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Conservation biologists have realized the urgent need for
genomic tools and interdisciplinary approaches to help
understand the loss of biodiversity. Conservation genetics has
been successful in highlighting the roles of evolutionary and
population genetics for biodiversity conservation, yet several
critical issues remain. Rapid development of new sequencing
techniques means conservation genomics can now help
answer some of the crucial issues that conservation genetics
was able to highlight but not to resolve.These include a better
understanding of outbreeding and inbreeding depression and
the extent to which estimates of heterozygosity accurately
reflect quantitative trait variation and fitness. Conservation
genomics can help resolve taxonomic uncertainties, con-
tribute to designation of evolutionary significant units and
ecotypes, and identify contemporary versus historic patterns
of hybridization. The definition of a species is nevertheless
a normative concept and cannot be resolved by genomics
alone. All living organisms are faced with amultitude of chal-
lenges in their natural environment, such as climate change,
diseases, predation, competition, and habitat disturbance. In
the short term, animals and plants can acclimatize to shifting
environmental conditions by developing and expressing par-
ticular traits in response to local environmental conditions
(phenotypic plasticity). Organisms can also react to the
shifting environment by dispersal; however this option is
not always available when, for example, the landscape is too
fragmented. The last type of response is evolution via genetic

selection leading to adaptation.The persistence of species and
populations depends however on the initial response to the
shifts in the environment.

The genome of a species contains signatures of these
responses that may be studied with genetic markers. We are
interested in filling gaps in the knowledge about past demo-
graphic history of organisms and the factors that ultimately
shape genomic variation in populations. For this we use the
very latest, innovative techniques in next generation sequenc-
ing. The incorporation of technological developments in
molecular biology and the ongoing development of genomic
tools, like SNPs and next generation sequencing, and
genomic-based approaches, like full genome scans and gene-
expression pattern analysis, make it possible to address ques-
tions that until now were hard to tackle. There is an urgent
need for empirical studies on nonmodel organisms which
can contribute to the emerging disciplines of population
genomics and landscape genomics. Such studies are neces-
sary if wewant to showhow these advances inmolecular tech-
niques and approaches allow conservation genetics to make
a big leap forward. Incorporating genetics and genomics into
nature conservation will highlight the following:

(i) Genomic consequences of inbreeding
(ii) Inbreeding by environment interaction
(iii) Genomic and epigenomic consequences of outbreed-

ing
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(iv) Genomic and epigenomic mechanisms of phenotypic
plasticity

(v) Transcriptome, metabolomics, and proteomic tech-
niques applied to conservation biology

(vi) The emerging discipline of landscape genomics;
detection of signature of selection using genomic
techniques

All the results from the accepted papers have greatly
contributed to the special issue. To optimize the use of
limited resources in conservation biology and conservation
genomics and minimize the need to sample and disturb wild
species (often those most in need of investigation are the
most sensitive to disturbance), we recommend increased
public sharing of resources including genetic markers, data,
and analytical tools and improved professional recognition
for the publication of genomic resources.
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Runs of homozygosity (ROH), uninterrupted stretches of homozygous genotypes resulting from parents transmitting identical
haplotypes to their offspring, have emerged as informative genome-wide estimates of autozygosity (inbreeding). We used genomic
profiles based on 698K single nucleotide polymorphisms (SNPs) from nine breeds of domestic cattle (Bos taurus) and the European
bison (Bison bonasus) to investigate how ROH distributions can be compared within and among species. We focused on two
length classes: 0.5–15Mb to investigate ancient events and >15Mb to address recent events (approximately three generations). For
each length class, we chose a few chromosomes with a high number of ROH, calculated the percentage of times a SNP appeared
in a ROH, and plotted the results. We selected areas with distinct patterns including regions where (1) all groups revealed an
increase or decrease of ROH, (2) bison differed from cattle, (3) one cattle breed or groups of breeds differed (e.g., dairy versus
meat cattle). Examination of these regions in the cattle genome showed genes potentially important for natural and human-
induced selection, concerning, for example, meat and milk quality, metabolism, growth, and immune function. The comparative
methodology presented here permits visual identification of regions of interest for selection, breeding programs, and conservation.

1. Introduction

Mating among closely related individuals can affect the fitness
of the progeny by increasing the inbreeding coefficient (F) [1]
and therefore the probability that alleles at a locus, sampled
randomly in a population, are identical by descent (IBD) [2].
The reduction in fitness can be due to the accumulation of
recessive lethal genetic disorders, reduction of fertility, and
lower adaptive potential [1, 3, 4].

In wild living and captive populations, there is an urgent
need to reduce inbreeding and augment genetic diversity,
and this can be achieved by implementing carefully planned
mating strategies. One possibility consists in reducing the
level of inbreeding per generation and the response to
selection (optimal contribution selection) [5].The estimation
of F requires completeness and accuracy of the available
pedigree records, which are not always available, because of
missing information or registration errors. When genotypes
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are available a probabilistic approach can be utilized for the
reconstruction of the pedigree. However, such an approach
does not take into account the stochastic nature of recombi-
nation [6]. New approaches based on the runs of homozy-
gosity (ROH), which are DNA segments that harbour unin-
terrupted stretches of homozygous genotypes, have shown to
be reliable estimates of autozygosity at the genome-wide level
[7–9].

In addition, the frequency and extent of ROH can be used
to estimate the time when the inbreeding event took place.
Considering that recombination events break long chromo-
some segments, it is assumed that long autozygous segments
in an individual derive from a common recent ancestor,
whereas shorter autozygous segments are indicating a remote
common ancestor [10–12]. We should therefore expect that
the longer the homozygous segments, the more recent the
inbreeding. However, long ROH may also be explained by a
recent event under strong selective pressure. ROH can thus
be used to identify the genomic signatures of recent and/or
ancient selective pressure, as shown by [9]. Additionally, fixed
ROH in all the individuals in a population could indicate past
selective events. Clearly, the presence of long ROH at rela-
tively high frequency in a population could also indicate the
presence of genetic substructure, with consanguineous mat-
ing occurring onlywithin some subpopulations [13]. ROHare
also affected by demographic events [8] and further inves-
tigation should examine issues such as skewed reproductive
success.

The objective of this study was to describe and compare
the distribution of ROH of different length in nine Bos
taurus cattle breeds under different management practices
and selection histories. The same comparison was made
at the interspecific level by comparing the distribution of
the ROH between the abovementioned cattle breeds and
the Lowland line of the European bison (Bison bonasus)
from the Białowieża National Park (Poland). The Low-
land line is highly inbred due to only seven founders
[14].

While previous investigations were exclusively based on
the count and sum of the number of ROH above a given
length [9], in this paper we analysed the frequency of SNPs
falling within a ROH above and below an a priori chosen
length (15Mb) and we visualized the different distributions
across populations. In addition, this graphical visualization
allows the identification of similarities and dissimilarities
in the regions that can be used to investigate possible
adaptive/selective patterns.

2. Material and Methods

2.1. Genotypes and Quality Control. Genotypes consisting of
777,972 single nucleotide polymorphisms (SNPs) from the
BovineHD BeadChip (Illumina Inc., San Diego, CA) were
generated for 891 sires of multiple breeds. Breeds represented
include Angus (𝑛 = 39), Belgian Blue (𝑛 = 38), Charolais
(𝑛 = 117), Friesian (𝑛 = 98), Hereford (𝑛 = 40), Holstein
(𝑛 = 262),Holstein-Friesian crosses (𝑛 = 111), Limousin (𝑛 =
128), and Simmental (𝑛 = 58) (data from [9]). Angus, Belgian

Blue, and Hereford are primarily meat breeds; Friesian,
Holstein, and Holstein-Friesian crosses are primarily dairy
breeds, while Limousin, Simmental, and Charolais are used
for both milk and meat. Forty European Lowland bison
(Bison bonasus) from Białowieża National Park (Poland)
were used for comparison. GenomeStudio� (Illumina Inc.,
San Diego, CA) and accompanying guidelines from Illumina
(http://www.illumina.com/Documents/products/technotes/
technote infinium genotyping data analysis.pdf) were used
for quality control. Total individual call rate in the bison
was 0.99. For cattle, only biallelic SNPs on the 29 autosomes
were retained after removing all monomorphic SNPs
across breeds, filtering for Hardy Weinberg Equilibrium
(𝑝 < 0.0001) within each breed separately and for call rates
>90%. Final analyses were performed on 867 cattle and 40
bison with 698,384 SNPs.

2.2. Runs of Homozygosity. Following the approach in [9],
ROHwere estimated usingPLINKv1.07 [15] andwere defined
within a sliding window of 50 SNPs, in one SNP interval,
across the genome. Up to one possible heterozygous genotype
was permitted and no more than two SNPs with missing
genotypes were allowed per window (see [9]).

ROH were divided in seven length categories (1–5Mb,
5–10Mb, 10–15Mb, 15–20Mb, 20–25MB, 25–30Mb, and
>30Mb). For each ROH length category we summed all
ROH per animal and averaged this per cattle breed and
for the bison. In order to investigate the potential of our
approach, we then focused on two length classes: from
500Kb till 15Mb to investigate ancient events and >15Mb
to address recent events. To select target chromosomes for
detailed analyses, we created Manhattan plots with SAS
9.4 (SAS Institute Inc., Toronto, Canada) for both length
classes and selected the chromosomes accordingly. For the
chosen chromosomes, we calculated the percentage of times
a SNP appeared in a ROH and plotted these results with
SAS.

2.3. Analyses of Genomic Regions in the Runs of Homozy-
gosity. As an example for the methodology applied in this
study, we selected regions of the different chromosomes
that showed one of the following patterns (see Figure 2):
(a) a simultaneous increase (or decrease) in the number
of SNPs in a ROH across all populations, as this pattern
could possibly involve genes fundamental for the two species
analysed; (b) few populations showing an opposite pattern
compared to the others, as this could comprise genes specific
for those populations; (c) different patterns between dairy
andmeat breeds, as this could possibly concern regions under
human-induced directional selection; (d) different patterns
between bison and domestic cattle breeds, as this pattern
may be related to traits important for survival in the wild;
(e) a single domestic breed differentiating from the others,
as this could relate to specific characteristics of that breed;
(f) a long region with a high percentage of ROH, as this
could be associated with recent selective events; (g) a short
region with opposite trend within a longer homogeneous
region, to investigate what could have caused such an
abrupt change in variability levels. Each region was screened

http://www.illumina.com/Documents/products/technotes/technote_infinium_genotyping_data_analysis.pdf
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Figure 1: The mean sum of runs of homozygosity (ROH) per
genotyped individual, measured in Megabases (Mb) within each
population, for each considered ROH length category.

using NCBI (https://www.ncbi.nlm.nih.gov/) resources for
the presence of annotated genes (release 104) and informa-
tion on their biological function and possible evolutionary
importance.

3. Results

3.1. Runs of Homozygosity. TheEuropean bison exhibited the
highest mean sum of ROH in the length categories 1–5Mb,
5-10Mb, and 10–15Mb compared to all the domestic breeds.
Angus and Hereford also showed considerably higher mean
sums than other breeds in the categories 1–5Mb and 5–10Mb
(see Figure 1).

In the Manhattan plot for the length class between
500Kb and 15Mb, chromosomes 2 and 3 showed a group of
extremely variable SNPs, while chromosomes 7, 14, and 16 had
the highest density and frequencies of SNPs falling in a ROH
(see Figure S1a in Supplementary Material available online at
http://dx.doi.org/10.1155/2016/2152847). We thus focused on
these chromosomes for subsequent analyses. For the ROH
>15Mb, the Manhattan plot showed a more homogeneous
distribution but we selected chromosomes 6, 9, and 20 for
subsequent analyses (Figure S2a). In the plots based on ROH
< 15Mb, we observed large regions of the bison genome
where almost 100% of SNPs fell within a ROH (Figure S1b–
f). The frequency of SNPs falling in a ROH > 15Mb was
lower for all populations, in accordance with the smaller
number of ROH in this length category (Figure S2b–d).
Additionally, the frequency of a SNP falling within a ROH in

the bison was not higher than that observed in the domestic
breedswith a single exception on chromosome 9 (Figure S2c).
On chromosome 20 the highest percentage of SNPs falling
within a ROH was detected in dairy cattle breeds (Figure
S2d). No clear pattern was observed on chromosome 6
(Figure S2b).

3.2. Analyses of Genomic Regions in the Runs of Homozygosity.
The in-depth analysis of 17 regions, selected from seven
chromosomes (i.e., 2, 3, 7, 9, 14, 16, and 20) led to the iden-
tification of more than 300 annotated genes whose functions
vary considerably (see Table S1). The most frequent func-
tionally characterised genes were those related to metabolic
pathways, but we also observed genes related to disease and
immune function, growth, and reproduction. As an example,
we review here a few of our observations in the selected
regions.

In summary, pattern (a) were mainly related to metabolic
pathways, involving several CD-, ATP-, and SLAM-family
genes (see Table S1) and olfactory receptors. Metabolic path-
ways were the main genes observed in pattern (b). Pattern
(c) was inconclusive for ROH < 15Mb. In pattern (f) (also an
example of (c)) ROH > 15Mb included genes related to milk
and meat quality, growth, and metabolic disorders related to
energy unbalanced consumption. Patterns (d) were located
in portions of the chromosomes poorly described, with the
only exception being the long region on chromosome 9,
where a high number of ROH > 15Mb was observed (Figure
S2c). In addition to the metabolism and disease related genes
widely encountered in all the screened regions, we report
the presence of genes related to olfactory perception, obesity,
growth, and sperm malformation in this region. In pattern
(e), we observed a region (Figure 2(e)) where the Simmental
showed higher variability than the other breeds. Here, genes
involved were related to fat thickness and colour, growth, and
sperm functionality. In pattern (f), where Hereford showed
extremely high frequency values of SNP falling within a
ROH and the Belgian Blue extreme variability (with the
other breeds in between; Figure S1f, near 45000000), the
genes observed were mainly related to the codification of
proteins involved in sugar transport and assimilation at
cellular level. In pattern (g) we observed genes involved
in cortisol pathways and sweet perception, regulation of
host response to virus infection, and regulatory function in
ovulation.

4. Discussion

Our findings revealed several chromosomes with a high
number of ROH, and most results concerned ROH <
15Mb. Upon closer inspection of selected chromosomes, we
observed genes potentially important for natural and human-
induced selection, concerning, for example, meat and milk
quality, metabolism, growth, and immune function. Hence,
the ROH approach appears informative for evaluating and
comparing species and population history and evaluating
possible patterns of adaptation.

We observed comparatively few results for ROH > 15Mb,
the longer regions that are likely to reflect recent inbreeding

https://www.ncbi.nlm.nih.gov/
http://dx.doi.org/10.1155/2016/2152847)
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Figure 2: Continued.
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Figure 2: Examples of the investigated patterns. (a) A simultaneous increase (or decrease) in the number of SNPs in a ROH across all
populations, as this pattern could possibly involve genes fundamental for the two species analysed (chromosome 3); (b) few populations
showing an opposite pattern compared to the others, as this could comprise genes specific for those populations (chromosome 7); (c) different
patterns between dairy and meat breeds, as this could possibly concern regions under human-induced directional selection (chromosome
2); (d) different patterns between bison and domestic cattle breeds, as this pattern may be related to traits important for survival in the
wild (chromosome 3); (e) a single domestic breed differentiating from the others, as this could relate to specific characteristics of that breed
(chromosome 14); (f) a long region with a high percentage of ROH, as this could be associated with recent selective events (chromosome 20);
(g) a short region with opposite trend within a longer homogeneous region, to investigate what could have caused such an abrupt change in
variability levels (chromosome 7).

[9, 11]. Our results may thus suggest relatively limited recent
inbreeding in the cattle breeds included in the study, although
the many shorter ROH could indicate a lower 𝑁E in the
past [16]. For the European bison, however, large regions of
the genome had a 100% (or near 100%) frequency of SNPs
falling within a ROH.This suggests high levels of inbreeding,
which is consistentwith earlier studies and knownpopulation
history involving a severe bottleneck [17, 18]. However, even
limited inbreeding can cause detrimental effects [1, 19] and
should be monitored. Earlier studies across species have
suggested that ROH > 16Mb may be considered as recent
inbreeding [11, 16]. Analyses of cattle breeds report ROH
> 16Mb as the expected mean after approximately three
generations since the most recent common ancestor, whereas
autozygosity due to more distant common ancestors will not
be captured by this measure [11]. For an in-depth assessment
of inbreeding, it may be necessary to investigate different
ROH length classes considering the history of the organisms
under study. For example, comparisons between wild and
domestic species may show different patterns than native and
commercial livestock in terms of recent and/or past histories
of inbreeding. Consequently, ROH length classes should be
assessed on a case by case basis with exploratory analyses
informed, where possible, by the history of the species under
study.

Variation in sample size and𝑁E may have influenced the
results. Our comparison of, for example, Belgian Blue (𝑛 =
38) and Holstein (𝑛 = 262) should therefore be interpreted
with caution. Other important factors that may play a role
are differences in breed genetic diversity. McTavish et al. [20]
reported observed heterozygosity for several breeds included
in our study based on 50K SNP markers. Among the breeds
that showed distinct ROH patterns in our study, they note
that Simmental showed a heterozygosity of 0.28 (𝑛 = 77), the
Belgian Blue 0.30 (𝑛 = 4), the Hereford 0.29 (𝑛 = 98), and the
Holstein 0.30 (𝑛 = 85). Furthermore, the value for Limous-
in was 0.29 (𝑛 = 100) and for Charolais was 0.31 (𝑛 = 53). Al-
though these values are similar despite variable sample size,
among- and within-breed variation in genetic diversity could
affect ROH results and their interpretation andmay therefore
complicate our comparison of cattle breeds and European
bison.

Angus and Hereford breeds, together with bison, show
high mean sum of ROH in the length class 1–10Mb, which
may be a result of ancestral relatedness owing to small
founder populations and isolated origins [11]. In particular,
the ROH for the bison is extremely high for the intervals 1–
5Mb and 5–10Mb with several regions that are completely
fixed.This appears consistent with an estimated𝑁E of 23 and
a total of seven founders for the European bison’s Lowland
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population [18]. In comparison, a recent survey presented
considerably larger but variable census population size (𝑁C)
and 𝑁E for some of the cattle breeds included in our study
[21]. For Aberdeen Angus, they reported 𝑁C > 10M and
𝑁E of 136. For Holstein, 𝑁C was >65M and 𝑁E was 99,
whereas for Limousin, 𝑁C was >4M and 𝑁E was 174. There
may thus be considerable differences in population history
among breeds and also for breeds within the same group
(such as meat production), which could have affected our
results.

We observed genes grouped into various functional
categories. The types of genes observed may reveal adaptive
patterns and indicate human-induced and/or natural selec-
tion, for example, in cases of genes linked to growth and
immunity where the first is likely to be human-modified
and the second is subject to stronger natural selection. Our
results also highlight the need to consider potential conflicts
between these two sources of selection. For example, we
noted a gene implicated in ketosis (region F, chromosome
20), a metabolic disorder that occurs in cattle when energy
demands such as high milk production exceed energy intake
and result in a negative energy balance. Strong directional
selection for high-performance characteristics such as high
milk yield may therefore have implications for animal health
and welfare, life expectancy, and the ethical dimensions of
animal breeding to cope with their living environments (see,
e.g., [22, 23]).

4.1. Applications. The ROH approach seems informative
for investigating selection and evolutionary histories across
a range of different populations, including wild/domestic
species, native/commercial livestock, and commercial breeds
of various kinds (e.g., cattle breeds for milk or meat, sheep
breeds for meat or wool). Our study compared cattle with
one related wild species, the European bison. However, this
species is highly inbred and has low genetic diversity [18].
Study of other wild-domestic species pairs may therefore
provide a more nuanced picture of genomic regions under
selection, for example, in domestic pigs and wild boar, or
captive and free-living populations of the wild boar (e.g.,
[24]), thus taking advantage of recent developments in high-
density genomic arrays to investigate domestic and wild
species (e.g., [25]).

The results of our analyses may also suggest applications
for genetic rescue. This could include key genetic regions of
high variability observed in one breed, which could be trans-
ferred to one or more other populations, for example, related
to immune system function or tolerance to environmental
factors such as heat, parasites, and infectious disease [26,
27]. Moreover, genes related to growth may have important
applications for animal breeding and could be introduced to
new breeds to enhance both genetic variation and production
[28]. Further research may also help clarify the extent to
which selection for rapid growthmight conflict with selection
for meat quality, which may be relevant to conservation
management and breeding for both commercial and native
livestock breeds (e.g., [29]).

It will be important to establish whether ROH are under
selection. If a ROH is not under selection, its length should

normally decrease with every generation as the expected
length of autozygous segments identical by descent fol-
lows an exponential distribution with mean equal to 0.5𝑔
Morgans, where 𝑔 is the number of generations since the
common ancestor [30]. Conversely, a ROH could contain
recessive variants that are expressed in the autozygous state.
These variants are known to cause various genetic diseases
in humans as a result of specific mutations (e.g., phenylke-
tonuria, Tay-Sachs disease, and cystic fibrosis) and may also
be involved in complex diseases such as heart and liver
diseases and diabetes [31].

For livestock, the incidence of disease associated with
intensive production has increased among several breeds
[32], such as Holstein and Jersey [33–35]. Additionally,
important traits, such as adaptation to low-quality food
resources, parasites, and tolerance to disease and temperature
fluctuations may be found mostly in native breeds [36]. An
important aspect of theROHassessmentwill be identification
of genetic variants with applications for genetic rescue, which
could benefit both native and commercial breeds [28] to
increase robustness and tolerance to environmental variation
[27, 36].

4.2. Possible Limiting Factors. Ascertainment bias could have
affected the comparison of ROH between different species
(here cattle and bison) [37]. Moreover, our observations are
necessarily incomplete, as there are still large regions of the
genome that have not been fully described, as testified by the
high number of uncharacterised genes we encountered in our
screening (see Table S1). However, key genomic regions can
be noted for further research, which also helps identify high-
priority areas of the genome for future study.

5. Conclusions

The comparative methodology presented here permits visual
identification of regions of interest, which could be of value
for selection and breeding programs. The ROH approach
offers several immediate applications. Firstly, breeding strate-
gies may be improved by reduction in ROH that are acting
to reduce genomic diversity. Such a strategy could be useful
where genomic regions have lost important diversity or been
accidentally fixed, for example, as a consequence of a pop-
ulation bottleneck and/or founder effect. Further, the ROH
approach has implications for genetic rescue and the design
of breeding strategies for populations at risk. The presence
of ROH at intermediate frequency in a population may
indicate heterogeneity of the𝑁E in different genomic regions.
Accordingly, a breeding strategy based onmaximising𝑁E for
a population could produce an increase of𝑁E for some chro-
mosomal regions and a reduction in others. This situation
could complicate the design of a long-term protocol because
of the risk of fixation of certain genes and loss of genetic
diversity. Human-driven breeding could also overwhelm
natural selective pressures, especially for populations mainly
governed by genetic drift due to the small 𝑁E. It is therefore
necessary to balance various considerations for long-term
conservation breeding, and information from ROH can help
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pinpoint important genomic regions even if we do not, at the
moment, have a complete understanding of their function.
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[17] K. Oleński, M. Tokarska, D. M. Hering et al., “Genome-wide
association study for posthitis in the free-living population of
European bison (Bison bonasus),” Biology Direct, vol. 10, no. 2,
2015.

[18] M. Tokarska, C. Pertoldi, R. Kowalczyk, and K. Perzanowski,
“Genetic status of the European bison Bison bonasus after
extinction in the wild and subsequent recovery,” Mammal
Review, vol. 41, no. 2, pp. 151–162, 2011.

[19] J. E. Pryce, M. Haile-Mariam, M. E. Goddard, and B. J. Hayes,
“Identification of genomic regions associated with inbreeding
depression in Holstein and Jersey dairy cattle,” Genetics Selec-
tion Evolution, vol. 46, article 71, 2014.

[20] E. J. McTavish, J. E. Decker, R. D. Schnabel, J. F. Taylor, and
D. M. Hillis, “New World cattle show ancestry from multiple
independent domestication events,” Proceedings of the National
Academy of Sciences of the United States of America, vol. 110, no.
15, pp. E1398–E1406, 2013.

[21] The Bovine HapMap Consortium, “Genome-wide survey of
SNP variation uncovers the genetic structure of cattle breeds,”
Science, vol. 324, no. 5926, pp. 528–532, 2009.

[22] W. M. Muir, H.-W. Cheng, and C. Croney, “Methods to address
poultry robustness and welfare issues through breeding and
associated ethical considerations,” Frontiers in Genetics, vol. 5,
article 407, 2014.

[23] W. M. Rauw and L. Gomez-Raya, “Genotype by environment
interaction and breeding for robustness in livestock,” Frontiers
in Genetics, vol. 6, article 310, 2015.

[24] A. Canu, S. Costa, L. Iacolina, P. Piatti, M. Apollonio, and M.
Scandura, “Are captive wild boar more introgressed than free-
ranging wild boar? Two case studies in Italy,” European Journal
of Wildlife Research, vol. 60, no. 3, pp. 459–467, 2014.

[25] V. R. Kharzinova, A. A. Sermyagin, E. A. Gladyr, I. M. Okhlop-
kov, G. Brem, and N. A. Zinovieva, “A study of applicability of
SNP chips developed for bovine and ovine species to whole-
genome analysis of reindeer Rangifer tarandus,” Journal of
Heredity, vol. 106, no. 6, pp. 758–761, 2015.



8 International Journal of Genomics

[26] F. Alpay, Y. Zare, M. H. Kamalludin et al., “Genome-wide
association study of susceptibility to infection by Mycobac-
terium avium subspecies paratuberculosis in Holstein cattle,”
PLoS ONE, vol. 9, no. 12, Article ID e111704, 2014.

[27] L. R. Porto-Neto, A. Reverter, K. C. Prayaga et al., “The genetic
architecture of climatic adaptation of tropical cattle,” PLoSONE,
vol. 9, no. 11, Article ID e113284, 2014.

[28] T.N.Kristensen,A.A.Hoffmann,C. Pertoldi, andA.V. Stronen,
“What can livestock breeders learn from conservation genetics
and vice versa?” Frontiers in Genetics, vol. 5, article 38, 2015.
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“Comparison of fattening performance and slaughter value of
localHungarian cattle breeds to international breeds,”Archiv für
Tierzucht, vol. 55, no. 1, pp. 1–12, 2012.

[30] D. P. Howrigan, M. A. Simonson, and M. C. Keller, “Detecting
autozygosity through runs of homozygosity: a comparison of
three autozygosity detection algorithms,” BMC Genomics, vol.
12, article 460, 2011.

[31] L. B. Andrews, J. E. Fullarton, N. A. Holtzman, and A. G.
Motulsky, Assessing Genetic Risks: Implications for Health and
Social Policy, National Academy Press, Washington, DC, USA,
1994.

[32] I. Medugorac, C. E. Veit-Kensch, J. Ramljak et al., “Conserva-
tion priorities of genetic diversity in domesticated metapopu-
lations: a study in taurine cattle breeds,” Ecology and Evolution,
vol. 1, no. 3, pp. 408–420, 2011.

[33] J. S. Agerholm, C. Bendixen, O. Andersen, and J. Arnbjerg,
“Complex vertebral malformation in Holstein calves,” Journal
of Veterinary Diagnostic Investigation, vol. 13, no. 4, pp. 283–289,
2001.

[34] P. M. VanRaden, K. M. Olson, D. J. Null, and J. L. Hutchison,
“Harmful recessive effects on fertility detected by absence of
homozygous haplotypes,” Journal of Dairy Science, vol. 94, no.
12, pp. 6153–6161, 2011.

[35] C. Charlier, J. S. Agerholm, W. Coppieters et al., “A deletion in
the bovine FANCI gene compromises fertility by causing fetal
death and brachyspina,” PLoS ONE, vol. 7, no. 8, Article ID
e43085, 2012.

[36] I. Hoffmann, “Climate change and the characterization, breed-
ing and conservation of animal genetic resources,” Animal
Genetics, vol. 41, no. 1, pp. 32–46, 2010.

[37] L. K. Matukumalli, C. T. Lawley, R. D. Schnabel et al., “Devel-
opment and characterization of a high density SNP genotyping
assay for cattle,” PLoS ONE, vol. 4, no. 4, Article ID e5350, 2009.



Research Article
Using Genome-Wide SNP Discovery and Genotyping to
Reveal the Main Source of Population Differentiation in
Nothofagus dombeyi (Mirb.) Oerst. in Chile

Rodrigo Hasbún,1 Jorge González,1 Carolina Iturra,1 Glenda Fuentes,2

Diego Alarcón,2,3 and Eduardo Ruiz2

1Departamento de Silvicultura, Facultad de Ciencias Forestales, Universidad de Concepción, 4070386 Concepción, Chile
2Departamento de Botánica, Facultad de Ciencias Naturales y Oceanográficas, Universidad de Concepción,
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Within a woody plant species, environmental heterogeneity has the potential to influence the distribution of genetic variation
among populations through several evolutionary processes. In some species, a relationship between environmental characteristics
and the distribution of genotypes can be detected, showing the importance of natural selection as themain source of differentiation.
Nothofagus dombeyi (Mirb.) Oerst. (Nothofagaceae) is an endemic tree species occurring both in Chile and in Argentina temperate
forests. Postglacial history has been studied with chloroplast DNA and evolutionary forces shaping genetic variation patterns
have been analysed with isozymes but fine-scale genetic diversity studies are needed. The study of demographic and selection
histories in Nothofagus dombeyi requires more informative markers such as single nucleotide polymorphisms (SNP). Genotyping-
by-Sequencing tools now allow studying thousands of SNP markers at reasonable prices in nonmodel species. We investigated
more than 10K SNP loci for signatures of local adaptation and showed that interrogation of genomic resources can identify shifts
in genetic diversity and putative adaptive signals in this nonmodel woody species.

1. Introduction

In population genetics and conservation the big question
is genetic drift instead of natural selection. Definitely both
processes determine evolution, but genetic drift operates ran-
domly and depends on effective population size while natural
selection proceeds nonrandomly and relies on environmental
variables.The evolution towards hereditary adaptations to the
current environment is determined by natural selection and
has a direction; genetic drift instead is governed solely by
chance. Consequently, drift acts on alleles, which generally
have no phenotypic effect; instead selection favours certain
alleles that increase fitness, reduce the unfavourable alleles
frequencies, and ignore neutral alleles [1]. Knowing what the
main microevolutionary force is is very relevant for rational

genetic management of threatened species, especially for
species with geographical distribution severely fragmented
[2].

Approaches to addressing adaptive variation have been
incorporated into the definition of evolutionary significant
units [3, 4]. New technologies like Next Generation Sequenc-
ing (NGS) and fine-scale GIS, coupled with advances in
computer hardware and software in the field of genomics
[5–7], have allowed the development of new methods for
comprehensive evaluation of adaptive diversity [8, 9]. The
discovery and genotyping of massive genetic markers are
now enabled by modern genomic tools at very low cost.
This makes the study of adaptive genetic loci possible on a
wide range of species, which can facilitate the identification
of key biodiversity areas. Kirk and Freeland [10] reviewed
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some of the applications of neutral versus adaptive markers
in molecular ecology, discussed some of the advantages
that can be obtained by supplementing studies of molecular
ecology with data from nonneutral molecular markers, and
summarized new methods that allow generating data from
loci under selection. Population genomic analyses require
multilocus datasets from multiple populations and identifi-
cation of nonneutral or adaptive loci by contrasting patterns
of population divergence among genetic regions.

Studies in nonmodel organisms have shown relatively
broad candidate genomic regions that are under selection, but
it remains difficult to identify the genes (or the mutations)
that are affected by selection. Increasing the density of
markers in genome scans is paramount to overcome this
problem, and validating signals of selection from particular
genes using multiple methods should also help [4]. One of
themost exciting developments in population genomics is the
development of various reduced-representation protocols,
collectively referred to as Genotyping-by-Sequencing (GBS),
which allow sequencing of a subset of the genome through
selective amplification of restriction fragments [10].

Nothofagus dombeyi (Mirb.) Oerst. (Nothofagaceae) is
an endemic tree species occurring both in Chile and in
Argentina temperate forests with a remarkably broad alti-
tudinal and latitudinal distribution, across many different
ecological gradients in the former [11]. The evergreen tree N.
dombeyi is a pioneer species and constitutes an important
element in the dynamics of South American forest. Its
postglacial history has been studied with chloroplast DNA
and evolutionary forces shaping genetic variation patterns
have been analysed with isozymes [12, 13]. However, genome-
wide scan methods using thousands of markers to study a
representative portion of the genome are needed.

In this work, we assess GBS in the nonmodel woody
species N. dombeyi to develop high quantity of informative
markers such as single nucleotide polymorphisms (SNP).
Our aim is to determine the contribution of selection and
molecular adaptation to shaping genome-wide variation. We
expect higher genetic population differentiation (for ecolog-
ical separated localities) for adaptive SNP than neutral SNP
if natural selection is the principal source of differentiation.
Alternatively, if other sources of differentiation (mutation,
genetic drift, and migration) are relevant, they will equally
affect both types of SNP. Knowing the contribution of
selection effect to shaping genome variation patternswill have
many applications for biodiversity conservation, especially
in endangered species, because neutral and adaptive genetic
diversity will likely have different impacts on long-term
survival. In fact, in most cases, only adaptive diversity will
allow a population to adapt to changing environmental
conditions.

2. Materials and Methods

2.1. Sampling Design

2.1.1. Niche Modelling. To consider the remarkably broad
altitudinal and latitudinal distribution of this species, across

many different ecological gradients, we used the method
proposed by Alarcón and Cavieres [14] to niche modelling
of Nothofagus dombeyi in Chile using BIOMOD [15]. Eight
variables were selected from the WorldClim global climate
database [16] corresponding to the present climate condi-
tions with a 30-arc-second grid resolution, with the least
correlation among them for the studied species range area.
Four variables were related to energy constraints: (a) BIO2:
mean diurnal temperature range; (b) BIO4: temperature
seasonality; (c) BIO5: maximum temperature in the warmest
month; and (d) BIO6: minimum temperature in the coldest
month. Other four variables were related to water availability:
(e) BIO12: annual precipitation; (f) BIO15: precipitation
seasonality; (g) BIO18: precipitation in the warmest quarter;
and (h) BIO19: precipitation in the coldest quarter. Then,
we projected the current and future distribution (year 2050)
considering a conservative future climate projection CSIRO
B2A 2050 by using the tools of BIOMOD software. Further,
we identified geographical areas with potential habitat loss,
which should be identified as high priority in genetic conser-
vation programs.

2.1.2. Ecological Regions or Strata. Relatively homogeneous
units in ecological terms (strata) were defined from natural
populations of the species associated with the geographi-
cal areas projected in its ecological niche modelling. The
Calinski-Harabasz criterion, which is a pseudo-𝐹 statistic as
in ANOVA, was used to assess the best number of strata
identified by 𝐾-means partitioning [17].

2.2. DNA Sample and Library Preparation

2.2.1. Plant Material and Genomic DNA Isolation. Adult trees
with a diameter higher than 50 cm were sampled during the
growing season of 2013-2014 from twenty-one sites covering
almost the entire range of the species N. dombeyi in Chile.
One to four sites were assigned to each stratum according to
its superficies and 2 to 9 samples per site were taken (Table 1;
Supplementary Figure 1 in Supplementary Material available
online at http://dx.doi.org/10.1155/2016/3654093).

DNA extraction was performed using a Qiagen DNeasy
Plant kit (Qiagen Inc., USA). Lyophilized leaf tissue (20mg)
was ground in a Precellys�24 (Precellys, USA) homogenizer
with two 1/4 ceramic spheres (MP BIOMEDICALS, USA)
and AP1 buffer. The objective is grinding tissues and lysing
cells prior to DNA extraction. DNA extraction protocol was
done following themanufacturer instructions but elutionwas
done with 30 𝜇L (instead of 100 𝜇L) to increase the final DNA
concentration in the eluate (>100 ng/𝜇L). The integrity of
genomic DNA was evaluated by agarose gel and quantified
using a Qubit fluorometer (Invitrogen, USA).

2.2.2. Library Preparation and High-Throughput Sequencing.
Library preparation and high-throughput sequencing were
performed at University of Wisconsin Biotechnology Cen-
ter (DNA Sequencing Facility). The GBS genomic library
preparation was done following the protocol detailed by
Elshire et al. [18] with the methylation-sensitive restriction
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Table 1: Strata code and location, geographical coordinates, and sample size of the sampled individuals of Nothofagus dombeyi in Chile.

Stratum Location (code) Latitude Longitude 𝑁

1 Altos Lircay (AL) −35.599162 −71.044414 4
1 Antuco (AN) −37.343457 −71.615626 5
2 Ralco (RA) −37.925041 −71.575168 6
2 Termas de Tolhuaca (TT) −38.235047 −71.727552 9
3 Lago La Paloma (LP) −45.876213 −72.070813 4
3 El Machi (EM) −45.009553 −71.906872 5
3 Near Villa Amengual (NVAM) −45.008498 −71.908366 2
3 Villa Amengual (VAM) −45.007328 −71.911175 5
4 Nonguén (NO) −36.879745 −72.987923 5
4 Villa Las Araucarias (VA) −36.879774 −72.987981 6
4 Caramávida (CA) −36.879774 −72.987981 4
5 Mariquina (MA) −39.471811 −73.055799 4
5 Lago Riñihue (LRI) −39.480193 −73.048809 3
5 Fundo Llancahue (FL) −39.858686 −73.141572 3
5 Lago Neltume (LN) −39.859282 −73.141650 3
5 Parque Nacional Villarrica (PNV) −39.341073 −71.972351 5
5 Loncoche Interior (LI) −39.341820 −71.972232 3
5 Melipeuco (ME) −38.912949 −71.704088 3
6 Las Trancas (LT) −40.221101 −73.362430 5
6 Camino Osorno a Maicolpué (COM) −40.598321 −73.497015 4
7 Parque Nacional Puyehue (PNP) −40.737218 −72.306050 3
7 Lago Rupanco (LR) −40.736785 −72.302922 5

enzyme ApeKI and 96 custom barcodes. Illumina high-
throughput sequencing was conducted on an Illumina HiSeq
2000 (Illumina, USA) using 100 bp single-end sequencing
runs. The samples were sequenced across one Illumina lane.
Base calling was performed in Casava v1.8.2 (Illumina, USA).

2.3. Nonreference SNP Calling

2.3.1. De Novo Identification of Loci/Alleles. Sequence results
were analysed and SNP genotypes were assigned using the
UNEAK (Universal Network Enabled Analysis Kit) GBS
pipeline [19], which is part of the TASSEL 3.0 [20] bioin-
formatic analysis package. This pipeline does not depend
on a reference sequence, which is the actual case for N.
dombeyi. SNP discovery is performed directly within pairs
of matched sequence tags (unique sequence representing a
group of reads) and filtered through network analysis. The
network filter trimmed reads to 64 bp to reduce the effects
of error sequencing and enabled efficient storage of data in
bit format. SNP were assigned with default settings. Briefly,
tags differing by a single nucleotide were retained as SNP
and those with a minor allele frequency 0.05 were removed
to minimize the impact of sequencing errors [19]. We used a
minimum call rate of 0 and additional filters were applied in
next steps.

2.3.2. Post-SNP Calling Filters and Imputation. Given that we
are trying to find SNP for population genetic analysis, we

applied some filters to remove loci and individuals that con-
tain very low levels of information prior to further analysis.
We applied two functions of TASSEL 5.2 that removed all
SNP (rows) and then samples (columns) containing 90% or
more “𝑁” values (indicating that neither allele is designated).
These 𝑁s represent individuals where the allele cannot be
called from the sequence reads.This is because either no read
is available at this site (for this individual) or the sequence
quality is too low to be called.

In order to cope with missing data, genotype imputation
was used to fill in the missing data and improve the power
of downstream analyses. We used LinkImpute implemented
in TASSEL 5.2, a software package based on a 𝑘-nearest
neighbour genotype imputation method, LD-𝑘NNi [21].This
imputation method was designed specifically for nonmodel
organisms in which genomic resources are poorly developed
and marker order is unreliable or unknown.

2.4. Detection of Selection Footprints. To identify adaptive
SNP (putative loci under selection), we used LOSITAN [22].
LOSITAN is a selection detection workbench based on the
Fst-outlier methods. We used 50,000 simulations, 0.99 for
confidence interval, false discovery rate of 0.05, mutation
model “Infinite Alleles,” and the options “Neutral mean Fst”
and “Force mean Fst”, which iteratively identify and remove
Fst outliers when calculating the global distribution of Fst.
Our interest is in patterns of adaptation driven by environ-
mental gradients; therefore we focused on outlier patterns
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indicating divergent selection (Fst significantly higher than
neutral expectations).

LOSITAN analyses were complemented with BayeScan
2.1 [23] for estimating the posterior probability that a given
locus is affected by selection. Briefly, prior odds of 100 were
used for identifying the top candidates of the selected loci and
a total of 50,000 reversible-jumpMarkov Chain Monte Carlo
chains were run with a thinning interval of 10, following 20
pilot runs of 5,000 iterations each, and a burn-in length of
50,000. Loci were considered outliers with an FDR of 0.05.

To confirm the adaptive SNP detected by previous meth-
ods, the spatial analysis method (SAM) implemented in
the program Sam𝛽ada v0.5.1 [24] was used. We conducted
the analysis using the 10,109 SNP detected for N. dombeyi
in Chile. Sam𝛽ada uses logistic regressions to model the
probability of presence of an allelic variant in a polymorphic
marker given the environmental conditions of the sampling
locations. Eight environmental variables previously described
in Section 2.1.1 were used (temperature related → BIO2,
BIO4, BIO5, and BIO6; precipitation related → BIO12,
BIO15, BIO18, and BIO19). Regarding genotypes, each of
the states of a given SNP is considered independently as
binary presence/absence in each sample. Our biallelic SNP
were recoded as three distinct genotypes (AA, AB, and BB).
A maximum likelihood approach is used to fit the models
using univariate analyses. Each model for a given genotype
is compared to a constant model, where the probability of
presence of the genotype is the same at each location. The
statistical significance threshold was set to 1% before applying
Bonferroni correction. Significance was assessed with log
likelihood ratio (𝐺) tests [25] selecting loci/allele that tested
higher than the 99th percentile of the 𝐺 score distribution.

2.5. Estimation of Genome-Wide Genetic Variation and Dif-
ferentiation. Wemade all estimations in parallel with neutral
SNP (10,109) and adaptive SNP.

2.5.1. Basic Statistics of Genetic Variation. All the results were
obtained using the adegenet [26, 27] and hierFstat [28] R
packages. Basic statistics were estimated including observed
heterozygosity (Ho) and genetic diversity (Hs) within pop-
ulation. Also, overall gene diversity (Ht) and corrected Ht
(Htp), gene diversity among samples (Dst), and corrected
Dst (Dstp) were estimated. Fst and corrected Fst (Fstp) were
assessed as well as Fis followingNei [29] per overall loci. Dest,
a measure of population differentiation as defined by Jost
[30], was also calculated.The degree of genetic differentiation
among populations is expected to be low for neutral SNP but
highly divergent in SNP subject to directional selection.

2.5.2. Population Structure. To describe the genetic biodiver-
sity of a species, more important than diversity among indi-
viduals is the diversity between groups of individuals. First
we analysed individual data to identify populations, or more
large genetic clusters, and then we described these clusters
by adegenet R package. To get a simplified picture of the
genetic diversity observed among individuals or populations
we used Principal Component Analysis (PCA). Discriminant

Analysis of Principal Components (DAPC) function was
used to describe the relationships between these clusters.The
main results of DAPC were DAPC scatterplots.

For each pair of strata, we computed pairwise Fst values
with hierFstat R package. Principal Coordinates Analysis
(PCoA) on Fst values was performed to detect major genetic
clusters (𝐾) at individual level.

2.5.3. Detecting Locus Contributions. In DAPC, the variables
actually analysed are principal components of a PCA. Load-
ings of these variables are generally uninformative, since PCs
themselves do not all have straightforward interpretations.
However, we can also compute contributions of the alleles,
which can turn out to be very informative. In general, there
are many alleles and their contribution is best plotted for
a single discriminant function at a time using adegenet R
package.

3. Results and Discussion

3.1. Niche Modelling and Strata Definition. Modelled area
of N. dombeyi presence under present climate conditions
is 88,174 km2 and in the future (year 2050) under dispersal
constraints is 72,928 km2. Although it is not qualified with a
status of threatened species, we estimated a decrease of almost
20% of its habitat area in a relatively short time, particularly
in the northern populations, associated with Mediterranean-
influenced climate, which is at least worrisome considering
we used the most conservative future climate scenario. Fuss
et al. [31] showed that the actual reality is the worst climate
scenario projected. The 𝐾-means analyses, applied to four
best least correlated variables of WorldClim (BIO2, BIO4,
BIO12, and BIO15), identified seven strata groups of N.
dombeyi in Chile at very broad spatial scales (Figure 1).These
strata represented relatively homogeneous habitats according
to the climatic key variables mentioned. The strata named
Septentrional (#1), Alto Biobı́o (#2), Los Lagos Andes (#7),
and Patagonia (#3) form the latitudinal gradient across Andes
Mountain range including higher altitudes, while the strata
Nahuelbuta (#4), Araucanı́a y Los Rı́os (#5), and Los Lagos
Costa (#6) present some oceanic influence at a gradient
located in Coastal Mountain range and central valley of the
central distribution of N. dombeyi at lower elevation. The
strata were coherently identified as the bioclimatic transition
from temperate biome with some Mediterranean influence,
especially in the northern portion of the Septentrional stra-
tum and then the typical temperate bioclimatic classification
across the rest of the distribution of the species [32].

3.2. Assessment of N. dombeyi Genotypes Sampled by GBS
Using ApeKI. Weobtainedmore than 17Gb out of 172,171,356
reads, from which 85.82% keep a score 𝑄 ≥ 30. From the
96 barcoded samples in our study, an average of 1.5 million
(SD 1.7 million) sequence reads per sample were obtained
(range from 278 to 8.2 millions) (see Supplementary Figure
2). After removal of SNP with a minor allele frequency
0.05 and removing samples and SNP with more than 90%
“NN” (unassigned) genotypes, the dataset consisted of 73
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Figure 1: Using ecological niche models to identify different strata for Nothofagus dombeyi in Chile.

individuals with 10,109 binary SNP from seven strata. This
dataset was subjected to the impute step and finally total
numbers of “NN” genotypes were 19,067 (0.03%) missing
data.

3.3. Putative under Selection SNP (Adaptive SNP). Using
the LOSITAN approach, 124 adaptive SNP (1.2%) were
identified (directionally selected) at the false discovery rate
(FDR) threshold of 0.1 (Table 2; Supplementary Table 1). We
detected 99 adaptive SNP in BayeScan and there were 48
overlap cases between the loci reported by each method
(see Supplementary Table 1). The adaptive SNP detected
by both approaches were limited (39%), possibly reflecting

discrepancies in their methodologies. However, all the 124
SNP identified by LOSITAN had Fst values ≥ 0.30 (estimated
across the 73 N. dombeyi individuals and 10,109 loci), which
may be considered as strongly differentiated.

Using Sam𝛽ada we detected 2,406 significant genotypes
associated with a given environmental variable. They rep-
resent 884 SNP (8.7% of total SNP assessed) and only
3% correspond to heterozygous genotypes. From the 124
outlier SNP identified by LOSITAN, genotypes in 121 SNP
were identified as associated with environmental variables
by Sam𝛽ada (see Supplementary Table 1). Genetic differen-
tiation associated with both temperature and precipitation
gradients was detected.
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Table 2: Representative list of outlier single nucleotide polymorphisms (SNP) as putative candidates for adaptation in Nothofagus dombeyi
in Chile and their significant associations with environmental variables using Sam𝛽ada. Italic values show an SNP that is not a significant
outlier.

Locus SNP ID
LOSITAN BayeScan Sam𝛽ada

Het Fst 𝑃

(Simul Fst < sample Fst) BIO2 BIO4 BIO5 BIO6 BIO12 BIO15 BIO18 BIO19

TP3479 4 0.368 0.545 0.99999 Yes x x x x
TP8429 14 0.282 0.496 0.99996 — x x x x
TP23119 — 0.491 0.035 0.46921
TP30254 42 0.385 0.442 0.99996 Yes x x x x
TP30852 43 0.438 0.438 1.00000 Yes x x x x
TP32296 44 0.467 0.377 0.99991 Yes x x x x
TP38613 50 0.364 0.618 1.00000 Yes x x x x
TP65805 91 0.540 0.488 1.00000 Yes x x

Hs Ht Dst Htp Dstp Fst Fstp Fis DestHo

−1.0

−0.5

0.0

0.5

1.0

(a)

Hs Ht Dst Htp Dstp Fst Fstp Fis DestHo

−0.2

0.0

0.2

0.4

0.6

0.8

1.0

(b)

Figure 2: Summary statistics of genetic variation existing inNothofagus dombeyi in Chile estimated by 10,109 neutral SNP (a) or 124 adaptive
SNP (b). Ho: heterozygosity within population; Hs: genetic diversity within population; Ht: overall gene diversity; Http: corrected Ht; Dst:
gene diversity among samples; Dstp: corrected Dst; Fst: fixation index; Fstp: corrected Fst; Fis: inbreeding coefficient per overall loci; Dest:
measure of population differentiation.

3.4. Genome-Wide Genetic Variation and Differentiation.
Using neutral plus outlier SNP (10,109), different basic statis-
tics of genetic variation of N. dombeyi in Chile show low
to medium genetic diversity level and low level of strata
differentiation (Figure 2). The low genetic structure found
indicates relatively high gene flow, which is consistent with
the fact that N. dombeyi has a distribution more or less
continuous and is wind pollinated. This result is similar to
other results obtained with the same and other species of
Nothofagus gender [33, 34]. With outlier SNP, the indicators
based on heterozygosity increase and 𝐹 statistics shows clear
differences within strata.

Overall average pairwise Fst values among populations,
calculated over the set of the 10,109 SNP, show medium pop-
ulation structuring across the distribution of N. dombeyi in
Chile (Table 3). The average pairwise Fst values ranged from
0.062 between two very close strata (4 and 5) in the Coastal

Table 3: Average pairwise Fst among seven strata with Nothofagus
dombeyi presence in Chile based on a set of 10,109 single nucleotide
polymorphisms (SNP). Fst 0.15–0.2 are moderately differentiated in
bold font and Fst > 0.25 are considered strongly differentiated in
bold and italic font.

Strata 1 2 3 4 5 6
2 0.074
3 0.258 0.193
4 0.111 0.074 0.183
5 0.109 0.066 0.138 0.062
6 0.156 0.108 0.140 0.096 0.069
7 0.172 0.121 0.141 0.110 0.081 0.096

Mountains to 0.258 between strata 1 and 3, both in Andean
Mountains but in the extremes of distribution (Table 1).
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Figure 3: Discriminant Analysis of Principal Components (DAPC)
scatterplot drawnusing 124 outlier single nucleotide polymorphisms
(SNP) across 73 Nothofagus dombeyi individuals in the R package
adegenet. Dots represent individuals, with colours denoting cluster
allocation. Percentages of cumulated variance explained byPrincipal
Component 1 (PC1) to PC20 are shown in the bottom left corner.
Minimum spanning tree based on the (squared) distances between
clusters within the entire space is shown.

The Principal Coordinates Analysis (PCoA) plot revealed a
geographically ordered pattern (see Supplementary Figure 3).
The first PC suggests the existence of two clades in the data,
while the second one shows groups of closely related isolates
arranged along a cline of genetic differentiation. Premoli [35]
found continuous clinal genetic variation in populations ofN.
pumilio along the altitudinal gradient, as a result of adaptive
responses to ecological gradients and/or restrictions for gene
flow.The same pattern is shown by neutral SNP and adaptive
SNP but with a more clear delimitation in the latter case.
This structure was confirmed by a neighbour-joining (NJ)
tree (Supplementary Figure 4). Again higher resolution is
achieved with adaptive SNP. As expected, both approaches
give congruent results, but both are complementary; NJ
shows bunches of related individuals, but the cline of genetic
differentiation is much clearer in PCA.

Visualisation of broad-scale population structure using a
DAPC (Figure 3 and Table 4) with 124 outlier SNP revealed
two distinct genetic groups. One group included individuals
sampled in all strata corresponding to Clusters 1, 2, 3, and 5
(Table 4), and the other group comprised only ten individuals
of stratum 3 plus one individual of stratum 2 forming Cluster
4 (represented almost exclusively by individuals of Patagonia
stratum). Also the actual proximities between clusters show
the great genetic distance of Cluster 4 with the rest.This result
is consistent with a north–south phylogenetic divergence at

Table 4: Individual allocation to five genetic clusters according
to strata determined by niche modelling of N. dombeyi in Chile.
Clusters were identified by find.cluster function of adegenet R
package using 124 adaptive single nucleotide polymorphisms (SNP).

Strata Cluster assignation
C1 C2 C3 C4 C5

1 — — 8 — —
2 — — 12 1 —
3 — — — 10 4
4 8 — 1 — —
5 10 5 1 — —
6 — 7 — — —
7 — 6 — — —

c. 43∘S found within subgenus Nothofagus in southern South
America, including N. dombeyi [12, 36].

Clearly, when examining patterns of N. dombeyi popula-
tion differentiation at neutral versus adaptive SNP, we have
detected several distinct differences. Primarily stochastic
processes drive differentiation of neutral SNP, whereas both
selective and stochastic processes drive that of adaptive SNP,
for example, [37–39].This result supports the hypothesis that
putative under selection SNPare being affected by adaptation,
which is not affecting the neutral SNP. The next step is to
characterize the phenotypic outcomes of alternative geno-
types to confirm if themechanism is genetic drift or selection,
similar to previous studies in Nothofagus pumilio [40, 41].
Ideally, phenotype-genotype association studies should be
followed by the profiling of gene expression, functional tests,
and selection tests to determine that a gene or genes are
involved in shaping an adaptive trait [42].

3.5. Loci Contributions. Over 24% of the adaptive SNP
detected by LOSITAN had a high loading (here defined as
≥0.02) in one or two of the three PC in a PCA with more
than 10K loci of the Chilean population of N. dombeyi
(Supplementary Figures 5, 6, and 7), thus confirming its
contribution to population structure. Adaptive SNP ID 4,
14, 42, 50, and 91 are five of the most discriminating loci
and their allele frequencies over seven strata show a high
or even dominant allele frequency in stratum 3 (Figure 4).
This is the southernmost stratum (#3 Patagonia) and thismay
justify the differences in allele frequencies. Irrespective of
the mechanism underlying these changes (drift or selection),
this illustrates that, in the natural distribution of N. dombeyi
in Chile, specific nucleotides can undergo drastic changes
within only a hundred kilometres of distance. Our results
exhibited spatial patterns differentiating one stratum in loci
which could occur in genomic regions or genes for important
functions of N. dombeyi across their habitat. For example,
the GBS sequence tags of adaptive SNP ID 43 (TP30852)
show a high identity with a heat shock protein or adaptive
SNP ID 44 (TP32296) with histone acetyltransferase enzyme
(data not shown). The first is fundamental for heat or
other environmental stresses and the second can be involved
in drought sensing or another response to environmental



8 International Journal of Genomics

t
t

t

t t
t

t

SNP 4 #TP3479

a
a

a

a a
a

a

0.0

0.2

0.4

0.6

0.8

1.0

A
lle

le
 fr

eq
ue

nc
y

3 5 71
Strata

c
c

c

c

c

c

c

SNP 14 #TP8429

t
t

t

t
t

t

t

3 5 71
Strata

0.0

0.2

0.4

0.6

0.8

1.0

A
lle

le
 fr

eq
ue

nc
y

a
a

a

a

a a

a

SNP 42 #TP30254

t t

t

t

t t

t

0.0

0.2

0.4

0.6

0.8

1.0

A
lle

le
 fr

eq
ue

nc
y

3 5 71
Strata

t
t

t

t

t
t

t

SNP 50 #TP38613

c
c

c

c

c
c

c

3 5 71
Strata

0.0

0.2

0.4

0.6

0.8

1.0

A
lle

le
 fr

eq
ue

nc
y

g
g g

g

g g

g

SNP 91 #TP65805

a
a a

a

a a

a

0.2

0.4

0.6

0.8

A
lle

le
 fr

eq
ue

nc
y

3 5 71
Strata

a

a
a

a a

a a

SNP #TP23119

t

t t

t
t

t
t

3 5 71
Strata

0.2

0.3

0.4

0.5

0.6

0.7

0.8

A
lle

le
 fr

eq
ue

nc
y

Figure 4: Spatial distributions of single nucleotide polymorphism (SNP) loci/genotypes in N. dombeyi in Chile for each strata. The graphs
show frequencies of loci/genotypes differentiating among strata (SNP #3479, SNP #8429, SNP #30254, SNP #38613, and SNP #65805) and no
differentiating among strata (SNP #23119).

factors. We therefore suggest that these two SNP may be
interesting candidates for future functional studies thatmight
facilitate other studies, for example, [43] focused on the
development of genomic resources for Nothofagus species.
However, improvements in study design and analyses of
replicated studies will be needed before this very promising
approach can be brought to application for managing genetic
resources [44].

4. Conclusions

Development of 10,109 genome-wide SNP for N. dombeyi
using GBS made evaluation of genomic diversity and fine-
scale population structure possible for the first time in this
species in Chile. Results showed that genome-wide patterns
of genetic diversity and differentiation varied widely across
the genome. As such, we identified numerous genomic

regions exhibiting signatures of divergent selection. We have
also provided strong evidence of substantial genetic differ-
entiation associated with both temperature and precipitation
gradients, suggesting local adaptation.
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Many endangered captive populations exhibit reduced genetic diversity resulting in health issues that impact reproductive fitness
and quality of life. Numerous cost effective genomic sequencing and genotyping technologies provide unparalleled opportunity for
incorporating genomics knowledge in management of endangered species. Genomic data, such as sequence data, transcriptome
data, and genotyping data, provide critical information about a captive population that, when leveraged correctly, can be utilized
to maximize population genetic variation while simultaneously reducing unintended introduction or propagation of undesirable
phenotypes. Current approaches aimed at managing endangered captive populations utilize species survival plans (SSPs) that
rely upon mean kinship estimates to maximize genetic diversity while simultaneously avoiding artificial selection in the breeding
program. However, as genomic resources increase for each endangered species, the potential knowledge available for management
also increases. Unlike model organisms in which considerable scientific resources are used to experimentally validate genotype-
phenotype relationships, endangered species typically lack the necessary sample sizes and economic resources required for
such studies. Even so, in the absence of experimentally verified genetic discoveries, genomics data still provides value. In fact,
bioinformatics and comparative genomics approaches offermechanisms for translating these raw genomics data sets into integrated
knowledge that enable an informed approach to endangered species management.

1. Introduction

Today’s technology makes it feasible to sequence the genome
of almost any species of interest and to investigate complex
genetic relationships in populations of animals [1–3]. How-
ever, the task of translating enormous amounts of genetic
data into practical applications is still a work in progress [4–
6]. As the ability to predict the functional impact of genetic
variationswithin a population improves, genomics data could
provide a powerful tool for informing the management of
captive endangered species.

Whole genome sequencing has the potential to be very
effective in conservation efforts [2]. In the past, genetic stud-
ies have focused on a few loci frommany individuals; genom-
ics now allows the focus to switch to many genes from a
few individuals.This is particularly important when studying
endangered species and working with very limited sample
sizes. In addition, genomics provides us with the opportunity
to look at the entire genomeandnot just the pieces that directly
code for proteins in attempts to better understand if they
contribute to survival. Overall, genomics has the opportunity
to play a pivotal role in proactively understanding pressures
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and potential stressors that are leading some species into
extinction [7].

Endangered species can benefit greatly from the use of
comparative genomics. Using the genome sequence from
close relatives as reference, the genome of endangered species
can be compiled with relatively few samples, which is par-
ticularly important when only a limited number of animals
exist in captivity. Once the genome is sequenced, identifying
deleterious mutations caused by single nucleotide variants
(SNVs) provides a valuable resource for management of cap-
tive populations [8]. For example, the California condor
diverged from the chicken over 100 million years ago but
comparison of the genomes reveals useful information in
the management of this endangered species. A BAC library
was created for the condor and comparative genomics was
employed, identifying 93 genes that were aligned with the
chicken chromosome map [9]. Using this approach, several
genes involved in bone and cartilage formation have been
identified, and further tests may reveal the role these genes
play in the condor chondrodystrophy, a heritable embryonic
lethal phenotype that is present in the population. Under-
standing the genetic basis of this disease greatly increases
the ability to manage and progress the care of this captive
population [10]. Another finding in these birds is a mutation
in one of the estrogen receptors that has been linked to altered
receptor activation by endocrine-disrupting chemicals, such
as dichlorodiphenyltrichloroethane (DDT) and its metabo-
lites. This mutation may affect their sensitivity to such chem-
icals, resulting in reproductive disorders [11]. A comparative
genomics approach could be used to identify additional genes
associated with reproduction that might also be impacted by
environmental contaminants and other factors, providing a
multifaceted view of reproductive issues in these animals.

Major histocompatibility complex (MHC) genes are the
most polymorphic genes in the vertebrate genome and can be
helpful markers in identifying population diversity as well as
indirectly measuring immunologic fitness. Ujvari and Belov
[12] emphasize the use of markers like MHC to better plan
conservation and manage captive populations. For example,
MHC has been implicated in mate choice and pregnancy
outcomes, which could be very important whenworkingwith
captive breeding programs. The MHC class II B polymor-
phism was investigated in a number of wild populations of
gorilla via noninvasive fecal sample collection coupled with
next-generation sequencing [13].The analysis led to the iden-
tification of 18 different alleles that had not been previously
characterized in the gorilla populations. MHC genes have
been identified as markers for immune function and survival
in almost all vertebrates, and genetic variation of this region
can lead to increased or decreased disease susceptibilities
[14, 15].

Genome sequencing has enabled huge progress in under-
standing disease even in very understudied subjects.The Tas-
manian devil has recently suffered a major population crash
from the result of devil facial tumor disease, and genomics
approaches have been implemented to further understand the
specifics of the disease and potentials for more effective treat-
ments [16]. Hawaiian honeycreepers are an adaptive radiation

that contains numerous endangered species and is of partic-
ular interest due to their diverse phenotypes and heteroge-
neous responses to avian malaria. Genome sequencing and
assembly with SNP discovery are providing insight into why
some of these birds are malaria-resistant and others are not
[17].

In attempts to preserve some of the most endangered
species, zoos and other organizations have established captive
breeding programs and in some cases reintroduced endan-
gered species back into the wild. Genomics has the potential
to facilitate assessing the genetic fitness of individuals within
a population and assist programs in correctly identifying the
most successful breeding pairs to ensure genetic diversity
among future generations. Identifying the best founder indi-
viduals in a captive breeding program can greatly increase the
success of the program and potentially enhance fitness of the
species [18–21].

2. Types of Genomics Data and Analyses

A variety of genomics data types exist. Genomic sequence
data provides the foundation of an annotation framework
anchored to primary nucleotide sequence organized around
contigs and scaffolds comprising individual chromosomes.
Sets of sequence intervals corresponding to genes, exons,
introns, promoters, enhancers, untranslated regions (UTRs),
and intergenic regions comprise the organizational structure
of genomics sequence data. Protein coding gene level anno-
tation is structured around the one-to-many relationship
that potentially exists between genomic loci and their paired
RNA transcripts and protein sequences. Together, the set of
transcripts derived from a single genomic locus represents
the sequence complexity of gene expression. Additional levels
of complexity arise through the tissue and cell specific
patterns of expression associated with each transcript as well
as the combination of cis regulatory elements responsible for
both the transcript sequence and expression patterns. Tran-
scriptome sequencing can provide a wealth of information
about the pattern of gene expression including the alternative
isoforms, protein coding single nucleotide polymorphisms
(SNPs), and tissue specific patterns of expression important
in development, health, and disease [22].

Genetic variation is an integral component of genomics
data and represents the ability to investigate relationships that
may exist between genes, tissues, individuals, and phenotypes
[23]. Among the genetic variants that exist are repetitive
elements, copy number variations, single nucleotide substitu-
tions, single nucleotide insertions/deletions (indels), genomic
inversions, and genomic duplications, to name a few. The
most prevalent variants are SNPs, and once a sizable set has
been identified, relationships between allelic variation and
phenotypes can be empirically investigated.

Traditionally, genotyping in conservation genetics was
accomplished using individual assays targeting a single poly-
morphism, such as restriction fragment length polymor-
phism (RFLP) analysis [24]. As the number of polymor-
phisms assayed increased, PCR-basedmethods of genotyping
replaced the more cumbersome RFLP methods. In parallel,
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repeat polymorphisms can also be interrogated via PCR-
based sequencingmethods to take advantage of the increased
value associated with multiallelic markers. As the number
of polymorphisms under investigation approaches thousands
to hundreds of thousands, nucleotide hybridization chips
become the platform of choice [25]. Other methods, such as
genotyping by sequencing (GBS) [26] and SNP analysis via
transcriptome sequencing [27], offer opportunities not only
to genotype known polymorphisms, but also to detect de
novo and private variants that are unique to a specific individ-
ual. Sequencing methods of polymorphism discovery have
the potential to identify hundreds of thousands to millions
of SNPs, depending upon the depth of sequencing coverage
and the relative extent of genetic diversity represented in the
samples [28].

Over the past decade, genomic data acquisition has
become increasingly routine. Since the year 2005, data output
from next-generation sequencing (NGS) platforms has more
than doubled each year [25].Whole human genomesworth of
sequence data can be produced as cheaply as $1000, a stagger-
ing decrease from the original human genome project’s cost
of nearly $3 billion, and produced over days or hours instead
of what was originally many years [29]. NGS technology has
enabled amultitude of scientific investigations that previously
could never have even been considered.

Genomics analyses in general, including comparative
genomics studies, dependheavily onhaving an available high-
quality genome reference sequence. Unfortunately, unlike
model organisms such asmouse, endangered species typically
lack significant or any available genomic resources [3]. An
important first step in genomics-enabled endangered species
management is, therefore, development of a high-quality
genome reference sequence. While it is not an insignificant
undertaking, reference genome sequence development is
becoming more and more commonplace.

Reference genome sequence development starts with raw
sequence data (Figure 1). While reference sequences of large
complex eukaryotic species constructed entirely from single
molecule sequencing technology is becoming more common
[30], typically such projects are largely based on paired-end
and mate-pair data from NGS platforms. Paired-end data
results from sequencing the paired-ends of inserts in the
range of hundreds of base pairs, while mate-pair data results
from sequencing the ends of inserts in the range of thousands
of base pairs. Sufficient coverage from both library types is
imperative for the resulting genomic reference sequence to
be of sufficient quality. These genome sequence data are then
processed and assembled [31] using appropriate methods
based on actual data types, with the resulting assembly
constituting the species draft genome sequence.

Once a draft genome sequence is constructed, structural
annotation can proceed (Figure 1). Here, features such as
genomic repeats, genes, and noncodingRNAs are identified, a
process that can be informed by closely related model organ-
isms. For example, the well-annotated mouse and human
genomes and structural annotations can be used to help iden-
tify genes in mammalian endangered species, resulting in
higher quality gene and other feature calls than what would
be available without such additional information. Genomic

Raw genomic data

Data QC

Genome assembly

Repeats and noncoding annotation

Gene finding

Genomic resources

Functional assignment

Figure 1: Overview of genomic resource development steps. Raw
data is quality controlled and then assembled. Repeats and noncod-
ing features are structurally annotated and used tomask the genome
sequence. Genes are then called on this masked sequence, followed
by functional assignment. Genome assembly, repeats, noncoding
features, and genes constitute basic genomic resources.

data from more closely related species (e.g., domestic bovine
genome for endangered bovine species) can be used, if avail-
able [32]. Typically, repeats are first identified and used to
mask the draft genome sequence, a step necessary to help
reduce false positive gene calls resulting from transposable
elements and other nongene features. Noncoding RNA
molecules are also identified, generally with homology- and
motif-basedmethods. Genes are then identified on the repeat
masked genome sequence, informed by closely related model
organismal sequence, and, if transcriptome data from the
target endangered species is available, these transcript data as
well. Once genes have been identified, functional assignments
can be made via homology to related species functional
annotation, homology versus compiled databases such as the
NCBI NR database (http://www.ncbi.nlm.nih.gov/refseq/),
the Uniprot database (http://www.uniprot.org/), Conserved
Elements from Genomic Alignments (CEGA, http://cega
.ezlab.org/) [33], and motif-based methods such as those
leveraged with InterProScan (http://www.ebi.ac.uk/Tools/
pfa/iprscan5/).

These genomic resources, including the (1) draft genome
sequence, (2) structural annotation, and (3) functional anno-
tation, form the basis of all subsequent genomic analyses
(Figure 1). Whereas a high depth of sequencing is required
in development of the draft genome sequence itself, compara-
tively very low coverage is all that is needed to assess genomic
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traits of further individuals.While Illumina recommends 30x
coverage for accurate single nucleotide polymorphism (SNP)
and short insertion and deletion (indel) identification, it is
typical to perform such analyses using much lower coverage
on the order of 10–15x. It is common to sequence tens of
individuals together (provided with identification labels such
as multiplex identifiers, MDs) in a single sequencing unit
and then bioinformatically separate by individual and analyze
the resulting sequence data on a per-individual basis [34].
Such methods form a powerful mechanism on which we
analyze large numbers of individuals for very low cost. A per-
individual and practically exhaustive genomic fingerprint, or
the identification of all SNPs and indels in each individual,
allows direct comparison between all available members in
an endangered species population [35–37].

3. Comparative Genomics Approaches

Just as comparative physiology and comparative anatomy
offer a context for appreciating the mechanisms underlying
variation in form and function, comparative genomics aids
in elucidating conserved and divergent genetic mechanisms
associated with specific phenotypes. Comparative genomics
methods represent undervalued, yet extremely powerful
tools for exploring patterns of shared and divergent biology
between pairs of organisms’ genomes [38]. Unlike well-
studied model organisms, such as mouse and dog, captive
endangered species are relatively poorly studied, and the pos-
sibility of developing knockouts or transgenic strains of
endangered species expressly for experimental exploration
of their biology is not a feasible option. Subsequently, the
rate at which functionally important genomic signals are
identified in endangered species lags significantly behind
the rate for typical model organisms. In fact, sometimes
genomics sequence data provides relatively little benefit for
endangered species conservation efforts, even well after the
genomics resources have been produced and deposited into a
public database/repository.This is not a consequence of poor
genomic quality, but rather the challenge in translating the
raw genomic data into management informing knowledge.

Of particular interest are comparative genomics
approaches that can rapidly identify functionally important
genomic regionswith implications for health and disease.The
mouse is one of the most widely studied genetic models in
the world, resulting in the production of mouse lines having
mutations in over one-third of the genes encoded in the
mouse genome [39]. The International Mouse Phenotyping
Consortium (IMPC) is a collaborative functional genomics
effort between laboratories in America, Germany, United
Kingdom, France, Canada, China, and Japan. The IMPC has
characterized phenotype data for approximately 2000 mouse
genes and plans to have a total of 5000 genes characterized
by 2016 [40]. The Mouse Genome Database (MGD) is a
central repository for mouse functional genomics data and
resources including phenotype annotations for mouse genes.
Functional annotation in the form of ontologies, such as the
Gene Ontology and Mammalian Phenotype Ontology [41],
is integrated with the mouse genome.

The tremendous wealth of mouse genomic data can be
employed to enable discovery in endangered species through
ortholog-based mapping (Figure 2) of mouse phenotype
annotations onto endangered species genomes (Figure 3).
Such an approach would provide a set of one-to-one ortho-
logs in an endangered species with which phenotypes exper-
imentally identified in the mouse can be associated. Com-
bining these phenotype associated orthologs with functional
genetic variation, such as missense mutations in critical
residues of highly conserved domains andnonsense or frame-
shift mutations occurring at the N-terminal portion of
protein coding genes, offers high confidence candidates for
alleles likely tomodulate specific phenotypes.These potential
genotype-phenotype relationships can serve as the founda-
tion for identifying members of the endangered species pop-
ulation that may be at risk for undesirable phenotypes.

Genomes from domesticated species, such as the dog,
cat, and chicken, have also proved useful in the management
of endangered species. For example, comparative genomics
approaches using domestic cat MHC loci have been used to
quantify MHC diversity in endangered felids including the
Florida panther and the cheetah. This information provides
a metric for assessing population susceptibility to emerging
immunological threats such as bacteria and viruses [42].
Evolutionary conservation of short tandem repeat polymor-
phisms between domestic cat and cheetah facilitated the
creation of PCR-primers capable of amplifying polymorphic
loci in the cheetah to determine population-level genetic
diversity in this endangered species [43].

Similarly, the dog genome has been used to identify short
tandem repeat markers in the maned wolf, a threatened
species in Brazil [44]. The red wolf is an endangered species
that suffers from coyote introgression. Microsatellite markers
have been developed to identify hybrids in the population and
remove them in an effort to conserve the red wolf [45].

The value of model genomes for management of endan-
gered species was exemplified in the development of chicken-
condor comparative physical maps [9, 10] that were subse-
quently used to ultimately develop genetic tests for iden-
tifying condors at risk for producing offspring with unde-
sirable phenotypes. The utility of comparative genomics in
the conservation of endangered species will continue to be
valuable, especially as new and improved tools and resources
for comparative genomics are developed in the future.

4. Enhanced Management via Collaborative
Genetic Association Studies

The identification of genetic variants within genes implicated
in specific phenotypes provides a framework for identifying
members of the endangered captive population that might be
at risk for clinically relevant phenotypes [46]. It is important
to make the distinction between validated genetic associa-
tions that are identified in typical genetic association studies
and the bioinformatics based identification of genotype-
phenotype candidates [47]. These candidates are not proven
to be associated with the phenotypes. However, the compar-
ative genomics association these orthologs have with their
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Figure 2: Identifying one-to-one orthologs between two genomes.The foundation of comparative genomics rests upon the ability to leverage
annotation in a well-annotated genome in order to make inferences about genes in an undercharacterized genome. High sequence identity
exists between orthologs (yellow genes, best hits) and paralogs (red genes, nonbest hits); however, paralogs are known to diverge in function
much faster than orthologs. In order to achieve high confidence genotype-phenotype relationships via comparative genomics, it is essential
to differentiate between orthologs and paralogs. Although complex relationships exist between orthologs, such as many-to-many and one-to-
many/many-to-one, the most reliable annotation will be derived from one-to-one orthologs. The reciprocal best hit method for identifying
orthologs successfully identifies one-to-one orthologs between two genomes if and only if the orthologs are the top hits to each.

mouse counterparts offers evidence for their involvement in
related phenotypes within the captive population.

Unlike domesticated species, such as cats and dogs,
endangered species are at risk of extinction [48], and there-
fore an urgency to incorporate high confidence predictions
in the management is justifiable. It is worthwhile to mention
that, unlike the commercial veterinary environment where,
for example, proven canine genetic diagnostics may be sold
to enhance the clinical management of a pet, there is rela-
tively little financial incentive to develop commercial genetic
diagnostics for endangered species as their population size
is unlikely to provide an acceptable economic return on the
initial investment [49].

Another critical distinction to point out is that predicting
the increased susceptibility for a particular undesirable phe-
notype is not the same as stating a particular member of the
specieswhichwill eventually have the undesirable phenotype.
Rather, it is the first step in a bidirectional communication
exchange between scientists and personnel managing the
species (SSP managers, zoo veterinarians, and zoo animal
caretakers) (Figure 5). Management plans for endangered
species rely uponmultiple stake holders including veterinari-
ans, conservation organizations, and zoos [50]. In particular,
the value of the phenotype predictions is immediately real-
ized at the level of the individual member of the endangered
captive species, even if the prediction turns out to be a false
positive. As an illustration, consider an endangered species

in which a subset of the population has been annotated as
potentially having an increased risk for certain phenotypes.
If this information is made available to the zoo veterinarian,
these “at-risk” annotated animals may receive additional
scrutiny when presenting with signs associated with the
predicted clinical phenotype. For example, an animal that is
predicted to have an increased risk for bladder cancer may be
more likely to benefit from earlier detection of disease if zoo
keepers are aware that an increased rate of urination may be
indicative of a problem. Regardless of whether or not the ani-
mal actually has the disease, the management is informed by
the genomics knowledge, which ultimately effectively triages
members of a captive population in a way that maximizes
their care, health, and well-being in captivity.

Just as the sharing of genomics information from the
scientist to the zoo provides amore informedmanagement of
the endangered population [3, 51], sharing of the diagnosed
phenotype information from the zoo veterinarian to the
scientist provides feedback on the predictions and allows
the scientist to refine and ultimately identify those predicted
genotype-phenotype associations for which multiple clinical
assessments have provided statistically significant evidence
of a true genotype-phenotype relationship. Because each zoo
that containsmembers of a captive population can contribute
to the clinically relevant phenotyping, open communication
among scientists, veterinarians, and zoo staff forms the basis
of a genetic association study within the captive population
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Figure 3: Comparative genomics approach to mapping phenotypes. Functional genomics information within a model organism genome,
such as the mouse genome, can provide relevant and high confidence information about genes in other mammalian genomes. Nine mouse
genes associated with phenotype data obtained from knockout (KO) strains of mice are represented in the top left corner of Figure 3. The
resulting bladder cancer related phenotypes are indicated by the colors of the individual genes and the corresponding colors on the lower
left corner of Figure 3. The mouse genes are mapped to their one-to-one orthologs in the target genome of an endangered mammalian
species. The resulting locations of the orthologous genes are annotated with the same phenotype as the mouse gene. Blue: increased urinary
bladder carcinoma incidence; yellow: increased urinary bladder transitional carcinoma incidence; pink: abnormal urinary bladder urothelium
morphology; and green: urinary bladder inflammation. Once the phenotypes are mapped to the target genome, SNPs most likely to disrupt
the orthologs in the endangered species (nonsense mutations and frameshift mutations) provide potential genotype-phenotype associations
that mirror the phenotypes observed in knockout mice.

[52]. If every member of an endangered captive population is
classified as either susceptible or nonsusceptible to a specific
phenotype, based on bioinformatics based predictions of
functional polymorphism consequences, it becomes possible
to assess the increased relative risk (if any) associated with
that particular genotype or allele.

In this particular “clinical-management” application of
genotype-phenotype predictions, the information is only
used to more effectively identify and medically manage the
members of the captive population. Moreover, at this stage,
the information does not need to be included in the breeding
program. In fact, individual SSPs can decide when (if ever) to
include predicted/verified genotype-phenotype relationships
in the selection of breeding pairs. One plan for incorporating
genotype-phenotype relationships in the breeding program
might be based on the validation of the association based
on multiple years of zoo veterinarians treating susceptible
and nonsusceptible individuals. Threshold parameters for

inclusion in a breeding programmight include the calculated
increased relative risk of the clinical phenotype associated
with the genotype. Alternatively, the decision can consider
the overall prevalence of the clinical phenotype within the
captive population as well as the implications for population
members that acquire the undesirable phenotype.

5. Predictive Modeling of Prevalence and
Allele Frequency to Infer Relative Risk

The potential value in using genomic information to identify
individuals at risk for an undesirable clinical phenotype
depends upon the overall prevalence of the undesirable phe-
notype (disease) in the total captive population, as well as the
prevalence of the susceptibility genotype (exposed) and the
prevalence of the disease in the individuals with the suscepti-
bility genotypes (disease in exposed group). As an example,
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Figure 4: Predictive modeling of disease prevalence and allele frequencies. The value in using genomic information to predict individuals at
risk for an undesirable clinical phenotype depends upon the prevalence of the undesirable phenotype (disease) in the total captive population,
the prevalence of the susceptibility genotype (exposed), and the prevalence of the disease in the individuals with the susceptibility genotypes
(disease in exposed group). The 2 × 2 matrix in the figure provides example values for a hypothetical endangered captive population of 100
individuals for which a disease phenotype has a population prevalence of 30%. The abbreviations “E+” and “E−” correspond to exposed
and nonexposed, respectively. In this model, the exposed group has the allele/genotype(s) associated with the undesirable phenotype, while
the nonexposed group does not have the susceptibility allele. Genotype-phenotype predictions, based on drastic SNP occurrence in genes
associated with comparative genomics phenotype annotations derived from knockout mouse models, allow classification of members of
the endangered species population into either a susceptible or less-susceptible class. Through bidirectional communication among zoo
veterinarians, SSPs, zoo staff, and genomics scientists, genotype-phenotype predictions may be validated. Threshold values for increased
relative risk in the exposed group, along with threshold levels of allele/genotype frequencies in the E+ and E− groups, will affect the success
in employing such an approach for captive species management, as will the mode of inheritance (e.g., autosomal recessive versus autosomal
dominant).

consider an endangered captive population of 100 individu-
als, for which the overall prevalence of disease is 30%,
the prevalence of the susceptibility genotype is 30%, and
the prevalence of the disease within the exposed group is
70% (Figure 4). This population would have an increased
relative risk of 5.4 within the exposed group compared to the
nonexposed group. This model assumes that some individu-
als without the susceptibility genotype(s) also have the
undesirable phenotype, which more appropriately models
polygenic and complex genetic traits. Similarly, this model
assumes that some individuals with the susceptibility
genotype do not have the undesirable phenotype due to
incomplete penetrance. In this scenario, the 95% confidence
interval for increased relative risk of the exposed group
is 3.55 to 8.35 while the overall population relative risk is

2.33. Likewise the exposed group’s odds ratio is 15.82 with
the 95% confidence interval of 5.54 to 45.13 and the overall
population odds ratio is 2.91.

A considerable number of studies investigating the rela-
tionships between allele frequency and disease in domes-
tic animal species have been reported recently. These
reports provide a framework for considering the relationship
between inherited disease phenotypes and their relationship
with specific alleles and/or genotypes. For example, one study
investigated a specific mutation in SOD1 and the prevalence
of canine degenerativemyelopathy in a population ofGerman
shepherd dogs concluded that the association of the allele
with the disease supported genetic testing in clinical applica-
tions [53]. The study results showed that 8 of 50 dogs exhib-
ited homozygosity and additional 19 dogs were heterozygous.
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Figure 5: Bidirectional communication validates genomics predictions and enhances management. A communication network consisting of
genomics scientists (red), species survival plan members (green), zoo animal caretakers (purple), and zoo veterinarians (blue) is illustrated
schematically showing some of the possible communication paths and associated role of stakeholders in the network. Genomics scientists can
provide genomics knowledge in which specificmembers of the endangered captive population are annotated as “susceptible” to an undesirable
clinically relevant phenotype (red stars). Members of the population that are considered to be less susceptible are shown as well (dark blue
stars). Red arrows originating from the genomics scientists and pointing atmembers of the captive populationwithin zoos (red stars) represent
the genomic knowledge applied to the captive population. Zoo veterinarians provide clinical assessment of phenotypes (blue circles around
either red or dark blue stars) and subsequently validate genomics predictions. Species survival plan members select breeding pairs (green
circle surrounding two stars) which can be informed by genomics information. For example, animals that are carriers for autosomal recessive
undesirable phenotypes can be bred with partners that do not contain the undesirable allele, thereby allowing maximized genetic diversity
while simultaneously minimizing the production of offspring with undesirable phenotypes. Zoo animal caretakers interact with the animals
on a daily basis and provide and implement treatment and husbandry plans as well as serving as the eyes and ears for the endangered species.
Purple arrows originating from the zoo animal caretakers and pointing to stars represent daily interactions of the zoo staff with the animals
in the capacity of health, husbandry, breeding, socialization, and enrichment. The large colored arrows between the four stake holder’s boxes
represent examples of the types of bidirectional communication that can occur within the network to maximize the value of all information
for the benefit of the endangered captive population.

Of the dogs homozygous for the undesirable allele that were
greater than 8 years old, 42% exhibited a pelvic limb ataxia
phenotype while none of nonataxic dogs were homozygous.

Another study investigating a retinal degenerative disease
allele in 41 cat breeds determined that the undesirable allele
frequency ranged from a high frequency of 33% to a low
frequency of 2% in the 16 breeds in which it was detected.
Clinical evaluations demonstrated a high correlation between
the allele and the pathological phenotype. The authors con-
clude that, in breeds with the highest allele frequency, 7 to
13% of the individuals within the breed would be expected to
develop the disease [54].

Finally, a 2010 study of polysaccharide storage myopathy
in horses, caused by a mutation that had been identified in
over 20 different horse breeds, determined that the prevalence
of inherited susceptibility to the undesirable phenotype
varied within these breeds from high prevalence of 62% to
low prevalence of 0.5%. The management implications for

this genetic information included (1) strategies for breed asso-
ciations to consider screening for this specific mutation and
(2) use of the undesirable allele as an “alert” for veterinarians
to more closely evaluate a horse for myopathy related clinical
signs such as altered gait, muscle pain, and rhabdomyolysis
[55].

In these scenarios, the relationship between allele fre-
quency and disease prevalence (or incidence) depends upon
the mode of inheritance. In practice, the threshold limit
of minor allele frequency in the population as well as
the population disease prevalence will affect the ability
to successfully employ genotype-phenotype predictions in
endangered captive populations. Since the clinical assessment
of undesirable phenotypes is required to validate a particular
prediction, the frequency with which members of the species
are clinically assessed each year will contribute to the rate at
which validation can occur. Ultimately, for some phenotypes
in certain species, this approach may not be viable; however,
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true value in this approach lies in cases where an autosomal
recessive genotype-phenotype relationship can be established
in the endangered captive population. This knowledge can
be applied to more effectively manage breeding by selecting
breeding pairs that minimize the production of the undesir-
able phenotype by allowing only propagation of carriers.This
“carrier-only” approach canmaximize genetic diversity in the
captive population by including affected individuals in breed-
ing programs, especially if they are prolific breeders, while
minimizing the production of affected offspring produced by
these carriers of undesirable traits.

Ultimately, genomic resources coupled with per-individ-
ual genomic fingerprints can lead directly to highly improved
endangered species management. For example, deleterious
mutations can be identified by examining how each SNP and
indel impact the gene in which the mutation is found. Highly
impactful SNPs, such as those interrupting a coding region,
can be mapped on a per-individual basis. If phenotypes are
available in sufficient numbers of individuals, thesemappings
can be used tomap genomic traits to the phenotype of interest
using techniques such as whole genome association studies
(GWAS). Where phenotype data is not sufficiently available,
these mappings can be used to infer likely nondesirable
configurations and used in a similar fashion on a per-indi-
vidual basis. For example, if a gene has been identified
and predicted to provide a phenotypically relevant function,
variationmappings across individuals can be used to separate
those likely healthy from those likely unhealthy. Such results
can be directly applied to development of individualized
health plans and to guide breeding strategy.

6. Paradigm Shift in Management Culture

The challenge in effectively applying genomics knowledge to
themanagement of endangered captive species arises through
a combination of various stake holder opinions and assump-
tions coupled with the limitations posed by a small highly
prized population, for which individuals are easily perceived
as devalued via undesirable health labels (i.e., phenotypes).
Part of the issue lies in the perceived value or quality of a
particular member of the species. For example, if a zoo seeks
to participate in an SSP’s breeding program for a particular
species, acquiring an animal that may produce less desirable
offspring may be problematic. Currently, an animal may be
included or excluded from a breeding program based on the
SSP’s determination of its impact on genetic diversity of the
population as determined by mean kinship calculations [56].
It also may be excluded from breeding due to the presence
of an undesirable phenotype or chromosomal abnormalities
[57]. If genomic-based information was to identify a greater
number of individuals with a genotype linked to that pheno-
type, some stakeholders fear that more genetically valuable
animals would be excluded from the breeding population.
However, it is not required (or even preferable) to remove
such “undesirable” genetic variants from the population. The
power of genomics in captive endangered species may be to
identify targeted breeding strategies that would minimize the
impact of such variants phenotypically while stillmaintaining
acceptable genetic diversity. In fact, removing all individuals

with undesirable phenotypes from the breeding pool can
result in considerable loss of genetic diversity and may even
permanently remove low frequency polymorphisms of high
value from the endangered captive population.

In order to maximize the value of genomics information
in the management of captive endangered species, all stake-
holders must appreciate the utility genomics knowledge can
bring to management decisions. Successful application of
genomics information in captive management will require
a shift in management culture to integrate the use of the
burgeoning information from the variety of resources now
available to those entrusted with the care of these animals.
Just as important, in order to achieve the maximum benefit
that genomic information can offer, bidirectional communi-
cation must occur between caretakers managing the health
of the endangered animals and scientists mining the genetic
information. A shared database containing phenotypic infor-
mation for each species, including physical characteristics
and variations, physiologic parameters and ranges, and dis-
ease prevalence and expression, would be invaluable for func-
tional genomics investigations. Similar databases have been
previously developed for use in the breeding of transgenic
mice [58]. Ultimately, conservation efforts will benefit from
a prioritized commitment to value shared knowledge among
all stakeholders.

The benefits of using genomics can enhance the role of
zoos and SSPs by giving us knowledge about the health and
attributes of a specific animal much earlier in that animal’s
life than our current and traditional process of waiting for
and observing traits and symptoms only when they become
physically apparent [59].This can be tremendously beneficial
to breeding programs as more will be known about each ani-
mal at a much earlier point in their breeding career, allowing
for healthier matches and better long term genetic outcomes
for the species.

Endangered species are the ideal species for the use
of genomics knowledge for a number of reasons. There is
tremendous public interest in and support for endangered
species and the programs to preserve them. Therefore uti-
lizing new science-based approaches, especially those that
have no negative impact on the endangered individuals them-
selves, will enhance the public standing of the facilities and
groups involved. By illustrating the value of genomics infor-
mation in endangered species and themanagement decisions
their protection requires, we can shift the paradigm for
many conservation stakeholders and ultimately benefit many
species fairly rapidly.

7. Conclusion

The successful conservation of wild and captive endangered
species will undoubtedly evolve as genomics knowledge
becomes more widely applied to management decisions.
Functional genomics, as applied to conservation genetics in
animal populations, entails understanding how the genome
of an individual animal or the collective genomic properties
of a population influences the well-being and survival of
that individual or population. Genomics knowledge, such
as sequence data, polymorphism data, and gene expression



10 International Journal of Genomics

data, provides an unprecedented opportunity to consider the
entire genome to better understand how genetics contributes
survival for a particular species. Just as comparative physiol-
ogy and comparative anatomy offer a context for appreciating
the mechanisms underlying variation in form and func-
tion, comparative genomics aids in elucidating conserved
and divergent genetic mechanisms associated with specific
phenotypes. Of particular interest are comparative genomics
approaches that can efficiently and effectively identify func-
tionally important genomic regions with implications for
health and disease. Model organism genomes, from animal
species, such as the mouse, dog, and cat, have already
contributed to advances in the management of endangered
felids and canids. As bioinformatics algorithms and pipelines
become more sophisticated, the identification of genetic
variants within genes implicated in specific phenotypes will
facilitate identifying members of the endangered captive
population that might be at risk for clinically relevant phe-
notypes. Such individuals can be given additional medical
scrutiny to maximize the opportunity for early detection of
clinically important conditions. Additionally, this genomic
information can be used to bettermanage breeding programs,
for example, to limit the production of homozygous auto-
somal recessive undesirable phenotypes. However, to most
effectivelymaximize the value of genomics information in the
management of captive endangered species, all stakeholders
must appreciate the utility genomics knowledge can bring to
management decisions. Successful application of genomics
information in captive management will require a shift in
management culture to integrate the use of the burgeoning
information from the variety of resources now available to
those entrusted with the care of these animals.
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The ability of natural populations to withstand environmental stresses relies partly on their adaptive ability. In this study, we
used a subset of the Drosophila Genetic Reference Panel, a population of inbred, genome-sequenced lines derived from a natural
population ofDrosophila melanogaster, to investigate whether this population harbors genetic variation for a set of stress resistance
and life history traits. Using a genomic approach, we found substantial genetic variation for metabolic rate, heat stress resistance,
expression of a major heat shock protein, and egg-to-adult viability investigated at a benign and a higher stressful temperature.
This suggests that these traits will be able to evolve. In addition, we outline an approach to conduct pathway associations based
on genomic linear models, which has potential to identify adaptive genes and pathways, and therefore can be a valuable tool in
conservation genomics.

1. Introduction

Understanding the genetic architecture of quantitative com-
plex traits is a central topic in modern biology, with applica-
tions ranging within evolutionary genetics, animal and plant
breeding, conservation biology, and human health. Linkage
analyses and candidate gene studies have been used to
gather information about the genetic basis of many complex
phenotypes in a range of organisms, but usually with limited
power to identify the causal loci. Linkage analyses rely on
the joint inheritance of a small number of markers within
families with known kinship. Candidate gene studies rely on
a set of preselected genes; thus, many causal genes are likely

to be missed because of incomplete genetic knowledge of the
trait [1–3].With the availability of full genome sequence data,
genetic polymorphisms among individuals, or within pop-
ulations, can be investigated, and genome-wide association
studies (GWAS) have become increasingly popular as a tool
for finding causal loci [2].

Theprinciple ofGWAS is to associate the phenotypic vari-
ation with genetic polymorphism (single-nucleotide poly-
morphisms (SNPs) and/or other polymorphic molecular
variants) with the assumption that SNPs are in linkage
disequilibrium (LD) with nearby causal variants or that the
SNPs themselves are causal. For an increasing number of
species, the genome has been sequenced, and combined
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with advances in bioinformatics, GWAS can be performed
on model- as well as nonmodel organisms [4, 5]. How-
ever, studies using model organisms, including Drosophila
melanogaster, continue to play an important role in gain-
ing increased knowledge about the genetic architecture of
complex traits. Studies on this species have contributed
to elucidating the genetic architecture of complex traits,
including traits associated with stress resistance [6, 7]. The
D. melanogaster Genetic Reference Panel (DGRP) [6] has
often been used in such studies. DGRP is a genetic tool
which allows researchers to assay a large number of replicated
individuals with the same genotype from hundreds of inde-
pendent, inbred, genome-sequenced lines.

The outcome of GWAS is typically a list of the most sig-
nificant SNPs. This ignores much of the remaining variance
due to the conservative statistical nature of such analyses.
This is unfortunate because genetic variants with small effects
are likely to be missed, and even variants with large effect
may not be among the top hits [8, 9]. Although valuable,
the potential gain from GWAS is therefore currently not
utilized sufficiently, and alternative analytical approaches are
warranted to further exploit the potential use of full genome
sequence data. Approaches which utilize prior biological
knowledge to group SNPs (hereafter referred to as SNP-set)
have been proposed to alleviate the issue of type-I error rates
in analysis of large genome data sets [8–11].

Increasing evidence from studies relying on full genome
approaches indicates that most traits have very complex
genetic architectures and that they are influenced by often
hundreds of interacting genes, each with a small effect on the
phenotype and by genetic and environmental interactions [6–
8, 12–15]. Accordingly, associated variants are nonrandomly
distributed across the genome and are enriched within genes
that interact through pathways and biological networks [12].
Such associated variants would be captured easier if based
on a SNP-set based association approach where SNPs are
grouped according to their physical proximity to a gene
within a pathway. It can be argued that such an approach
will increase the probability of finding true associations.
In addition, by reducing the number of independent tests
performed from the total number of SNPs (often millions) to
the number of pathways (typically thousands), less restrictive
statistical corrections for type-1 errors are needed. Analyzing
the combined effect of many SNPs with small effect sizes
might therefore increase the probability of finding causal
variants [16].

In the present study we use a subset of the DGRP
(21–27 lines depending on the trait assessed) to investigate
five traits related to life history and environmental stress
resistance in D. melanogaster. We use a SNP-set approach in
which we aggregate SNPs based on knowledge of biological
processes (here gene ontologies (GOs)) and associate the
phenotypic variation with genomic variation. We investigate
whether these traits harbor genetic variation for five fitness-
related phenotypes: egg-to-adult viability under benign and
stressful temperatures, heat stress resistance, expression of a
major heat shock protein (Hsp70), and metabolic rate. The
capability of a genotype to produce an egg that successfully
develops into an adult fly and the ability to withstand

increasing stressful temperatures are key fitness traits of
major importance for the abundance and distribution of
insect species [17]. Metabolic rate is known to influence
functional traits such as longevity [18–20] and resistance to
desiccation and starvation [21, 22]. Knowledge of the genetic
variation and identification of possible pathways involved in
explaining phenotypic variation in these traits is therefore
of major importance for understanding species distribution
and local adaptation and genomic tools are predicted to have
important applications in conservation genetics in the future
[23].

2. Material and Methods

2.1. Drosophila Stocks. A subset of the Drosophila Genetic
Reference Panel (DGRP) [6] was obtained from Bloom-
ington Drosophila Stock Center (NIH P40OD018537) (see
Table S1 of the Supplementary Material available online at
http://dx.doi.org/10.1155/2016/2157494). The flies were main-
tained on a standard oatmeal-sugar-yeast-agar Drosophila
medium at 25∘C and a 12-hour light/dark cycle.

2.2. Phenotypic Assays

2.2.1. Egg-to-Adult Viability. The proportion of eggs which
successfully develop to adulthood was assessed at two devel-
opmental temperatures: a benign temperature (25∘C) and
a lightly stressful temperature (28∘C). For each line and
temperature 200 eggs were collected. At benign temperature,
forty eggs were placed in five vials per line, and at the
high temperature twenty eggs were placed in ten vials per
line. Emerging flies were counted daily until all flies had
emerged. To approximate Gaussian distribution data arcsine2
was transformed.At benign and stressful temperatures 27 and
26 lines were assayed, respectively.

2.2.2. Heat Stress Resistance. Approximately 24 females from
27 lines were placed into individual glass tubes (24 × 15mm)
with lids. Tubes were randomized and placed on a rack
that was submerged into a water bath heated to 37∘C. Flies
were constantly monitored after submersion, and heat stress
resistance was measured as the time from placement in
the water bath until the animal became comatose (i.e., not
moving any body parts).

2.2.3. Metabolic Rate. From the rate of CO
2
-production

(�̇�CO
2

), metabolic rate was estimated using repeated stop-
flow respirometry, as described in Jensen et al. [24]. Mea-
surements were conducted in 16 parallel metabolic chambers
(glass cylinder, 20 × 70mm) over a period of 24 hours.
Measurements were performed on groups of individuals with
approximately 18 five-day-old females per line per metabolic
chamber. On average, nine replicates per line were obtained.
Each day measurements were obtained for 13 lines (and
three empty controls chambers). To avoid dehydration flies
had access to a solution of 4% sugar and 2% agar (0.3mL
placed on a 15 × 15mm paper). The estimate of standard
metabolic rate was obtained using the average of the three
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lowest measurements of �̇�CO
2

over the 24-hour period at
25 ± 1∘C (see Jensen et al. [24] for details and discussion).

The stop-flow respirometry system enabled analysis of
the cumulative CO

2
production for a given period as the

metabolic chambers were sequentially open (3 minutes for
measurement) and closed (45 minutes while CO

2
accumu-

lates). The system was controlled by two parallel 8-channel
multiplexers (RM Gas Flow Multiplexer, Sable Systems, Las
Vegas, Nevada, USA). Opening allowed airflow of CO

2
-

striped dry air (soda lime column removes CO
2
, MERCK

Millipore, Darmstadt, Germany) to flush the chambers at
a fixed rate of 200mLmin−1 controlled by a mass flow
controller (MFC 2-channel v. 1.0, Sable Systems, Las Vegas,
Nevada, USA) connected to a flow controller (Side-Trak�,
Sierra Instruments, Monterey, California, USA). Air leaving
the metabolic chambers passed through a calcium chloride
column (AppliChem, Darmstadt, Germany) before entering
the CO

2
analyzer (Li-6251 CO

2
Analyzer, LI-COR Envi-

ronmental, Lincoln, Nebraska, USA) to remove water. The
temperature inside one metabolic chamber was registered by
a data logger (iButton� Data Loggers, Maxim, Sunnyvale,
California, USA) and data were extracted by OneWireViewer
(Maxim, Sunnyvale, California, USA). All flies were stored
in a −80∘C freezer after measurements and the dry weight
(Sartorius Microbalance, type MC5, accuracy ± 1 𝜇g) was
obtained after drying for 24 hours at 60∘C such that �̇�CO

2

could be expressed as 𝜇L CO
2
produced per hour per mg dry

weight.

2.2.4. Expression of Heat Shock Protein 70 Following Heat
Stress. From each of 21 DGRP lines 10 five-day-old (±24 h)
adult females were transferred to plastic tubes with screw
cap and exposed to 35∘C for 1 hour (a temperature known
to induce a heat shock response; see [25]). Flies were subse-
quently allowed to recover at 25∘C for 1 hour before being
frozen at −80∘C. Hsp70 expression was quantified in three
replicates of approximately 10 flies for each line by ELISA,
using the monoclonal antibody 7.FB which specifically binds
Hsp70 inD.melanogaster [26], using the procedure described
in Sørensen et al. [27]. Prior to analysis the data were
corrected for plate effect by equalizing the mean (the same
mean on the three plates).

2.3. Quantitative Genomic Analyses

2.3.1. Genomic Data. SNP data, major inversions, and
Wolbachia status were obtained from http://dgrp2.gnets
.ncsu.edu/ [6, 28]. The complete set of DGRP lines har-
bors 1,496,037 polymorphic markers with a minor allele
frequency > 0.05. Because we used a subset of the DGRP
lines monomorphic markers were observed. These were
removed prior to analyses. The number of lines assayed
varied among traits; thus the number of SNPs analyzed
differed as well (metabolic rate: 1,179,43 SNPs, heat stress
resistance: 1,231,310 SNPs, Hsp70 expression: 1,115,889 SNPs,
egg-to-adult viability at benign condition; 1,231,310 SNPs, and
egg-to-adult viability at light stressful condition: 1,216,721
SNPs).

2.3.2. Quantitative Genetic Parameters. Variance compo-
nents and genomic effects were estimated using the REML
algorithm implemented in the Regress package [29] for R [30]
by fitting the linear mixed model y = Xb + Zg + 𝜀, where
y was a vector of phenotypic values, b was a vector of fixed
effects (i.e., Wolbachia status, five major polymorphic inver-
sions (In(2𝐿)𝑡, In(2𝑅)𝑁𝑆, In(3𝑅)𝑃, In(3𝑅)𝐾, and In(3𝑅)𝑀𝑜),
and experimental block effects), g was a vector of random
genomic effects, and 𝜀 was a vector of the residuals. X and Z
were design matrices linking fixed and genomic effects to the
observations. The genomic and residual effects were defined
as g ∼ 𝑁(0,G𝜎2g) and 𝜀 ∼ 𝑁(0, I𝜎2

𝜀
). The additive genomic

relationship matrix, G, was computed based on all genomic
markers as G = WW/𝑚, where 𝑚 was the total number of
markers and W was a centered and scaled genotype matrix
(i.e., mean(w

𝑖
) = 0 and var(w

𝑖
) = 1). Each column vector of

W was w
𝑖
= (𝑎
𝑖
− 2𝑝
𝑖
)/√2𝑝

𝑖
(1 − 𝑝

𝑖
), where 𝑝

𝑖
was the minor

allele frequency of the 𝑖th marker and 𝑎
𝑖
was the 𝑖th column

vector of the allele count matrix,A, containing the genotypes
encoded as 0, 1, or 2, counting the number of minor alleles
[31].

The genomic variance captured by common SNPs was
computed as ℎ2SNP = 𝜎2g/(𝜎

2

g + 𝜎2
𝜀
), and genomic (and raw

phenotypic) correlations among the traits were computed
as Spearman’s rank correlation. The 95% confidence interval
(CI) for ℎ2SNP was obtained using a bootstrap procedure;
observations were sampled 10,000 times with replacement
obtaining the same number of observations as the true data.
In each round ℎ2SNP was estimated, and the 95% CI was then
obtained as the 2.5% and 97.5% quantiles of the bootstrap
samples.

2.3.3. Pathway Association. We used a pathway based
approach to identify sets of SNPs with association with the
traits. Firstly, SNPs were annotated to genes within a 5KB
region using variant annotation fromFlyBase (v.FB5.46) [32].
Secondly, based on the gene annotation, SNPs were grouped
into gene ontologies (GOs) using the annotation packages
GO.db [33] and org.Dm.eg.db [34] from Bioconductor [35].
Three types of GO classes were obtained: biological processes
(BP), molecular function (MF), and cellular components
(CC). Sets of SNPs were only included if they containedmore
than 10 genes, and the number of markers was >199. The
numbers of markers included in the pathway association for
BP, MF, and CC were 616.010, 562.938, and 549.372 SNPs,
respectively.

The pathway based approach tests whether a particular
SNP-set has a more extreme signal of association than a ran-
dom group of SNPs. A summary statistic (𝑇sum), measuring
the degree of association of one set of SNPs, was computed as
the sum of the 𝑛marker effects (�̂�

𝑖
) within the given pathway;

thus 𝑇sum = ∑
𝑛

𝑖=1
�̂�
𝑖
. The marker effects (ŝ) were computed

from the predicted genetic effect ĝ as ŝ = W(WW)−1ĝ.
Using a permutation approach the observed summary

statistic for a SNP-set was compared to an empirical distri-
bution of summary statistics for a random set of SNPs of the
same size. As a consequence of LD, nearby SNPs will likely
be correlated; this will affect the distribution of the summary
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Table 1: Diagonal elements (italicized numbers) are estimated SNP heritabilities and the 95% bootstrap confidence interval in parentheses.
Off-diagonal elements are genomic and raw phenotypic correlations. Below the diagonal are the Spearman rank correlations of genomic
values (ĝ) with associated 𝑝 values and above the diagonal are the Spearman rank correlations coefficients of line means with associated 𝑝
values. Numbers in bold are correlations with a 𝑝 < 0.05.

Metabolic rate Heat resistance Hsp70 Viability benign Viability stress
Metabolic rate 0.53 (0.38–0.60) 0.10 (0.66) 0.06 (0.29) 0.12 (0.59) 0.14 (0.50)
Heat resistance 0.30 (0.16) 0.41 (0.33–0.47) −0.19 (0.41) 0.16 (0.42) 0.14 (0.51)
Hsp70 0.19 (0.41) 0.09 (0.70) 0.38 (0.04–0.43) −0.25 (0.27) −0.16 (0.49)
Viability benign 0.24 (0.26) −0.19 (0.34) −0.49 (0.02) 0.73 (0.60–0.77) 0.70 (0.00)
Viability stress 0.21 (0.33) −0.03 (0.87) −0.44 (0.05) 0.72 (0.00) 0.76 (0.70–0.79)

statistics. To account for this correlation structure we used a
procedure where we let a vector of observed marker effects
be ordered according to the SNPs physical position in the
genome, which then were linked to GOs.The elements in this
vector were numbered 1, 2, . . . , 𝑁.The permutation consisted
of two steps. (1) Randomly pick an element (ŝ

𝑗
) from this

vector. Let this 𝑗th marker effect (ŝ
𝑗
) be the first element

in the permuted vector and the remaining elements ordered
ŝ
𝑗+1
, ŝ
𝑗+2
, . . . , ŝ

𝑚
, ŝ
1
, ŝ
2
, . . . , ŝ

𝑗−1
according to their original

numbering. Thus, all elements from the original vector were
shifted to a new position and starting with ŝ

𝑗
and ending with

ŝ
𝑗−1

.Themapping of GOswas kept fixed according to original
mapping. (2) A summary statistic was computed for each
SNP-set based on the original mapping of GOs. Hereby, the
link between SNPs and pathway was broken while retaining
the correlation structure among marker effects. Steps (1)
and (2) were repeated 10,000 times and from this empirical
distribution of summary test statistics a𝑝 value was obtained.
The empirical 𝑝 value corresponds to a one-tailed test of
the proportion of randomly sampled summary statistics
that were larger than the observed summary statistics. We
assigned individual pathways as significant if 𝑝 < 0.005.

2.3.4. Overlapping Pathways. A consequence of the small
number of lines investigated was limited statistical power to
detect causal variants. Therefore, we investigated whether we
observed shared patterns across traits in the rankings of the
pathways. For each class of pathways (i.e., BP,MF, and CC) an
incidence matrix with 𝑛 rows corresponding to the number
of SNP-sets and 𝑚 columns corresponding to the number of
traits (𝑚 = 5) was constructed. If the summary statistic for
a SNP-set was below the threshold level (here 𝑝 < 0.05) the
corresponding element in the incidence matrix was set to 1,
otherwise to 0. The observed overlap was then compared to
an empirical distribution of the overlap. For a total of 10,000
times the elements within each column were permutated and
the overlap among columns was recorded. The probability
of the overlap was estimated under the null hypothesis of
independent association among traits. We determined the
empirical 𝑝 value of a one-tailed test as the fraction of all
random permutations that was larger than or equal to the
observed overlap among traits at the 5% level.

2.3.5. Partitioning of Genetic Variance within Pathways. To
dissect the genetic contribution of the associated pathways,
the genetic variation within pathway was decomposed to

gene level. Pathway-specific genetic effects of the 𝑥
𝑗
genes

constituting the pathways (f̂
𝑓
) were computed as f̂

𝑓,𝑥
𝑗

=

∑
𝑚
𝑥𝑗

𝑖=1
w
𝑓,𝑥
𝑗
,𝑖
ŝ
𝑖
, where ŝ

𝑖
was the genomic effect of the 𝑖th

marker computed and𝑚
𝑥
𝑗

was the number ofmarkers within
the gene𝑥

𝑗
.Thus, if aGOhas the genetic effect ĝ

𝑓
and consists

of 𝑥 genes, then ĝ
𝑓

= ∑
𝑥

𝑖=1
f̂
𝑓
. A measure of the genetic

variation for each feature per gene adjusted for the number
of SNPs within gene (Var𝐹) was computed as V̂ar𝐹

𝑥
𝑗

=

Var(f̂
𝑓,𝑥
𝑗

)/𝑚
𝑥
𝑗

.

3. Results and Discussion

In the present study we used a subset of the DGRP to
investigate whether genetic variation existed for five fitness-
related phenotypes, namely, the proportion of eggs that
develop to adulthood at two environmental conditions, a
benign and a mildly stressful temperature, resistance to acute
heat stress, induction of a major heat shock protein (Hsp70),
and metabolic rate estimated from CO

2
emission rate.

We found substantial phenotypic variation for all
five traits (Figure 1, Table S2). In addition, genotype-
by-environmental interaction (GxE) was observed for
egg-to-adult viability, as the DGRP lines were not affected
equally by the higher, stressful temperature (Figure 1(a)).
The phenotypic variation was decomposed into a genomic
(𝜎2g) and a residual effect (𝜎2

𝜀
) from which the proportion

of phenotypic variation captured by common SNPs was
computed, that is, ℎ2SNP. Metabolic rate, heat stress resistance,
and Hsp70 expression all showed intermediate heritability
estimates, whereas the two egg-to-adult viability traits
both had high estimates (Table 1). Despite the low number
of DGRP lines assayed the bootstrap CI supported the
magnitude of the heritability estimates, except for Hsp70
expression (Table 1). The very broad CI for Hsp70 expression
was probably a consequence of the few number of lines
assayed for this trait (Table S1).

Correlation of the raw phenotypic values showed a
significant correlation between the two egg-to-adult viability
traits (Table 1). By correlating individual genomic effects sig-
nificant negative correlations were found between expression
of Hsp70 and the two egg-to-adult viability traits (Table 1),
and a high positive correlation between the viability traits
at the two temperature conditions was found (Table 1).
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Figure 1: Distribution of DGRP phenotypes for the five assayed traits. Each panel shows the mean phenotypic value (error bars indicate
standard error) for each assayed DGRP line. Lines are ordered after increasing egg-to-adult viability at benign condition. (a) Egg-to-adult
viability expressed in percentage at benign condition (circles) and at lightly stressful condition (squares). Black dots indicate the difference
in viability between the two environments, genotype-by-environmental interaction (GxE); (b) time to heat knockdown (min); (c) Hsp70
expression; and (d) metabolic rate measured as CO

2
emission rate.

The discrepancy between the correlations based on the raw
phenotypic values and the genomic effects could be due to
accounting for random and fixed effects by the mixed model.
However, no strong signals were found when testing the
individual fixed effects (Table S3). Infection with Wolbachia
and the five major inversions are however known to affect
trait phenotypes [28]; thus, these were kept in the model.
Also, accounting for the fixed effects will take up additional
degrees of freedom. However, the pathway association is
not dependent on degrees of freedom; thus, this does not
influence the power of the pathway test.

Based on the trait-specific individual genomic effects the
trait-specific genomic marker effects were computed. Using
the pathway association approach we tried, despite the rather
low number of lines being assessed, to investigate whether
some pathways had a more extreme signal of association
than others. Pathways were divided into three categories:
biological processes (BP, 689 GOs), molecular functions (MF,
239 GOs), and cellular components (CC, 161 GOs). With an
arbitrary significance threshold of 𝑝 < 0.005 the expected
numbers of false-positives were three GOs in BP, one GO in
MF, and below one GO in CC. For metabolic rate nine BP,
two MF and four CC had a 𝑝 < 0.005 (Table S4), which were
more than expected by chance. Three MF and one BP were
associated with heat stress resistance, and three of each class
were associated with Hsp70 expression (Table S4). Two or

fewer GO within each class were associated with the egg-to-
adult viability traits (Table S4). With exception of metabolic
rate, the number of GOs below the threshold value was
near the expected number of false-positives. Because of the
apparent limited statistical power, we investigated whether
we could identify general patterns of “association” across
traits. Using a less conservative threshold level we computed
overlaps of GOs with a 𝑝 < 0.05 across traits (Tables 2, 3,
4, and S5). We found statistical evidence for overlapping GOs
betweenmetabolic rate andHsp70 expression (15 BP and four
MF in common, Tables 2 and 3) and between egg-to-adult
viability investigated at the two temperatures (11 BP, six MF,
and four CC in common) (Tables 2, 3, and 4).

Genetic variation is necessary for populations to adapt to
variable and at times stressful environments. Using a model
system, we found substantial phenotypic variation for the five
traits related to fitness and environmental stress resistance
(Figure 1). The DGRP lines were originally inbred to an
inbreeding coefficient of∼1 [6]; thus, the phenotypic variation
was a consequence of genomic difference among the lines.
The DGRP was established from a natural D. melanogaster
population [6]; thus our results illustrate natural genetic
variation, and therefore adaptive potential, formetabolic rate,
heat stress resistance, Hsp70 expression, and egg-to-adult
viability at benign and stress conditions (Table 2). Compared
to, for example, morphological traits, fitness components
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Table 2: Biological processes (a total of 689 GOs). Diagonal elements (italicized numbers) are the number of GOs with a 𝑝 < 0.05. The
off-diagonal elements show the number of elements shared between traits. Numbers in bold indicate a significant overlap. At a 𝑝 value of 0.05
one can expect 35 false-positive SNP-sets to be assigned as significant and two SNP-sets assigned as overlapping.

Metabolic rate Heat resistance Hsp70 Viability benign Viability stress
Metabolic rate 49
Heat resistance 2 23
Hsp70 15 1 39
Viability benign 4 0 3 24
Viability stress 4 1 4 11 30

Table 3: Molecular function (a total of 239 GOs). Diagonal elements (italicized numbers) are the number of GOs with a 𝑝 < 0.05. The off-
diagonal elements show the number of elements shared between traits. Numbers in bold indicate a significant overlap. At a 𝑝 value of 0.05
one can expect 12 false-positive SNP-sets to be assigned as significant and one SNP-set assigned as overlapping.

Metabolic rate Heat resistance Hsp70 Viability benign Viability stress
Metabolic rate 14
Heat resistance 2 12
Hsp70 4 1 17
Viability benign 1 1 0 16
Viability stress 2 2 0 6 13

Table 4: Cellular component (a total of 161 GOs). Diagonal elements (italicized numbers) are the number of GOs with a 𝑝 < 0.05. The off-
diagonal elements show the number of elements shared between traits. Numbers in bold indicate a significant overlap. At a 𝑝 value of 0.05
one can expect eight false-positive SNP-sets to be assigned as significant and one SNP-set assigned as overlapping.

Metabolic rate Heat resistance Hsp70 Viability benign Viability stress
Metabolic rate 11
Heat resistance 0 6
Hsp70 2 0 14
Viability benign 2 0 1 12
Viability stress 1 1 2 4 7

are generally believed to have low heritability due to, for
example, directional selection that removes additive genetic
variation [36]. However, here we report high heritability
estimates for the egg-to-adult viability traits assessed at
benign and stressful temperatures. Others have reported
substantial lower estimates for lifespan, fecundity, and egg-to-
adult viability [37, 38].These contradictions could result from
overestimation caused by limited sample size in our study.
However, the estimated heritability for Hsp70 expression
was in the range of what has previously been reported [39],
thereby supporting our estimates. With respect to metabolic
rate our estimate was higher than other reported vales for
Drosophila [40, 41] butwas consistentwith estimates obtained
from bird populations [42, 43]. Lastly, the estimate for resis-
tance to abrupt exposure to high temperatures was similar
to other estimates for Drosophila [44] and different species
of fish [45, 46]. Overall these results point to evolutionary
adaptive potential for the traits investigated. Recent studies
do however suggest that terrestrial ectotherms, endotherms,
and plant species have limited potential to change their upper
thermal limits [47, 48], which could be a consequence of
hard physiological boundaries [47]. Why do our results then
point to rather high evolutionary potentials in traits related

to coping with high temperatures? For such comparison to
be valid, the traits compared need to be similar, and it has
been shown that measuring response to heat stress using a
static approach (i.e., abrupt exposure to a high temperature)
and that using a ramping approach (i.e., a gradual increase in
temperature) are not two identical traits [49]. It has also been
shown that the more ecological relevant approach (ramping)
results in lower heritability estimates than the static approach
[49], which we used in this study.Thus for heat resistance the
results obtained in this studymay not be ecologically relevant.

We found strong, significant negative genomic corre-
lation between expression of a major heat shock protein
and the two egg-to-adult viability traits and high positive
genomic correlation between the two viability traits (Table 2).
Egg-to-adult viability at 28∘C was on average reduced by
21% compared to the viability at 25∘C (Figure 1); however,
the magnitude was not equal for all lines, indicative of
genotype-by-environmental interaction. Studies have shown
that resistance to one type of environmental stresses often has
fitness costs in terms of reduced longevity or other life history
traits [50–52].Therefore, it could be hypothesized that energy
spent on expression of stress response proteins, for example,
Hsp70, reduces the resources available for survival. Thus,
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Table 5: Genes within associated GOs that explain >20% of the genetic variation within GO.

Trait/gene ID Gene name Selected evidence from FlyBase [32]
Metabolic rate

Gr28b Gustatory receptor 28b Feeding behavior, immune response, and thermosensory behavior
fz Frizzled Wnt pathway, G-protein receptor activity, and Notch signaling
bru Brunelleschi Meiosis cytokinesis

dl Regulation of glucose metabolic processes, regulation of gene
expression, and immune response

Fife Regulation of neurotransmitter secretion
Heat resistance

CG8745 Arginine catabolic processes to glutamate
CG8888 Metabolic processes
Syt1 Synaptotagmin 1 Calcium ion binding and neurotransmitter secretion
Snap25 Synaptosomal-associated protein 25 kDa SNAP receptor activity and SNARE complex

Hsp70 expression
fz Frizzled Wnt pathway, G-protein receptor activity, and Notch signaling
CG2807 Precatalytic spliceosome
Irc Immune-regulated catalase Response to oxidative stress
CG16941 Mitotic nuclear cell division
Pxd Peroxidase Response to ethanol
app Approximated Zinc ion binding
bin3 Bicoid-interacting protein 3 Regulation of translation
SoYb Sister of Yb Yb body

Viability benign
Baldspot Fatty-acid biosynthesis
GstS1 Glutathione S transferase S1 Glutathione metabolic process
Sply Sphingosine-1-phosphate lyase Sphingolipid metabolism

Viability stress

Mkp3 Mitogen-activated protein kinase
phosphatase 3 Regulation of MAPK

Timeout DNA damage checkpoint
14-3-3𝜀 Determination of adult lifespan and regulation of growth

a similar correlation could be expected between metabolic
rate and egg-to-adult viability, but this was not observed.
However, we did observe a significant overlap in the top GOs
for metabolic rate and Hsp70 expression, which does suggest
genomic correlations at pathway level.

Biological interpretation from associated GOs is difficult,
especially with limited statistical power to detect pathways.
However, in our study, we have shown an efficient method
to compute individual markers’ effects and subsequently
a summary statistic for a set of markers. Despite limited
statistical power, which we admittedly have in this study,
some biological relevant pathways were identified. For exam-
ple, GO:0000149 is a group of genes related to the SNARE
complex, which was associated to heat stress resistance (Table
S4). Several members of the heat shock protein family are
implicated in the sustenance of synaptic function, and during
synaptic transmission of vesicular content, for example, neu-
rotransmitters, heat shock proteins bind to the SNARE com-
plex [53]. Another GO associated with heat stress was a group
of genes related to oxidoreductase activity (GO:0016614,

Table S4). In plants it has been shown that heat shock proteins
can protect oxidoreductase complexes [23]. With respect
to the GOs associated with metabolic rate several different
typeswere identified rangingwithin transportation of vesicles
(GO:0006891), cell division (GO:0008356), and regulation
of several pathways (e.g., GO:0048786, GO:0016791, and
GO:0010951). This might illustrate that metabolic rate is a
complex trait influenced by many genes and that the pheno-
typic variation in metabolic rate is a function of variation in
other biological functions within individuals.

Partitioning of genetic variation within the associated
pathway to genetic variation per gene (corrected for number
of genetic markers within gene) showed that most of the
GOs had the same overall pattern, namely, relative few genes
within each GO contributed to the overall genetic variation
(Figure 2 and Table S6). Moreover, a limited number of
genes explained more than 20% of the within GO genetic
variation (Tables 5 and S6). Only one gene, Frizzled, was in
common among traits, between metabolic rate and Hsp70
expression, in this reduced list of genes (Table 5). Frizzled
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Figure 2: Partitioning of genetic variance of associated GOs to the genes constituting each GO. Proportion of variance per gene (per SNP)
was standardized. Each square indicates one gene, and the size of the point indicates the relative proportion of variance explained by that
gene. Asterisks (∗) indicate a truncation of the gene list. The exact values and the gene IDs can be found in Supplementary Table S6.

is associated with the Wnt signaling pathway, which pro-
motes cell proliferation, alters key metabolic proteins, and
is involved in whole-body energy homeostasis [54]. One of
the genes that explained a large proportion of the genetic
variation, associated with egg-to-adult viability at stressful
conditions, wasMkp3, which is a gene in the MAPK cascade.
Heat shock activates heat shock proteins which are regulated
by the MAPK cascade [55]. Also, associated with heat stress
resistance was snp25, a gene in the SNARE complex. As
discussed in the previous paragraph, heat shock proteins bind
to the SNARE complex. Lastly, one of the genes capturing a
large fraction of the genetic variance within a GO for Hsp70
expression was Irc, which has been predicted to be associated

with oxidative stress [32], and Hsp70 expression is known to
be a biomarker for oxidative stress [56].

Despite the obvious statistical power limitations associ-
ated with the number of DGRP lines assessed in this study,
we found more GOs than expected by chance, some of
which seem to have important biological functions. More
importantly, we found substantial genetic variation, thus
evolutionary adaptive potential, for all five traits investigated
supported by the relative narrow bootstrap CI for four of the
traits.

With the advances in sequencing technologies genomic
approaches have been suggested as promising tools for
conservation genetics. Neutral markers have predominately
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been applied in population and conservation genetics to
describe loss of genetic variation, population structure, and
so forth.However, using neutralmarkers tomonitor the effect
of environmental changes in a population is limited because
the loss of variation will only decrease significantly if the
population size is greatly reduced [57]. Therefore, genomic
approaches, in which all polymorphic markers are used, may
increase the accuracy on estimates of genetic diversity [58].
Further, with genomic approaches, it is possible to assess
adaptive genes, which must harbor loci that contribute with
a substantial part of the genetic variation to the traits of
interest [57, 58]. Therefore, in a conservation perspective,
there is a need to identify genes influencing life history and
stress resistance traits. Obtaining genotypes and phenotypes
of individuals from wild populations is often challenging but
achievable. For organisms lacking reference sequences and
proper annotations, gene regions may be predicted using
traditional bioinformatic approaches. However, to achieve
reliable and accurate results, the sample size must be large
and therefore such approaches may not be feasible for natural
populations. Thus, using genomic knowledge of key traits
from model populations, such as the DGRP, to wild popu-
lations may be an alternative. Investigating and identifying
genes and gene complexes associated with key traits for
laboratory organismsmay be used as guides for identification
of variants with adaptive significance in wild populations.

4. Conclusions

In the work presented here, we used a subset of the DGRP to
investigate traits related to fitness and environmental stress
resistance. As the environment changes, populations need to
be able to adapt to these changes to survive. Using the DGRP
we found substantial genetic variation for metabolic rate,
heat stress resistance, expression of Hsp70, and egg-to-adult
viability at two environmental conditions. In addition, we
found evidence for genotype-by-environmental interaction
for viability. Using a genomic pathways association approach,
we attempted to locate pathways displaying association with
the traits investigated. This approach can be extended to
nonmodel organisms or provided as a genomic tool for
identification of adaptive genes in model organisms and thus
provide a potential use for conservation genomics.
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In recent years the human microbiome has become a growing area of research and it is becoming clear that the microbiome of
humans plays an important role for human health. Extensive research is now going into cataloging and annotating the functional
role of the human microbiome. The ability to explore and describe the microbiome of any species has become possible due to
new methods for sequencing. These techniques allow comprehensive surveys of the composition of the microbiome of nonmodel
organisms of which relatively little is known. Some attention has been paid to the microbiome of insect species including important
vectors of pathogens of human and veterinary importance, agricultural pests, andmodel species. Together these studies suggest that
the microbiome of insects is highly dependent on the environment, species, and populations and affects the fitness of species.These
fitness effects can have important implications for the conservation and management of species and populations. Further, these
results are important for our understanding of invasion of nonnative species, responses to pathogens, and responses to chemicals
and global climate change in the present and future.

1. Introduction

Themicrobiomes, including bacteria, fungi, and viruses, live
within and upon all organisms and have become a growing
area of research. With the advances of new technologies it
is now possible to entangle complex microbial communities
found across animal kingdoms.

Recent advances in molecular biology have provided new
possibilities to investigate complex microbial communities
and it has become clear that the vast majority of bacteria
living in/on other animals cannot be cultured. It is now
commonly accepted that at least 80% of the total bacterial
species in the human gut cannot yet be cultured [1, 2].

High-throughput DNA sequencing approaches provide
an attractive and cost-effective approach to investigate the
composition and functions of the host microbiome. The
culture-independent analysis of the host microbiome can
be obtained by either metagenomic approaches or amplicon

sequencing using specific marker genes. Amplicon sequenc-
ing provides a targeted version of metagenomics with a
specific genetic region shared by the community members
of interest. The amplified fragments derive from universal
primers and are usually assumed to produce sequence read
abundance that reflects the genetic diversity in the studied
sample and hence sequence read abundance should reflect
the genetic diversity in the studied sample. The amplified
fragment typically contains phylogenetic or functional infor-
mation, such as the 16S ribosomal RNA gene. 16S rRNA
gene sequences are well studied and provide excellent tools
for microbial community analysis [3], but other functional
marker genes can also be used [4]. Subsequent taxonomy
profiling of the entiremicrobial communities is conducted by
comparisons to reference sequences or by de novo clustering
of specific regions of sequences. Functional profiling of
metagenomics is more challenging since major parts of the
metagenomic data remain insufficiently characterized and
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frequently samples are contaminated by host DNA or traces
from the diet. Compared to both culture-dependent and
more traditional molecular approaches such as sequencing of
clone libraries and DGGE, amplicon sequencing approaches
allow a more in depth analysis of the complete microbiome
and are less restricted to the number of samples to be
investigated. For further technical details see, for example,
Caporaso et al. [3].

2. The Microbiome of Animals

The Human Microbiome Project (HMP) [1] was initiated
in 2007 and with this it has become clear that the human
microbiome is highly diverse and complex. The number
of microorganisms sharing the human body is thought to
outnumber human cell numbers by a factor of ten and the
combined microbiome usually contains 100x more genes
than its host. The microbiome also plays a major role in
human health [5] and both composition and alterations in
the microbiome have been found associated with diabetes,
inflammatory bowel disease, obesity, asthma, rheumatoid
arthritis, and susceptibility to infections [6–11].

In recent years the microbiome of a number of vertebrate
nonhuman species has been sequenced including livestock
[12, 13] and wildlife species such as the Tasmanian devil [14],
red panda [15], giant panda [16], black howler monkey [17],
and koala [18].

Insects are the most diverse and abundant groups of
animals on earth [19] and have colonizedmany different habi-
tats. It is therefore not surprising that insect species are also
inhabited by large anddiversemicrobial communities playing
a pivotal role for insect biology. Many insect species are
inhabited by a large and diverse assembly of microorganisms,
where especially the microbial communities in the intestinal
tract have received much attention [20–22]. Some insect
species show a much more diverse microbiome compared
to other insect species. For example, the microbiomes of
some synanthropic flies, such as the green bottle fly, show
high diversity compared to other species such as fruit flies or
mosquitoes [23–25]. The high species richness could reflect
the lifestyle of synanthropic flies, for example, breeding and
living by animal manure, bedding, and/or decaying organic
matter rich in microorganisms.

The microbiome of other groups of invertebrates has also
been established although for a limited number of species.
Studies have compared the microbiome of different species
of marine invertebrates with or without photosynthetic sym-
bionts including five families of marine invertebrates [26].
Marine species of commercial interest such as oysters have
also been addressed [27].

The microbes of soil invertebrates have received some
attention.The gut microbes of soil animals play an indispens-
able role in the digestion of food and are of ecological impor-
tance in the global carbon cycle. Recently, research reported
that like that of terrestrial insects some soil invertebrates
such as collembolans, earthworms, and nematodes contain
a rich microbiome and putative symbionts [28–30]. Further,
results have shown how differences in diet among earthworm

ecological groups lead to the establishment of different bac-
terial communities [28]. Moreover, perturbation of the soil
ecosystem could impact earthworm gut wall-associated bac-
terial community composition and hence earthworm ecology
and functioning. Even though the microbial community in
invertebrates like that of collembolans and earthworms is not
fully addressed, there is convincing evidence that intestinal
communities can contribute to the degradation of recalcitrant
biological materials such as chitin and lignocellulose [28, 29,
31].

3. Factors Affecting the Animal Microbiome
and the Biological Significance

To begin with all microorganisms were seen as pathogens
causing infectious diseases to the host. The host immune
system of eukaryotes was built to eliminate these intruders,
but at the same time tolerating its own molecules. However,
we now know that the association between eukaryotic hosts
and the microorganisms is far more complex. With the
advances in molecular biology, such as next generation
sequencing, it is now possible more specifically to address the
association between a host and its microbiome. In animals
the association between the host and its microbiome can
take many forms and includes symbiotic and pathogenic
associations [20]. Symbioticmicrobiomes can be beneficial to
the hosts in many ways, including dietary supplementation,
host immune system, and social interactions [21, 32]. In
many insects, the gut symbionts are essential for survival and
development and suggest the presence of a core microbiome
[33]. The symbionts need not to be completely dependent
on the host and animal-microbial interactions can be flexible
and facultative and the host can carry different symbionts at
different times [20].The association between the host and the
microbiome is also affected by a large number of abiotic and
biotic factors and can involve the immune system, nutrition,
reproduction, communication, and many other systems of
the host [2, 34–36].

The number of studies addressing the role of the micro-
biome on animal health is limited and almost entirely
restricted to human studies. However, a large number of stud-
ies have addressed the role of single bacterial symbionts on
animal fitness, where especially insect species have received
much attention [37–39]. There is now a growing interest in
understanding what factors can affect the microbiome of
animals in order to understand how fitness is affected and
to explain differences between ecosystems, species, and/or
populations. The composition of the bacterial communities
of animals including invertebrates and vertebrates seems to
be shaped by multiple factors, such as the host genotype
[22, 23, 40, 41], diet [17, 34, 37, 42], life stage [43], laboratory
rearing [34, 43, 44], and the ecological and physiological
conditions of, for example, the gut of the insect [22]. Further,
recent studies have proposed that the microbiome impacts
the nutritional supplementation, tolerance to environmental
perturbations, and maintenance and/or development of the
immune system [20].

Some invertebrates lack the complexity and diversity
of associations with microorganisms. Such insect model
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systems allow investigations that aim to understand the
contribution of specific bacteria and the entire micro-
biome towards host physiological processes. For example,
Drosophila melanogaster provide a promising model system
to address some of these issues and for this species it is
possible to rear axenic flies. Next generation sequencing
approaches can provide an in-depth analysis of the functional
roles of specific groups of bacteria and the entire microbiome
on the fitness of the host. Results on D. melanogaster have
shown how the microbiota affects developmental rate and
changes metabolic rates and carbohydrate allocation under
laboratory conditions [32]. Similarly functional analysis of
themicrobiome of ants also suggests large capacity to degrade
cellulose [45] and that metabolic functions of microbes
in herbivorous species play a role in fixing, recycling, or
upgrading nitrogen [46]. Hypothesis has also been proposed
to describe that gut microbiomes might facilitate insect her-
bivory and that variation in the ability to consume chemically
defendedplants can be partly explained by variation in the gut
microbiome [47].

Recent studies have highlighted the importance of the
microbiome not only in shaping the immune system but
also in the context of host pathogen transmission processes
(for reviews see [20, 48]). An example hereof is that the
success of malaria infections is not only influenced by the
mosquito innate immune responses and genetics but also
affected by the composition of the gut microbiota and is in
fact one of the major components affecting the outcome of
mosquito infections [24]. Studies have also suggested that
abiotic factors can affect the microbiome of disease vectors
and thus vector competence of the host [25, 35]. Similarly the
epidemics of human pathogens transmitted by insect vectors
correlate with environmental factors [49, 50] suggesting that
the vector competence of insect vectors is affected both
indirectly and directly by environmental factors [35, 51, 52].

The recent interest in the importance of the microbiome
on tolerance to environmental perturbations [38, 39] has
revealed the presence of single bacterial species and mainly
endosymbionts with large impact on, for example, temper-
ature tolerance (for review see [39]). Temperature can affect
the host directly or indirectly through either abundance of the
symbiont or efficiency of transmission to the offspring [53–
55]. At present it is unclear to what degree single strains of
bacteria play a dominant role in tolerance to environmental
factors or if interactions between bacteria of the microbiome
are dominant. The recent advances in molecular biology and
implementation of statistical analysis allow more specific
hypothesis to be tested on effects of the microbiome on
tolerance to, for example, environmental stress.

4. Conservation and
Implications for Conservation

Changes in the microbial community have been shown to
affect fitness of humans and other species as described above.
However, the implications of changes in the microbiome for
animal conservation have only been addressed in a limited
number of studies even though the implications are many.

Several studies using next generation sequencing ap-
proaches have addressed the comparison of the microbiome
of laboratory populations or individuals kept in captivity with
that of wild animals [14, 15, 18, 34, 44] or of single species in
habitats influenced by different degrees of human behavior
[17]. Results show that species across taxa living under
laboratory conditions or affected by habitat fragmentation
show less diverse microbiomes compared to wild species.
Thus species are jeopardized not only directly by degraded
habitats with reduced resource availability but also indirectly
through diminished microbiomes. It is thus essential that
future studies address the microbiome and how habitat
fragmentation impacts the microbiome in different species
and how species with less diverse microbiomes perform
under these conditions.

It is essential that we address the importance of the
microbiome of other species rather than humans and the
impact it has on their health status. For larger species such
as primates this can be difficult and often only correlative
evidence exists or can be achieved through a functional
annotation of themicrobiome [14, 17]. For example, in a study
by Amato and coworkers [17] it was shown that beneficial
fermenters, acetogens, and methanogen bacteria were more
abundant in black howler monkeys inhabiting evergreen
rainforest compared to individuals from fragmented habitats.
The latter group also contained higher numbers of sulfate-
reducing bacteria producing undesirable end products such
as H
2
S.This strongly suggests that habitat fragmentation will

affect not only the microbiome of the host but also host
fitness.

Similarly, keeping animals under captivity and main-
taining breeding populations are likely to affect animal
microbiomes. This is often undertaken in order to protect
or increase abundance of rare species aiming at releasing
species into the wild again. However, if the microbiomes
of the individuals being released are affected, this is likely
also to affect fitness compared to that of wild individuals
and will subsequently reduce the probability of successful
reintroduction into the wild. This is supported by studies
on humans and mice where results have shown that obesity
causes shifts in gut microbiome composition [6, 56]. Similar
nutritional conditions could be expected for individuals
kept in captivity. Molecular approaches allow researchers to
establish entire microbiomes of animals and thus also test if,
for example, it is possible to acclimate animals before being
released into the wild. Optimizing environmental conditions
of species in captivity could potentially ensure successful
management and reintroduction.

It has been suggested that engineering microbiomes can
be used to improve plant and animal health [57]. How
this can be incorporated into conservation is unclear. It is
standard to employ basic principles of genetics into breeding
strategies for endangered species in zoos or captivity, but the
microbiomes evolutionary potential has been ignored also in
conservation biology.

Inbreeding has been suggested to affect the demography
and persistence of natural populations and play an important
role in conservation biology [58]. Recent work shows that
inbreeding depression in bird and mammal populations
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significantly affects birth weight, survival, reproduction,
and resistance to disease, predation, and environmental
stress [59]. Inbreeding depression is expected to change the
proportions of homozygotes and thus also heterozygotes.
Consequently recessive deleterious mutations are likely to
be expressed. As fitness of animal populations is expected
to be affected by genotype of the host and the microbiome
and interaction between the two it is also likely that the
microbiome will be affected by inbreeding depression either
directly or through interaction with the genotype of the host,
not only because the genepool is diminished but also because
of a compromised immune system.

Microbiome analysis of wild populations has shown that
the microbiome is dependent on the surrounding habitats
as discussed above. This information might be used as a
sensitive screening tool to establish populations affected by
habitat fragmentation [17] and possibly also the effect of
inbreeding. The strong signal from the diet [17, 34, 37, 42]
suggests that the microbiome can also be used as a screening
tool of diet preferences and to protect critical food resources
or habitats for endangered species. However, it is essential
that we fully understand the temporal and spatial changes in
the microbiome if we are to use it as a screening tool.

The microbiome can provide protection of the host from
pathogens either through stimulation of the immune system
or through competitive exclusion. However, when animals
are compromised or exposed to unfavorable environmental
conditions the symbionts themselves can act as opportunistic
pathogens [2, 27] or not provide the same degree of protec-
tion. There are examples of how environmental conditions
can affect the microbiome of invertebrates. For example,
studies have shown how changes in temperature have caused
shifts from mutualistic to pathogen dominated communities
in corals [60]. In oysters temperatures over 20∘C can cause
summer mortalities, but temperatures as low as 14∘C will
promote development of brown ring disease in clams [61, 62].
This is important in conservation biology given the fact that
species and populations are or will be exposed to changes in
climate under the future climate scenarios. Host species will
thus be exposed to not only the direct effects of changes in, for
example, temperature but also indirect effects due to change
in abundance or species composition of the microbiome.
These changes can again lead to direct fitness effects on
the host or indirect effects through changes or modification
of the immune response. The microbiome could potentially
also allow organisms to respond on a short timescale and
cope with, for example, changes in climate. In particular, for
species with a long generation time populations might not
be able to adapt to fast changes in climate. However, bacteria
with a short generation time can adapt on a shorter timescale
compared to the host andmay provide fitness advantages that
allow the host to cope with changes in climate. Future studies
should more specifically test if and how the microbiome
affects animals ability to respond to a changing environment.
Such plastic responses can have important implications for
persistence of species or populations at risk in a fluctuating
environment.

Differences in microbiomes may affect invasions. For
example, the interactions between native and nonnative of

closely related species may be affected by the transmission
of bacteria. This also appears to be associated with another
emerging type of invasion, the transmission of infectious
diseases of wild animals to humans [63]. Such transmission
may be associated with factors including changes in human
and nonhuman microbiomes. These interactions also have
important implications for the conservation and manage-
ment of different species within the environment. Some
studies have addressed the microbiome of invasive species
and also compared populations originating from the species
native region with that of invasive regions [64, 65]. For the
invasive snail, Achatina fulica results showed a highly diverse
microbiome and functional analysis revealed a variety of
microbial genes encoding enzymes, which is in agreement
with the wide-ranging diet of this species [65]. Interestingly
in another study comparing the microbiome of the soy-
bean aphid, Aphis glycines from populations of native and
invasive regions showed no differences [64]. Future studies
should address the importance of the microbiome of invasive
species to investigate if single strains of bacteria, the entire
microbiome, or their interactions are major determinants for
a species ability to establish in a new environment and if
invasive microorganisms carried by introduced species affect
native species [66].

5. Conclusions

Recent advances in molecular biology have given new possi-
bilities to establish complexmicrobial communities and it has
become clear that the vast majority of bacteria living in/on
other animals cannot be cultured. One of the most common
methods to describe complex microbiomes is the sequencing
of the bacterial marker 16S ribosomal RNA (16S rRNA) genes
through amplicon sequencing. Studies have shown that the
microbiome plays amajor role in human health, and in recent
years themicrobiomes of an increasing number of nonhuman
species have been investigated. However, the number of
studies addressing the role of the microbiome on animal
health still remains limited. Some studies have discussed the
role of the microbiome on nutritional supplementation, tol-
erance to environmental perturbations, andmaintenance and
development of the immune system.Thus the implications of
changes in themicrobiome for animal conservation aremany
although a limited number of studies have addressed this.
We suggest that a number of factors relevant in conservation
biology could affect the microbiome of animals including
inbreeding, habitat fragmentation, change in climate, and
effect of keeping animals in captivity. Changes in these factors
are thus also likely to affect the fitness of the host both directly
and indirectly. With the development of next generation
sequencing and functional analysis of microbiomes it has
become possible more specifically to test direct hypothesis on
the importance of the microbiome in conservation biology.
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Epigenetic regulation plays important biological roles in plants, including timing of flowering and endosperm development. Little is
known about themechanisms controlling heterochrony (the change in the timing or rate of developmental events during ontogeny)
in Eucalyptus globulus. DNA methylation has been proposed as a potential heterochrony regulatory mechanism in model species,
but its role during the vegetative phase in E. globulus has not been explored. In order to investigate the molecular mechanisms
governing heterochrony in E. globulus, we have developed a workflow aimed at generating high-resolution hypermethylome and
hypomethylome maps that have been tested in two stages of vegetative growth phase: juvenile (6-month leaves) and adult (30-
month leaves). We used the M&M algorithm, a computational approach that integrates MeDIP-seq and MRE-seq data, to identify
differentially methylated regions (DMRs). Thousands of DMRs between juvenile and adult leaves of E. globulus were found.
Although further investigations are required to define the loci associated with heterochrony/heteroblasty that are regulated by
DNA methylation, these results suggest that locus-specific methylation could be major regulators of vegetative phase change. This
information can support future conservation programs, for example, selecting the best methylomes for a determinate environment
in a restoration project.

1. Introduction

Tree species are usually able to tolerate a wide range of
environmental conditions. In fact, they are able to tolerate
a wide range of environmental conditions and, in many
cases, extreme seasonal changes [1]. Some of these organisms
are able to manifest different phenotypes depending on the
environment in which they grow. This phenomenon, called
phenotypic plasticity, has been defined as a change in the
phenotype expressed by a single genotype in different envi-
ronments [2, 3]. Phenotypic plasticity evolves to maximize
fitness when the environment is variable and increases with
latitude [4–6].

Leaf heteroblasty is a significant and abrupt change in
form and function that occurs over the maturation process
(phase change from seedlings to reproductive individuals)
of certain plants [7]. Characteristics commonly affected
include leaf form, size, and arrangement. The earlier and
later stages of leaf development are named juvenile and adult,
respectively. In contrast to phenotypic plasticity, heteroblas-
tic development does not depend on environmental cues.
However, the timing or rate of heteroblastic changes, which
can be referred to as a type of heterochrony—change of
relative timing of events throughout development—can be
modified by the environment [8]. Heterochrony has been
implicated in plant evolution, because it can impact the
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physiology, phytochemistry, or resistance to pests and disease
of certain plants [9, 10]; however it is a plastic response largely
underexplored.

Phenotypic plasticity and heterochrony may interact
to produce a pattern of variation in the leaf phenotype,
even in organisms with little or no genetic diversity. Most
endangered species have lower genetic diversity than related
nonendangered species [11], and phenotypic plasticity and
heterochrony together can increase the possibilities of adap-
tion/persistence. Therefore, knowledge of the molecular
mechanisms regulating both processes could open new alter-
natives to assist conservation programs.

Epigenetic regulation, in particular DNA methylation,
plays an important biological role in plants, including tim-
ing of flowering and endosperm development [12]. Trans-
generational inheritance of DNA methylation can mediate
phenotypic plasticity via novel epialleles and phenotypes
within populations/species [13]. In a review by Pascual et
al. [3] it was shown that the coordination of genetic and
epigenetic mechanisms mediated phenotypic variation in
different plants. For example, in populations of Arabidopsis
thaliana with experimental alteration of DNA methylation,
the overall patterns of variability among the genotypes
indicated that epigenetic changes could affect not only the
short-term environmental responses of plants, but also the
evolutionary potential of important traits and their plasticity
[14]. Similarly, a recent study in invertebrates proposed
that the absence of germline DNA methylation in genes
involved in the response to fluctuating conditions facilitates
phenotypic variation, which could contribute to increased
adaptive potential [15]. In conifers it has been reported
that environment influences a differential DNA methylation
during embryogenesis, inducing differential priming of the
embryos that causes differential capabilities to adapt to
environment [16].

There is little evidence linking epigenetic regulation and
heterochrony. Only a few studies focusing on epigenetic
changes during leaf differentiation and development have
been developed in Arabidopsis [17–19], rice [20], or pine
[21] but none of these species are strongly heteroblastic.
Environmental cues are perceived as input signals for the
microRNA156/SQUAMOSA promoter-binding protein-like
(SPL or SBP box) module and act as a quantitative devel-
opmental clock of phase transitions in plants [22, 23]. The
evidence shows that sugars promote vegetative phase change
through their effect on miR156 [24], but other endogenous
factors could play additional important roles. The same
authors proposed that heritable epigenetic modification of
the miR156 precursor and/or additional chromatin structure
alterations could regulate heteroblasty [24].

Eucalyptus globulus, a tree of Australian origin but cul-
tivated worldwide, is strongly heteroblastic with clear differ-
ences between its juvenile and adult leaves [25]. Jordan et al.
[26] found that genetic association of the timing of vegetative
phase change with growth rate ranged from positive to
negative at different sites. Early phase change may be favored
in warm, wet environments to reduce damage produced by
leaf fungi, but it may also be favored on exposed dry sites
to increase form or plant structure by which it is protected

from desiccation [27, 28]. Genome-wide DNA methylation
maps of many model organisms have been reported, but in
nonmodel organisms like Eucalyptus spp. the methylation
patterns remain poorly studied. These types of maps can
be applied to a wide range of biological problems, using
the analysis of methylation differences between ecotypes or
individuals within species [29–31].

The aim of this study is to set up the required method-
ology and assess the epigenetic changes (hypermethylation
and hypomethylation) related to heteroblasty in E. globu-
lus. Specifically, we want to detect differentially methylated
regions (DMRs) between juvenile and adult leaves of E.
globulus. DMRs are stretches of genomic DNA that have
different DNA methylation patterns. Their natural variation
could guide the conservation management of the species
or the selection of individuals with potentially adequate
methylomes—set of modifications of nucleic acid methyla-
tion in the genome of an organism—for a discrete environ-
mental condition. We expect that the results and experience
from this work could be used for the discovery of key
regulators of heterochrony in future studies, which could be
used to assist conservation programs of threatened species.

2. Materials and Methods

To investigate the molecular mechanisms governing het-
erochrony in Eucalyptus globulus, we applied the M&M
algorithm [32] to identify DMRs related to heteroblasty of
vegetative growth. We used the previously sequenced X46
clone (Mininco SA JGI Project ID: 401875). Ten ramets of
the X46 clone were produced by cuttings, and a genetic
trial was established in the commune of Renaico, province
of Malleco, region of La Araucanı́a, Chile (latitude −37.67,
longitude −72.59). Juvenile leaf material from five plants was
harvested after 6months at nodes 8 to 10,mixed, and stored at
−70∘C. Plants were grown until the vegetative phase change
was evident (after more than 2 years of growth, average 45
nodes), and adult leaf material was collected. Genomic DNA
was extracted using the DNeasy Plant Mini Kit (QIAGEN
Inc.).

The methylation profiles were determined by DNA
sequencing of enriched genomic libraries: (i) hypermethy-
lome (the methylated part of the genome) using immuno-
precipitation of methylated DNA (MeDIP-seq) and (ii)
hypomethylome (the nonmethylated part of the genome)
based on restriction enzymes sensitive to methylation (MRE-
seq).

2.1.MeDIP-seq andMRE-seq LibraryGeneration and Sequenc-
ing. MeDIP-seq is a large-scale purification technique used
to enrich libraries for methylated DNA sequences. It consists
of isolating methylated DNA fragments via an antibody
raised against 5-methylcytosine (5mC). MRE-seq utilizes a
combination of methyl sensitive enzymes to enrich libraries
for unmethylated DNA sequences.

Libraries were generated as previously described in Li et
al. [32], withminormodifications. ForMeDIP-seq, 3500 ng of
isolated DNA was sonicated using 26 pulses of 10 s ON/20 s
OFF (Sonic Dismembrator model 100, Fisher Scientific) to
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a fragment size of 100–500 bp, end processed, and ligated
to paired-end adapters using NEXTflex PCR free DNA
Sequencing Kit (Bioo Scientific). After size selection of 166–
566 bp using Agencourt AMPure XP (Beckman Coulter),
DNAwas heat denatured and then immunoprecipitated using
Methylated DNA IP Kit (Zymo Research), using a mouse
monoclonal anti-5-methylcytosine antibody according to
manufacturer’s instructions. DNA was then purified with
Agencourt AMPure XP (Beckman Coulter) and eluted in
25mL resuspension buffer (10mM Tris-HCl, pH 8.5). DNA
was amplified by 12 cycles of PCR with the standard Illu-
mina index primers. For MRE-seq, three digestion reactions
(HpaII, Acil, and Hin6I; Fermentas) were performed in par-
allel, each with 600 ng of DNA. Ten units of enzyme (except
Acil, which uses five units) were initially incubatedwithDNA
for 3 h, and then additional five units of enzyme were added
to the digestion for a total of 6 h of digestion time. Digested
DNA from the different reactions was combined and purified
using ChiP DNA Clean & Concentrator� (Zymo Research).
The purified DNA was end processed and ligated to single-
end adapters using NEXTflex PCR free DNA Sequencing
Kit (Bioo Scientific). After size selection (166–566 bp) with
Agencourt AMPure XP (Beckman Coulter), the DNA was
amplified by PCR for six cycles.

MeDIP andMRE libraries were sent to theDNASequenc-
ing Facility of the Biotechnology Center at the University of
Wisconsin. Samples were sequenced on an Illumina HiSeq
machine, yielding a total of 204millionMeDIP-seq reads and
236 million MRE-seq reads. The reads were mapped to the
latest Eucalyptus grandis genome assembly (v2.0) [33], using
BWA-MEM Li [34] with default settings.

2.2. Use of M&M Algorithm to Detect DMRs. We used
an algorithm named M&M [32] that integrates data from
both MeDIP-seq and MRE-seq to detect DMRs. M&M is
available as anR package called “methylMnM.” Briefly,M&M
integrates MeDIP-seq and MRE-seq by dynamically scal-
ing, normalizing, and combining the datasets and provides
exact 𝑝 value and 𝑞-value for different sample comparison.
The coverage of MeDIP and MRE sequencing data and
genomic CpG information were calculated for each 2000 bp
genomic bin. Before applying the M&M method, we gen-
erated two input files: (1) CpG sites of each window and
(2) MRE-CpG sites of each window. To generate file (1)
we used the script fasta2bed.py (Computational Genomics
Analysis Tools CGAT 0.2.3), and to calculate (2) we used
a script created specifically for this project (discussed at
https://www.biostars.org/p/86480/). DMRs between devel-
opmental stages were identified using the M&M algorithm
with default parameters in the R environment (version
v.2.12.1). Briefly, the coverage ofMeDIP andMRE sequencing
data and genomic CpG information were calculated for
each 2000 bp genomic bin. Scaffolds were excluded from
the analysis. DMRs with a 𝑞-value of 1E − 7 were selected
for analysis. Several statistical functions are implemented
in the methylMnM package: “MnM.test()” to calculate the
probability that the methylation levels of the two samples
within each bin were different, “MnM.𝑞value()” to estimate
𝑞-values based on all the 𝑝 values, and “MnM.select-DMR()”

to select significant DMRs based on a cutoff of 𝑞-value
< 1E − 4. The output files contained genomic locations
of statistically significant DMRs and their MeDIP-seq and
MRE-seq values (in RPKM), as well as 𝑝 values and 𝑞-
values. The absolute values of genomic regions are negative
log
10
-transformed 𝑞-values. If the value is negative, it rep-

resents hypermethylation in the vegetative juvenile sample
and hypomethylation in the vegetative adult; if the value
is positive, it represents hypomethylation in the vegetative
juvenile sample and hypermethylation in the vegetative adult.
Mapping results and detected DMRs were visually inspected
with theGenomeView software [35] using default parameters.

3. Results and Discussion

3.1. Sequencing Results. For each developmental stage, we
constructed one sequencing library using two complemen-
tary technologies: MeDIP-seq and MRE-seq. These libraries
were sequenced to generate 446 million reads in total
(Table 1), of which 387 million were mapped to the E. grandis
genome covering at least 50%. We note that MeDIP-seq
data has less mapping efficiency. Li et al. [32] explained this
because relatively more MeDIP-seq reads are derived from
repetitive regions of the genome, which are often heavily
methylated. Some reads from repetitive regions cannot be
mapped uniquely. In line with expectations MRE-seq scores
were inversely correlated with MeDIP-seq scores.

The two sequencing signals covered nonoverlapping
regions as expected, but some adjacent genomics regions
showed overlapping signals (Figure 1).

3.2. Identification of DMRs. The main aim of this work was
the determination of the local DNA methylation changes
between two developmental phases (i.e., vegetative juvenile
and vegetative adult). We only considered CpG methylation
and applied the M&M algorithm to our data to identify
DMRs. This allowed us to find a total of 1090 putative
DMRs (𝑞-value < 1E − 4) between the two developmental
stages. More than 70% of DMRs showed increasing DNA
methylation levels from vegetative growth phases juvenile to
adult. These preliminary results suggest that locus-specific
methylation patterns could be an important feature of veg-
etative heteroblasty control. This increment in the number of
methylated regions agrees with the reduction in the number
of genes and proteins that is observed in mature leaves (when
they reach their full physiological competence) compared to
leaves in proliferative stage [36, 37] which have been also
related to an increase of global DNA methylation in conifers
[21, 38] and Arabidopsis [39].

In future work, candidate DMRs related to genes involved
in plastic responses will be validated using more geno-
types of E. globulus with heterochronic responses in the
expression of heteroblasty. Using quantitative techniques for
quantifying methylation (e.g., bisulfite/sequencing of specific
genomic locus) we hope to find DMRs that could explain
or predict heterochronic responses. Knowledge of genomic
loci that regulate heterochrony in E. globulus will improve
our understanding of molecular mechanism of this process
and can support future conservation programs, for example,
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Figure 1: Epigenome view (GenomeView software) of a 138.7 kb region of chromosome 07 (54,020,001–54,100,001) of Eucalyptus grandis
reference genome. MeDIP-seq libraries and MRE-seq libraries covered largely nonoverlapping and short overlapping regions.

selecting the best methylomes for a specific environment in
a restoration project. This complete workflow could be easily
applied to other nonmodel species with the only requirement
of a reference genome.Given that the cost ofDNA sequencing
is falling [40] and bioinformatics facilities for assembly of
massive sequences are increasing quickly [41], generating a
reference genome for almost any species is becoming more
affordable. The latter also is valid for threatened species.

The introduction of a workflow allowing the study of the
epigenetic regulation at genome level will provide new insight
that goes further than the mere description of the genes that
are regulated during plant development or environmental
adaption. For instance, having the possibility of tracking epi-
genetic changes in the form of metastable epialleles—alleles
that are variably expressed in genetically identical individuals
due to epigenetic modifications established during early
development and are thought to be particularly vulnerable to
environmental influences—will allow us to add a new source
of variation, which is particularly important for threatened
species, which usually exhibit a very low genetic diversity [42,
43]. Although these studies can be done routinely in model
species [44, 45], it is particularly difficult to adapt wet and
in silicomethodologies for nonmodel like trees, since tissues
are rich in polyphenols and other contaminant molecules
requiring optimizations (e.g., [46–48]) and at the same time
bioinformatics pipelines (gene prediction, characterization,
and annotation algorithms) still require improvements [49].
In this study we describe a workflow aiming at achieving
results comparable to those obtained in Arabidopsis in terms
of quality of libraries and quantity of reads. This procedure
will allow future studies employing a higher number of
samples and experimental situations that permit addressing
important issues related to conservation and management
of threatened species such as restoration and translocation.
Furthermore, the integration of this regulatory layer together
with other omic levels has been proved to be useful for
explaining adaptive divergences (see Meijón et al. [50] for

an example of the power of high-throughput approaches to
explore natural variation in tree species).

4. Conclusion

These preliminary results suggest that locus-specific methy-
lation process could be an important feature of vegetative
heteroblasty control in E. globulus. The workflow set up
in this project opens a promising future for discovering
DNA methylation patterns among different tissue types,
cell types, and individuals that will help us to explain
phenotypic plasticity and adaption capabilities through the
basis of a divergent epigenetic regulation. High-throughput
epigenomic technology and analytical tools used in this study
could be applied to population-based studies of nonmodel
plants but principal challenges are experimental design, data
analysis, and interpretation of results. The implementation
of epigenetic fingerprinting as a support tool in restoration
and conservation projects of threatened species requires the
discovery of loci involved in adaptive variation.
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Cañal, “Conserved epigenetic mechanisms could play a key role
in regulation of photosynthesis and development-related genes
during needle development of Pinus radiata,” PLoS ONE, vol.
10, no. 5, Article ID e0126405, 2015.

[22] H. Wang and H. Wang, “The miR156/SPL module, a regulatory
hub and versatile toolbox, gears up crops for enhanced agro-
nomic traits,”Molecular Plant, vol. 8, no. 5, pp. 677–688, 2015.

[23] A. Pulido and P. Laufs, “Co-ordination of developmental
processes by small RNAs during leaf development,” Journal of
Experimental Botany, vol. 61, no. 5, pp. 1277–1291, 2010.

[24] L. Yang, M. Xu, Y. Koo, J. He, and R. Scott Poethig, “Sugar
promotes vegetative phase change in Arabidopsis thaliana by
repressing the expression ofMIR156A andMIR156C,” eLife, vol.
2013, no. 2, Article ID e00260, 2013.

[25] C. J. Hudson, J. S. Freeman, R. C. Jones et al., “Genetic
control of heterochrony in Eucalyptus globulus,” G3: Genes|
Genomes|Genetic, vol. 4, no. 7, pp. 1235–1245, 2014.

[26] G. J. Jordan, B. M. Potts, P. Chalmers, and R. J. E. Wiltshire,
“Quantitative genetic evidence that the timing of vegetative
phase change in Eucalyptus globulus ssp. globulus is an adaptive
trait,” Australian Journal of Botany, vol. 48, no. 5, pp. 561–567,
2000.

[27] G. W. Dutkowski and B. M. Potts, “Geographic patterns of
genetic variation in Eucalyptus globulus ssp. globulus and a
revised racial classification,” Australian Journal of Botany, vol.
47, no. 2, pp. 237–263, 1999.

[28] G. J. Jordan, B. M. Potts, and R. J. E. Wiltshire, “Strong, inde-
pendent, quantitative genetic control of the timing of vegetative
phase change and first flowering in Eucalyptus globulus ssp.
globulus,” Heredity, vol. 83, no. 2, pp. 179–187, 1999.

[29] N. A. Eckardt, “Deep sequencing maps the maize epigenomic
landscape,” Plant Cell, vol. 21, no. 4, pp. 1024–1026, 2009.

[30] F. Roudier, F. K. Teixeira, and V. Colot, “Chromatin indexing
in Arabidopsis: an epigenomic tale of tails and more,” Trends in
Genetics, vol. 25, no. 11, pp. 511–517, 2009.

[31] X. Li, J. Zhu, F. Hu et al., “Single-base resolution maps of
cultivated and wild rice methylomes and regulatory roles of
DNA methylation in plant gene expression,” BMC Genomics,
vol. 13, article 300, 2012.

[32] D. Li, B. Zhang, X. Xing, and T.Wang, “Combining MeDIP-seq
and MRE-seq to investigate genome-wide CpG methylation,”
Methods C, vol. 72, pp. 29–40, 2015.
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The list of threatened and endangered species is growing rapidly, due to various anthropogenic causes. Many endangered species
are present in captivity and actively managed in breeding programs in which often little is known about the founder individuals.
Recent developments in genetic research techniques have made it possible to sequence and study whole genomes. In this study we
used the critically endangered Visayan warty pig (Sus cebifrons) as a case study to test the use of genomic information as a tool in
conservation management. Two captive populations of S. cebifrons exist, which originated from two different Philippine islands.
We found some evidence for a recent split between the two island populations; however all individuals that were sequenced show a
similar demographic history. Evidence for both past and recent inbreeding indicated that the founders were at least to some extent
related. Together with this, the low level of nucleotide diversity compared to other Sus species potentially poses a threat to the
viability of the captive populations. In conclusion, genomic techniques answered some important questions about this critically
endangered mammal and can be a valuable toolset to inform future conservation management in other species as well.

1. Introduction

The list of threatened and endangered species is growing
rapidly, due to various anthropogenic causes. Current man-
agement of endangered species includes in situ and ex situ
measurements. In situ, that is, within the range of the species,
most conservation actions focus on habitat protection (pro-
tected areas), law enforcement (for reducing threats), and
sometimes translocations or reintroductions [1]. For ex situ
management, that is, outside the range of the species, such as
in zoos or conservation centres, actions are mostly focused
on keeping the population viable (both demographically and
genetically) and as similar to the wild ancestor populations as
possible (i.e., prevent adaptation to captivity [2]).

Despite the successes achieved with these approaches,
there are also several challenges, for example, in prioritizing

species for conservation. In trying to solve this problem,
the International Union for the Conservation of Nature
(IUCN) in 1994 initiated a scientific approach to categorise
endangerment of species: the Red List ofThreatened Species.
This comprehensive list is currently a leading reference for
governments, NGOs, and research institutions to decide on
how to spend valuable resources for species conservation
[1]. However, assessing a species properly is time-consuming
and requires much information, which is often lacking.
Additionally, not all species can be easily observed, creating
a bias in the Red List towards the “easier observed” species
[3]. If a species is not assessed well (or not assessed at all)
the conservation actions planned for it might also miss their
purpose. Another difficulty is the time that is needed to
assess a species, understand its situation, implement suitable
conservation actions, and wait for them to have an effect.
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Figure 1: (a) Location of the islands Negros and Panay within the Philippine archipelago. At its smallest point the Guimaras Strait between
them is 10 km wide. (b) Negros and Panay with the range of Sus cebifrons indicated in light-grey [4]. (c) Sus cebifrons individual (DVDW
Photography).

With the current rate of extinction, this timemight not always
be available.

Nowadays, both as a legacy from earlier times and as a
recent conservation measure, many threatened and endan-
gered species are present in captivity [5]. These populations
are often managed within a breeding program with the
highest priority. This ex-situ management is mostly based
on a pedigree, which requires information on relatedness
between individuals. Especially for the individuals in the
founder generation, however, information on relatedness
is often missing. This causes breeding programs to make
the potentially dangerous assumption that all founders are
unrelated individuals [6]. If this assumption is not met, it can
lead to unintended inbreeding events causing loss of genetic
diversity and deleterious effects [7].

The development of genomic techniques has opened up
many new opportunities for both breeding and population
management and has caused a revolution in the field of
commercial animal breeding [8, 9]. The recent developments
make it possible to sequence and study the whole genome of
individuals (genomics or next generation sequencing, NGS,
[10]).

The main improvement of applying NGS, with respect to
geneticmethods such asmicrosatellites and SNP-arrays, is the
enormous increase in loci that can be studied [11].This allows

for a more detailed study of previous research questions
and opens up a completely new range of applications. For
example, the possibility to study functional genetic varia-
tion (as opposed to neutral variation) interactions within
the genome and interactions between the genome and the
environment [12–15]. Although whole genome sequencing
is still costly relative to targeted genotyping technologies,
it rapidly becomes less expensive. Therefore it is expected
that in the near future NGS techniques will be feasible for
noncommercial research areas such as conservation biology
as well [12, 16, 17].

The aim of this study is to apply currently available
genomic techniques on whole genome sequencing data of
a critically endangered mammal to test their application in
species conservation and (captive) population management.
It is expected that the outcomes of this study can be of direct
use for conservation management of the species both in situ
and ex situ.

As a case study, the critically endangered Visayan warty
pig (Sus cebifrons) was used. S. cebifrons is endemic to
the Philippines and mainly lives on the islands of Negros
and Panay (10∘00N, 123∘00E and 11∘09N, 122∘29E, resp.)
(Figure 1). On Negros it is estimated by experts in the field
that only 200–500 individuals remain, while this estimate is
500–>1000 for Panay.Themain threats to the populations are
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Table 1: Sample codes of resequencing data available for seven Sus
cebifrons individuals, two from Rotterdam zoo and five from San
Diego zoo.

Rotterdam (Negros) San Diego (Panay)
SCEB02M01 SCEB01F01
SCEB02M02 SCEBKb14130

SCEBKb16637
SCEBKb16508
SCEBKb17528

habitat loss due to commercial logging operations and slash-
and-burn farming, hunting for meat, negative reputation
(crop damage), and genetic contamination via hybridization
with free-ranging domestic and feral pigs (Sus scrofa) [4].
Despite several in situ conservation measures [4, 18] the
population remained small with a decreasing trend.Therefore
it was decided to create two captive populations in zoos
(ex situ). San Diego zoo received a breeding group from a
conservation centre on Panay and in 2004 another group of
8 founders (4 male, 4 female) was moved from conservation
centres on Negros to Rotterdam zoo in the Netherlands to
found a European captive population [4]. The Visayan warty
pig fits our aim perfectly because of its level of endangerment,
the availability of genomic data, and the uncertainty about
the degree of divergence between the two island populations.
In addition, because the captive populations were founded
recently, it may be possible to draw conclusions on the situ-
ation of the wild population from the genomic information
of captive individuals. The main questions assessed in this
study concern the presence of a substructure between the two
island populations, the genetic status of the species including
the (historic) demography that explains this status, and the
assumption of unrelatedness for the founder individuals of
the captive population.

2. Methods

2.1. Generation of Data. Demographic information on the
captive populations was gathered from studbook files kept by
regional (i.e., EU or US) studbook coordinators and analysed
in the software program PMx [19]. From these files the
relationship between the sampled individuals was extracted.

DNA samples were previously sequenced [20, 21]. The
data is deposited at the European Nucleotide Archive (ENA)
under accession numbers PRJEB9326 and ERP001813 for S.
cebifrons and other individuals, respectively (http://www.ebi
.ac.uk/ena/). Seven complete whole genome sequences of Sus
cebifrons individuals were available, of which two came from
Rotterdam zoo and five from San Diego zoo (Table 1).

Resequencing data of Sus cebifrons individuals was
aligned against the Sus scrofa reference genome (version
10.2 [22]) using the unique alignment option of MOSAIK
aligner [23] and variants (Single Nucleotide Polymorphisms
or SNPs) were called using SAMtools mpileup (version 0.1.19
[24]). Only variants with a read-depth between 0.5 and 2.0
times the average (i.e., between 5x and 20x) were selected and
stored in variant call format (.vcf) using VCFtools (version

0.1.1 [25]). Unless otherwise stated, these “filtered variants”
were used for all analyses.

2.2. Population Structure. To assess the phylogenetic rela-
tionship between individuals of S. cebifrons and between S.
cebifrons and other species/populations within the genus Sus,
a phylogenetic analysis was carried out. Variants were called
for individuals using ANGSD (minimal mapping quality 30,
minimal base quality 15, and SNP 𝑝 value of 1𝑒−6 [26]).
Pairwise distances between individuals were calculated using
PLINK 1.9 [27, 28], and hierarchical clustering was done by
neighbour joining [29].

To obtain insight in whether or not the individuals from
the two different islands were admixed, we used the software
Admixture [30]. Only biallelic variant sites from the filtered
variants were used as input file. We initially set 𝐾 (i.e., the
number of source populations) to 2 because the individuals
came from two different islands, but tested for different 𝐾-
values (1, 2, 3, 4, 5, 6, and 7) by calculating cross-validation
errors.

2.3. Demographic History. To derive an estimate of the his-
toric effective population size of the population and possibly
gather evidence for a population substructure, a Pairwise
Sequential Markovian Coalescence (PSMC) model was used
[31]. This software uses the time to most recent common
ancestor of a diploid genome (determined by looking at the
density of heterozygotes) to estimate the effective population
size (Ne) in the (distant) past. The individual whole genome
consensus sequence, called by SAMtools, was used as an input
for this analysis. We used a generation time of five years (in
concordancewith the studbook files that showed a generation
time for the captive population of 4,5 years) and a default
mutation rate of 2,5 × 10−8 [22].

Demographic history of the individuals was studied by
analysing regions of homozygosity (ROHs). ROHs can be
informative for the level of inbreeding of a population; long
ROHs are indicative for recent consanguineousmatingswhile
short(er) ROHs indicate more distant inbreeding as ROHs
will break down over time due to recombination and muta-
tion [32]. ROH abundance and length over time therefore
depend on recombination andmutation rate [20]. To identify
the ROHs present in an individual we used a sliding window
approach with bins of 10.000 bp [20]. We filtered the variants
for read-depth (0.5–2.0 times the average) to exclude sites
with a low read-depth (low reliability) and sites with a very
high read-depth (possible sequencing errors or copy number
variants). A correction for missing sites was done, by scaling
the number of identified SNPs up from number of covered
sites to the total bin length. Bins with less than 1000 sites
covered (<10% of total bin) were excluded from analyses. Sex
chromosomeswere also excluded fromanalyses as it is known
that the recombination landscape of these chromosomes is
different from the autosomes [20]. Adapted from Bosse et al.
[20] we defined a ROH as a region of at least twenty consecu-
tive bins with a number of SNPs per bin <0.33 of the genomic
average. The average number of SNPs per bin (nucleotide
diversity) outside ROHs was used as a measure of genetic
diversity present in an individual. All these measures were
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Figure 2: Part of the pedigree of the captive Sus cebifrons populations in Europe (a) and theUS (b) reconstructed from the studbook files. Dots
represent individuals, circles indicate founders (individuals with parents indicated as “WILD” in the studbook file), and sampled individuals
are represented by their number as described in Table 1. For the two individuals from Rotterdam zoo, it is not known which sample is from
which individual, and therefore they are indicated with a question mark.

also done for other Sus species for comparison (description of
other species is in SupplementaryMaterial, Table S1, available
online at http://dx.doi.org/10.1155/2016/5613862).

Besides nucleotide diversity outside ROHs, all filtered
variants were analysed with the Ensemble Variant Effect
Predictor tool (VEP [33]). This tool was set to look for
variants in coding regions only. Nonsynonymous variants
were also annotatedwith SIFT (Sort Intolerant FromTolerant
[34]) scores. SIFT scores range from 1 (“tolerated”) to 0
(“deleterious”). A site is classified as deleterious when the
variant in the genome leads to a different amino-acid in a
protein, which in turn leads to the protein having different
characteristics, for example, in shape and function. A SIFT
score close to zero infers that the identified SNP is likely
to have an effect, but the nature and extent of the effect
cannot be ascertained.Therefore, the term “not-tolerated” (as
opposed to “tolerated”) will be used throughout this study
to refer to sites with a SIFT score of (or close to) zero. For
the VEP analysis and subsequent partitioning of variants
between individuals and islands, variants were called again
based on the positions identified previously, based on indi-
vidually called genotypes. A multi-individual VCF was thus
constructed using SAMtools mpileup (version 0.1.19 [24]).
Only SNPs that were not fixed differences between Sus scrofa
and S. cebifrons were retained. Furthermore, the minor allele
count for variants to be considered was 2, to remove spurious
allele calls as much as possible. Subsequently, variants were
annotated using VEP based on Ensembl v83.

3. Results

3.1. Population Structure. The pedigree of the captive pop-
ulations for both breeding programs was extracted from
the studbook files (partly visualized in Figure 2). From this
pedigree, the inbreeding coefficient (𝐹) was calculated for
the sampled individuals (Table 2). The phylogenetic analysis
showed two clusters within Sus cebifrons (Figure 3), sep-
arating the two island populations. The time of the split
between these two clades of Sus cebifrons is comparable
to the split between the two different European wild boar
populations, which was estimated at about 1 million years ago
[22]. Additionally, the Admixture analysis, when forced to
use a𝐾-value of 2, also identified the two island populations.

Wild_boar (France)
Wild_boar (Italy)

Wild_boar (South China)
Wild_boar (North China)

Wild_boar (Sumatra)
Sus_verrucosus

Sus_barbatus
Sus_celebensis

02M01 Sus_cebifrons (Negros)
02M02 Sus_cebifrons (Negros)
01F01 Sus_cebifrons (Panay)
Kb1650 Sus_cebifrons (Panay)
Kb1663 Sus_cebifrons (Panay)
Kb1413 Sus_cebifrons (Panay)
Kb1752 Sus_cebifrons (Panay)

0.03

Figure 3: Neighbour joining, midpoint rooted phylogenetic tree of
seven Sus cebifrons individuals, including other species for com-
parison (for description, see Table S1 in Supplementary Material).
Wild boar samples represent different populations of Sus scrofa.
Within the Sus cebifrons cluster, a split is visible, separating the two
individuals from Negros (top) and the five individuals from Panay.
The two smaller clusters within the Panay individuals are caused by
relatedness between the sequenced individuals (Figure 2).

However, the cross-validation error was lowest for a 𝐾-value
of 6 (Supplementary Material, Table S2). These results both
indicate that a substructure is present, at least to some extent.

3.2. Demographic History. The PSMC analyses did not show
a divergence between the two islands; all individuals showed
a similar pattern of historic effective population size. As the
PSMC shows the historic effective population size between
10.000 and 1.000.000 years ago; this indicates that the sub-
structure found in the phylogenetic and Admixture analyses
arose only recently. The PSMC results also show two severe
bottlenecks in all populations, inferred from the individual
genomes, one occurring around 100.000 years ago, and
another more recent one which coincides with the end of
the LastGlacialMaximum (LGM; Figure 4). Both bottlenecks
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Table 2: Overview of number of ROHs, average length of ROHs, and nucleotide diversity outside ROHs for all Sus cebifrons individuals and
other Sus individuals. Description of other Sus species is in Supplementary Material, Table S1. Asian wild boars 1 and 2 originate from north
China and south China, respectively. European wild boars 1 and 2 represent populations from Italy and France, respectively.

Sample code or species name Sex
Inbreeding
coefficient

(𝐹)

# ROHs
(>20 bins)

Average length
of ROHs (kb)

Nucleotide
diversity

outside ROHs (𝜋)
02M01 M 0 34 761.43 12.5
02M02 M 0 75 1764.21 12.1
01F01 F 0.1875 110 2245.32 11.9
Kb16508 M 0.0625 132 1420.68 12.4
Kb16637 F 0 144 1860.76 12.4
Kb17528 F 0.25 193 2867.06 12.0
Kb14130 F 0 130 2563.13 12.2
Sus verrucosus U NA 275 3829.13 6.3
Sus barbatus U NA 11 1551.82 26.4
Sus celebensis U NA 36 2719.72 23.2
Asian domestic M NA 271 2796.31 30.9
Asian wild boar 1 U NA 155 1966.39 28.9
Asian wild boar 2 U NA 44 2120.00 33.9
Asian wild boar (Japan) U NA 1172 1573.41 17.5
European domestic F NA 493 1859.01 28.4
European wild boar 1 M NA 592 1912.82 16.2
European wild boar 2 U NA 708 1401.60 18.4
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Figure 4: Estimated effective population size of Sus cebifrons based
individual genomes, generation time (i.e., 5 years), andmutation rate
(2.5 ∗ 10−8) from 10.000 (left) to 1.000.000 (right) years ago.The red
and green lines indicate individuals from Rotterdam (originating
from Negros island); the other individuals originated from San
Diego (Panay island). A severe population bottleneck is found in all
individuals around 100.000 years ago. The Last Glacial Maximum
(LGM) occurred roughly 17.000 years ago (black rectangle).

are also present in most other Sus species (Supplementary
Material, Figure S1 [35]).

For the demographic analyses we also identified regions
of homozygosity (ROHs) and nucleotide diversity. On aver-
agewe found 117±51 (average± sd) ROHs in the Sus cebifrons

individuals. This average was lower for Negros individuals
than for Panay individuals, 55 ± 29 and 142 ± 31, respectively
(Table 2).The average length of the identified ROHswas 1.9±
0.7Mb.Here also a lower value for theNegros individuals was
found, with 1.3 ± 0.7Mb compared to 2.2 ± 0.6 for the Panay
individuals. These numbers are similar as those found for
other Sus species analysed using the same criteria (Table 2).
In most Sus cebifrons individuals, the largest proportion of
the genome was covered by ROHs in the longest category
(Supplementary Material, Figure S2). However, most ROHs
in all Sus cebifrons individuals fell within the shortest length
category of 0.2–0.5Mb. Although logic predicts the longest
category would cover the largest proportion of the genome, a
high number of short ROHs could easily cover a proportion
of the genome larger than a few longROHs.This is also shown
by individuals of other Sus species (Supplementary Material,
Figure S3).The large proportion of coverage by long ROHS is
an indication of recent inbreeding [20].

Nucleotide diversity outside the ROHs did not differ
between the islands and was on average 12 SNPs per bin
(10 kb) in all Sus cebifrons individuals (Table 2) and seemed to
follow a normal distribution (SupplementaryMaterial, Figure
S4).The other individuals showed on average 23 SNPs per bin
(Table 2).The very low nucleotide diversity outside the ROHs
is probably a direct effect of the extreme bottleneck found in
the PSMC analysis, as a bottleneck generally causes rapid loss
of genetic variation.

For variant effect prediction, 4679012 variants were
retained. Of these, 38321 were exonic, 11532 were non-
synonymous but classified as tolerated according to SIFT
predictions, and only 3884 were predicted to be not-tolerated
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Table 3: Assessment of shared and island-specific variation. The vast majority of the SNPs, both coding and noncoding, are shared between
islands, and only a very small portion may be specific. Note that this pertains a total of 4679012 SNPs, excluding fixed differences between S.
scrofa and S. cebifrons, for which the minor allele count is at least two out of seven individuals, or 14 haplotypes.

Shared Panay (𝑁 = 5) Negros (𝑁 = 2)
All (4679012 SNPs total) 3969361 457741 251910
Synonymous 19565 2150 1190
Nonsynonymous tolerated 10081 918 533
Nonsynonymous not-tolerated 3370 343 171

(Table 3). Only a fraction—around 15%—of the variants was
specific to either one of the islands based on the small
population sample surveyed here (Supplementary Material,
Table S3).

4. Discussion

The genomic analyses showed that, at least to some extent, a
substructure is present between the two island populations of
Sus cebifrons. This was visible in the results of the Admixture
analysis and in the presence of island-specific variation.
However, the PSMC analysis showed a similar demographic
history for all individuals, regardless of their source popu-
lation, suggesting one population of origin for the sampled
individuals. This indicates that the present structure only
arose recently in evolutionary terms (as the PSMC analysis
provides estimates for 10.000–1.000.000 years ago). This
hypothesis is supported by the relatively recent split in the
phylogeny, suggesting that the split between European wild
boar populations predated the split between the Sus cebifrons
populations on both Philippine islands. For comparison, the
split between European and Asian wild boar took place about
1 million years ago but the populations are considered one
species [22]. Further evidence for a very recent split between
the populations is the large proportion of shared variants
between islands and thus the small fraction of island-specific
variation.

The extremely low nucleotide diversity found in the anal-
ysed individuals, as compared to other species, is probably
a result of the bottleneck visible in the PSMC result. The
number of short ROHs present in the genomes is indicative
of past inbreeding. The data also showed long ROHs that
are signs of inbreeding in recent generations. Because both
captive populations in the EU and US are under strict
management tominimize inbreeding, it is plausible that some
relatedness was already present in the founders of the two
captive populations.The small population sizes present at the
islands are indicative of this as well. In addition, it is not
clear whether the founders were a representative sample of
the island populations. It is clear from our results that the
assumption of founder-unrelatedness was violated.

In the captive populations in the US and EU, num-
bers have increased rapidly since the founder generation.
However, because reproduction was not equally successful
for all individuals, the amount of genetic diversity present
now is not the maximum that could have been retained.
Furthermore, the extremely low nucleotide diversity and
the signs of recent inbreeding (long ROHs) found in the

current generation potentially threaten the viability of the
captive populations. If populations are to be kept separately
in the future, inbreeding in each of the populations has to
be limited. However, with regard to the problems mentioned
above, based on the similarity in demographic history of the
individuals, it might be prudent to decide to merge the two
breeding programs in order to increase the viability of the
total captive population and the probability of reintroduction.
By doing this the genetic diversity, and with that the potential
for adaptation, will increase. Moreover, given the extremely
shallow genetic divergence between the islands, problems of
outbreeding depression are not expected.

A decision for merging captive populations cannot be
based on the present study alone. Further research should
focus on deleterious load present in both captive popu-
lations. Purging in these naturally small populations may
have removed variants that are deleterious in homozygous
state [36]. The ratio between heterozygous and homozygous
states in the not-tolerated variants found in this study is
an indication that purging has removed some variants from
the populations (SupplementaryMaterial, Table S4).Merging
the two captive populations would increase the frequency
of these variants, which could have deleterious effects. The
decision to merge two captive populations should therefore
be made with caution. Information on, for example, the het-
erozygous/homozygous ratio of variants can help in making
informed decisions.

Although it is not the focus of this study, the same
genomic methods as described here can be used to select
individuals for breeding [21]. Individuals can be selected
based on deleterious load or identity-by-descent (IBD) seg-
ments. It has been shown that inbreeding measures based
on ROHs are more reliable than inbreeding estimates from
a pedigree [32]. Also, simulations showed that management
based on molecular ancestry and IBD segments resulted in
higher maintained genetic diversity and fitness as opposed to
management based on a pedigree [21]. In the IBD segments
management scenario the length of the segments was crucial
for this result: in longer IBD segments there is a higher
chance of homozygous deleterious alleles as these regions
have a common ancestor [21]. By using genomic information
in a breeding program, negative effects from inbreeding and
deleterious load can be more actively avoided.

The results of the genomic analyses as presented in this
study show that they can be of direct use for conservation
management either in situ or ex situ, even with the small
sample sizes generally available in conservation settings.
In situ the identification of a substructure can lead to
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reassessing priorities for conservation. Identifying hybrids
(as hybridization is a big threat to wildlife worldwide [37])
can give better insights into the effect of the threat and can
help select individuals for (captive) breeding programs. In
addition, an analysis of historic population size can explain
levels of nucleotide diversity present in the population and
put the current numbers in a historic perspective. Ex situ,
the selection of founder individuals [38] and identification
of relatedness between founder individuals can lead to more
informed reproductive planning, resulting in higher levels of
genetic diversity maintained. This can even be increased by
assessing individual inbreeding levels or identifying carriers
of deleterious alleles and incorporating this information in
breeding recommendations [39]. To do this for all individuals
in the current (captive) breeding programs is, for the time
being, very time-consuming and costly. However, knowing
this information from the founders, as well as being able to
monitor and model the behaviour of the genetic material
through the breeding program, is feasible. For example, if
genomic information is known for the founders, genetic
markers such as a subset of SNPS or microsatellites uniquely
identifying the founders should suffice to adequately manage
the next generations for inbreeding and deleterious variation.
This combination of techniques is cost-efficient but does
require information from the founders, which is not always
available.

Another way of using genomic information without
sequencing all individuals is to model the population and
simulate what will happen with the genetic material under
certain management strategies. There are already software
programs available that can do just this. Examples are the
PMx 2000 software [19], which monitors a population and
can project future demographics under certain management
strategies, and Vortex software [40] that uses demographic
and stochastic factors to calculate an extinction risk of a pop-
ulation (a Population Viability Analysis, PVA). Some genetic
information, such as inbreeding (modelled as a default value
for deleterious load and the effect on juvenile mortality), can
already be incorporated in these tools and thus be modelled
over time. This information however is not species-specific
and far from the detailed level of information that is available
with genomic analyses [41]. New insights gained by genomic
studies can provide more detailed input for these or similar
software programs and can be used in concordance with
other data sources [42, 43]. Incorporation of this information
in management tools has been identified as a “conservation
priority” [41] and can lead to less uncertainty and more
successful breeding programs.

An example of a measure that could be of interest for
these modelling efforts is the number and length of ROHs.
It has already been found that the selection of individuals
for participating in breeding programs based on ROHs gave
the best results in maintaining diversity without losing much
fitness, as compared to optimal contributions and including
inbred matings (purging of deleterious variation) [44].

Although genomic data can already provide extremely
useful information for the development of (conservation)
management strategies, we need to understand more about
the genomic measures and what they actually tell us

about a population before they can be applied on a large
scale. For example, about ROHs: how does the recombi-
nation landscape of the genome affect the distribution of
ROHs over time? And how exactly does ROH-breakdown
affect nucleotide diversity? Are these characteristics species-
specific or is it possible to derive some general “rules-of-
thumb”?With these uncertainties inmind, the incorporation
of genomic analyses in conservation management may seem
to be something of the distant future. Not least because the
translation of academic knowledge to conservation practice
is often slow [45]. However, the rate of development of
sequencing technology has progressed very rapidly over the
past decade and is expected to continue to do so, potentially
enabling extremely cheap, whole genome variation informa-
tion for all actively managed populations in the near future.
Even today, it is already possible to use genomic analyses for
individual cases of critically endangered species such as the
Visayan warty pig in this example. Other examples include
the California condor [46–48] and the North-American
bison [49].

5. Conclusion

Genomic techniques represent a promising new toolset in
the field of conservation biology. In this study genomic data
analyses answered several questions regarding the captive
population of the critically endangered Visayan warty pig.
We found evidence for a recent split between the two island
populations. However, with the current level of inbreeding,
the viability of the total captive population and the probability
of reintroduction might increase by merging the two captive
populations. With the current rate of development, and
associated lower costs, it is expected that genomic techniques
will be feasible for broad application in conservation biology
in the near future.
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