.

That said, a possible explanation for this negative result is that an increase in acidic
mammalian chitinase expression may not be necessary for some of the species in my
sample. According to the Jarman–Bell principle, an animal’s nutritional requirements
negatively correlate with body mass (Bell 1971; Jarman 1974). Larger-bodied animals,
although needing an absolutely larger amount of energy, have a relatively lower
nutrient and energy requirement per unit body mass compared to smaller-bodied

Table III QuantStudio 3D copy number results (copies/μl of DNA, mean and 95% confidence interval)
using custom assays for mCHIA and hCHIA genes and an RNase P reference assay for 10 primate species

Gene Species Copies/μl

Custom assay Reference assay

Mean 95% CI Mean 95% CI

mCHIA Saimiri sciureus 1042.00 1027.2–1057.0 1061.80 1046.8–1077.0

Sapajus apella 1580.40 1559.7–1601.4 1603.50 1582.5–1624.8

Saguinus fuscicollis 294.63 287.82–301.61 285.11 278.42–291.96

Callicebus moloch 567.50 557.47–577.71 579.61 569.45–589.95

Callithrix jacchus 1637.90 1616.5–1659.5 1606.60 1585.7–1627.9

Erythrocebus patas 1961.60 1940.5–1982.9 1864.50 1844.0–1885.3

Macaca nigra 580.39 570.18–590.77 591.48 581.16–601.99

Macaca mulatta 231.92 225.95–238.05 224.21 218.35–230.23

Macaca nemestrina 1376.60 1358.1–1395.4 1402.30 1383.5–1421.3

Miopithecus talapoin 1547.50 1527.4–1567.9 1567.00 1546.6–1587.6

hCHIA Saimiri sciureus 1116.40 1100.8–1132.2 1119.00 1103.3–1134.8

Saguinus fuscicollis 313.86 306.88–321.01 308.76 301.84–315.84

Callithrix jacchus 1345.00 1326.8–1363.5 1348.20 1329.9–1366.7
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animals, meaning that they can afford to subsist on poorer quality, but abundant, foods.
Smaller-bodied animals require less energy in absolute terms, but need to focus on
high-quality foods to meet their relatively higher nutrient demands (Bell 1971; Jarman
1974). Hence, the ability to collect and consume a large amount of food is the main

Fig. 2 Mean number of copies of hCHIA and an RNase P reference assay per microliter of DNA in three
primate species. Whiskers indicate 95% confidence intervals.

Fig. 1 Mean number of copies of mCHIA and an RNase P reference assay per microliter of DNA in 10
primate species. Whiskers indicate 95% confidence intervals.
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challenge for large-bodied animals, whereas for smaller-bodied animals it is the
efficient and quick extraction of nutrients from their foods (Gaulin 1979).

Insects are a high-quality food (Raubenheimer et al. 2014; Rothman et al. 2014), but
with the exception of social insects, they are scattered across the environment, and their
chitinous exoskeletons may pose a digestive challenge (Rothman et al. 2014; Strait and
Vincent 1998). Hence, smaller primates are expected to rely heavily on insects, as long
as they can effectively cope with their exoskeletons, while insectivory in larger
primates should focus on social insects, such as ants and termites (Fleagle 2013;
Gaulin 1979; Isbell 1998; Kay 1984). The finding that all cercopithecines, regardless
of insect consumption, have only one functional CHIA paralog, mCHIA, and possibly
no CNV may therefore be consistent with primatological theory (Gaulin 1979).
Erythrocebus patas and Macaca nigra are among the Old World monkeys with the
highest mean insect consumption, but a mean adult female body mass of 6500 g and
5470 g, respectively (Smith and Jungers 1997). This is well above the 500 g threshold
associated with insectivorous primates (Fleagle 2013; Gingerich 1980; Kay 1984), and
maximally efficient digestion of their insect prey is likely to be less important for these
cercopithecines than for a smaller primate (Gaulin 1979). Even Miopithecus talapoin,
which is the smallest Old World monkey (Fleagle 2013) at 1120 g (Smith and Jungers
1997), is above this threshold and larger than many New World monkeys. The amount
of acidic mammalian chitinase expressed from a single CHIA paralog may thus be
sufficient to digest insect prey adequately, even for more insectivorous Old World
monkeys.

New World monkeys tend to be both more insectivorous and smaller-bodied than
Old World monkeys (Fleagle 2013; Gaulin 1979). In line with predictions of the

Fig. 3 Relative copy number of mCHIA and hCHIA per diploid genome in 10 primate species. The relative
copy number is estimated based on comparison with an RNase P reference assay, which detects RPPH1, a
gene that is known to have only two copies per diploid genome. The dotted line indicates a gene copy number
of two per diploid genome.
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Jarman–Bell principle and Kay’s threshold (Bell 1971; Gingerich 1980; Jarman 1974;
Kay 1984), previous work showed that some species retain two functional CHIA
paralogs, theoretically doubling their ability to digest insect exoskeletons with acidic
mammalian chitinase (Janiak et al. 2018). Platyrrhine species that do not retain the
second CHIA paralog also tend to be less insectivorous (Janiak et al. 2018). One
exception to this is the Sapajus apella, which retains only one functional CHIA
gene, mCHIA, despite a fairly insectivorous diet (Table I). Results of the CNV
analyses show that this is not made up for by additional copies of the mCHIA gene
(Figs. 1 and 3). Possibly, this is due to the comparatively large body size of
Sapajus apella. Adult females have a mean body mass of 2520 g, much more than
similarly insectivorous platyrrhine species, such as the Saimiri sciureus (662 g) or
the Saguinus fuscicollis (358 g) (Smith and Jungers 1997), which retain two
functional CHIA paralogs (Janiak et al. 2018). However, the closely related
Cebus capucinus retains two functional CHIA paralogs (Janiak et al. 2018),
despite having similar levels of insect consumption (Chapman and Fedigan
1990; Mallott 2016; McCabe and Fedigan 2007; Rose 1994) and being almost
identical in size to Sapajus apella (Smith and Jungers 1997). What causes this
difference in genotype is currently unclear.

Although the results of this study suggest that the CHIA genes in primates are not
subject to CNV, it is plausible that acidic mammalian chitinase enzyme expression is
up- or downregulated through another mechanism, such as variable mRNA expression
in response to feeding behaviors (Tabata et al. 2018). A controlled feeding experiment
in birds show that expression of intestinal enzymes is somewhat plastic in response to
diet changes, while expression of pancreatic enzymes is not, suggesting that pancreatic
enzyme expression is under stricter genetic control (Brzęk et al. 2013). Therefore, CNV
as a mechanism for upregulation may be more likely in pancreatic enzymes, such as
amylase, as opposed to intestinal enzymes such as acidic mammalian chitinase. In
addition, increased copy number does not always lead to increased protein expression,
and the effects of gene duplications are often more complicated (Dennis et al. 2012),
and my results cannot exclude the possibility of partial CNV in another region of the
CHIA genes. Future studies should investigate differences in CHIA promoter regions,
mRNA expression in primate stomach tissues, and functional effects of polymorphisms
in CHIA paralogs. Previous work showed that there are small interspecies differences in
primate mCHIA and hCHIA sequences, from single nucleotide polymorphisms to
multi-basepair insertions and deletions (Janiak et al. 2018). The effects, if any, these
changes have on the resulting protein and its functionality are unclear and an avenue for
future research.

Conclusion

I investigated CNV in the CHIA paralogs, mCHIA and hCHIA, in Old World and New
World primate species with varying levels of insect consumption. I found no evidence
that the CHIA genes had higher copy numbers in more insectivorous primate species.
All primate species I studied had two gene copies per diploid genome, suggesting that
CNV is not commonly found in primate CHIA genes, but additional research with a
larger sample size per species is needed to confirm this.
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