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have used Plink for ROH inference which has been shown to perform poorly when sequencing depth is below 10X, often
underestimating the true proportion of the genome in ROH, which could lead to erroneous status assessment and management
decisions. We use whole genome sequences from caribou, a non-model species at risk, subsampled to sequencing depths ranging
from 1X to 15X, to assess the performance of ROHan, a program developed to enable ROH estimation using lower coverage
sequences but so far only optimized for human data. We use 22 individuals with varying extent of inbreeding to assess the
effects of sequencing depth, input parameters, and demographic history on the inference of ROH. We found that accurate
estimation of the percentage of the genome and lengths of ROH can be achieved down to depths as low as 3-5X. However,
input parameters and the demographic history of the individual can have a dramatic effect on results. Using our optimized
settings, we then re-analyze low coverage sequences from a small and isolated caribou population and demonstrate high levels of
inbreeding which had previously been missed. We provide recommendations for thorough optimization of parameters including
the need for multiple runs as well as careful interpretation of outputs to enable robust ROH inference using low coverage whole
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Abstract



Runs of homozygosity (ROH) are increasingly being analyzed using whole genome sequences in non-model
species as a measure of inbreeding and to assess demographic history, thus providing useful information for
conservation. However, most studies have used Plink for ROH inference which has been shown to perform
poorly when sequencing depth is below 10X, often underestimating the true proportion of the genome in
ROH, which could lead to erroneous status assessment and management decisions. We use whole genome
sequences from caribou, a non-model species at risk, subsampled to sequencing depths ranging from 1X
to 15X, to assess the performance of ROHan, a program developed to enable ROH estimation using lower
coverage sequences but so far only optimized for human data. We use 22 individuals with varying extent
of inbreeding to assess the effects of sequencing depth, input parameters, and demographic history on the
inference of ROH. We found that accurate estimation of the percentage of the genome and lengths of ROH
can be achieved down to depths as low as 3-5X. However, input parameters and the demographic history of
the individual can have a dramatic effect on results. Using our optimized settings, we then re-analyze low
coverage sequences from a small and isolated caribou population and demonstrate high levels of inbreeding
which had previously been missed. We provide recommendations for thorough optimization of parameters
including the need for multiple runs as well as careful interpretation of outputs to enable robust ROH
inference using low coverage whole genome sequences in wildlife species.
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1 | INTRODUCTION

Runs of homozygosity (ROH) are stretches of the genome which are entirely homozygous due to inheriting
identical haplotypes from both parents, also known as autozygosity, and are increasingly being studied in
non-model organisms in the field of conservation biology (Ceballos et al., 2018a; Ceballos et al., 2018b; de
Assis Diniz Sobrinho et al., 2024; Duntsch et al., 2021). The inherited segments are identical by decent
(IBD) when due to breeding between relatives (Briiniche-Olsen et al., 2018; Kardos, et al., 2017) or can
be identical by state (IBS) due to demographic processes (Bruniche-Olsen et al., 2018). Very long ROH
are more likely due to inbreeding and inheriting segments which are IBD due to recent common ancestors,
whereas shorter ROH can be from more distantly related individuals and background relatedness within
a population (Ceballos et al., 2018b; Martin et al., 2023). Over time with outbreeding ROH break down
and so the length distribution is determined by numerous processes including both the recombination and
mutation rates, the generation time, changes in effective population size, migration rate, as well as life history
strategies (Bruniche-Olsen et al. 2018; Foote et al. 2021; Kardos et al. 2017). Measuring the proportion
of ROH in the genome (Fron) as well as the length distributions of ROH can thus inform upon levels of
inbreeding and the demographic history of the population (Allendorf, 2017; Bruniche-Olsen et al., 2018;
Foote et al., 2021; Kardos et al., 2017).

Measuring ROH has given insight into the processes of genetic diversity loss and the reduction of fitness
in the offspring of related individuals, known as inbreeding depression (Ceballos et al., 2018b; Duntsch et
al., 2021). Studies in humans have demonstrated ROH to be enriched for homozygous deleterious variants,
particularly for rare variants (Ceballos et al., 2018b), and increased investigation of ROH in non-model
organisms is likely to substantially improve our understanding of the frequency and causal mechanisms of
inbreeding depression in wild populations (Allendorf, 2017; Duntsch et al., 2021; Kardos et al., 2017; Silva et
al., 2024). Similarly, heterozygosity has long been used to measure genetic diversity in natural populations,
and can also be estimated from whole genome data using the scaled mutation rate theta (Bruniche-Olsen
et al., 2018; Foote et al., 2021). As such, accurate measures of ROH, alongside heterozygosity, are highly
informative metrics for conservation studies. However, the cost of producing high quality genomic data has
been a limiting factor for whole genome assessments across more wildlife taxa (Lou et al., 2021).

One solution to bring down the costs of sequencing has been to reduce the depth of coverage per individual,
however accurately measuring ROH with low coverage whole genome data can be difficult and lead to



incorrect results (Duntsch et al., 2021; Kardos et al., 2024; Silva et al., 2024). The large majority of studies
use the ‘homozyg’ function in the software Plink to measure ROH likely due to its speed and simplicity
(de Assis Diniz Sobrinho et al., 2024; Duntsch et al., 2021; Meyermans et al., 2020), however Plink uses an
observational approach to scan windows for stretches of homozygous SNPs (Ceballos et al., 2018b; Silva et al.,
2024) and so relies upon high quality genotypes. Lower coverage sequencing data may contain sites which are
erroneously called as homozygous due to not covering both chromosomes during sequencing. Along with the
potentially uneven distribution of called genotypes across the genome, this could lead to the overestimation
of ROH in some regions (Ceballos et al., 2018a; Duntsch et al., 2021). Low coverage sequencing also has high
error rates which can introduce false heterozygous SNPs and so conversely could lead to the underestimation
of ROH (Ceballos et al., 2018a; Duntsch et al., 2021; Kardos et al., 2024). Due to these issues, it has
been recommended by some to use at least 15X coverage to accurately estimate ROH, particularly when
grouping individuals of different depths (Kardos et al., 2024), with a detailed investigation by Duntsch et
al. (2021) finding that even with careful input parameter optimization in Plink, reliable estimation was not
achieved when including sites below 8X coverage. Similarly, thorough exploration of Plink and BCFtools
recommended 10X coverage for accurate ROH inference (Silva et al., 2024).

A program, named ROHan (Renaud et al., 2019), has been developed for the estimation of both ROH and
theta from lower coverage genomes and ancient DNA, however it has not yet been as commonly applied to
studies of wildlife. ROHan is a probabilistic program which runs in three steps; firstly, it estimates sequencing
coverage. The calculated coverage of the sites is used in the next step by comparing to the genome-wide
coverage to weight the contribution to the likelihood function. Secondly, ROHan uses a maximum weighted
likelihood method to estimate local rates of heterozygosity within a set window size, and then thirdly runs a
2-state Hidden Markov Model (HMM) to find regions within ROH as well as to calculate genome-wide theta
both including and excluding the ROH regions. To do this, the program calculates the expected value of
segregating sites within a window given the local heterozygosity estimate and then computes the probability
of a specific state generating a particular observation. Each state has a parameter which corresponds to
theta and this is used to calculate the probability of a specific number of segregating sites within a window
(Renaud et al., 2019). ROHan gives confidence intervals around estimates by running the Markov chain
Monte Carlo (MCMC) three times using the range of heterozygosity estimates (lower bound, upper bound,
and point estimates). The minimum and maximum values, once the three chains converge, are the confidence
bounds (Renaud et al., 2019).

Renaud et al. (2019) used simulated data for human chromosome 1 from populations of differing effective
population size (Ne) to extensively explore the effects of depth and ancient DNA damage, however the
latter we will not discuss here as our focus is on modern genomes. They found that global estimates of
theta were underestimated at low depths, with very wide confidence intervals for 1-2X coverage but with
estimates stabilizing with smaller confidence intervals ~5X. With increasing Ne of the simulated data, the
confidence intervals become larger though with good estimates still around 5X (Renaud et al., 2019). For
ROH estimates, when using a larger window size, and so estimating long ROH, results were accurate with
reasonable confidence intervals again around 5X. However, with smaller window sizes down to 100Kb, and
so including the estimates of shorter ROH, confidence intervals were stable at 8-10X.

While Renault et al. (2019) mainly focused on the simulated human data, they did include calculations
in two wildlife species, chimpanzees (Pan troglodytes ) and Przewalkski’s horses (Equus ferus przewalskii ).
However, both species were sequenced at high coverage (an average of 24.6X and 18.0-23.4X respectively; Der
Sarkissian et al., 2015; Renaud et al., 2019), and so the effects of sequencing depth on non-model organisms
from natural populations with complex demographic histories have not been fully explored. Further, the
manuscript does not mention the impact of a key input parameter ‘rohmu’, or the heterozygosity rate which
is tolerated within ROH regions, an important parameter to account for both mutation and sequencing
errors within the data. The only guidance on choosing the parameter comes from the instruction page
(https://github.com/grenaud/ROHan), which suggests that if you see regions which show reductions in
heterozygosity but are not labelled as ROH, to increase the value of rohmu to, for example, 5e-5.



Where ROHan has been used on non-model species in the literature there is generally little discussion as to
the input parameter choices made, with many using the default value of rohmu (or not specifying and so
presumably using the default parameter) of le-5 (e.g., Chattopadhyay et al., 2021; Cui et al., 2023; Escoda
& Castresana, 2021; Pefnerovd et al., 2024). Some use the value of 2e-5 suggested on the manual page (e.g.,
Tannucci et al., 2021; Rasmussen et al., 2023) with fewer studies using a couple of different rohmu parameters
and reporting the effect (e.g., Cerca et al., 2022). However, no full exploration of the impact of the rohmu
parameter, especially in combination with different depth of sequencing and window size, has been carried
out.

Given the emerging importance of ROH estimation for conservation genetics investigations of threatened
species, we aim to build on the work by Renaud et al. (2019) and provide recommendations for estimating
ROH with lower coverage data in non-model organisms and, importantly, show the implications of differing
and complex demographic histories in natural populations as well as the impact of the rohmu parameter
setting. Our specific aims are: 1) to assess the impact of the rohmu parameter on estimated of ROH and
theta, 2) assess the impact of demographic history in a non-model wildlife species on the estimation of ROH
and theta, and 3) demonstrate the impact of sequencing depth, down to as low as 1X, as well as window size
on estimates of ROH and theta as well as their interplay with demographic history and the rohmu parameter.
We then give recommendations based on our findings to allow for more accurate ROH and theta estimation
in studies of natural populations.

To achieve this, we use high coverage whole genome sequences from a non-model wildlife species-at-risk,
caribou (Rangifer tarandus ), including individuals with highly varied demographic histories. Caribou are
widespread across Canada with 11 extant intraspecific units, known as designatable units (DUs), and re-
present nine phylogenomic lineages (COSEWIC, 2011; Taylor et al., 2024). Due to various threats and/or
population declines, all DUs are listed as either special concern, threatened, or endangered (COSEWIC,
2011). Alongside the large amount of phenotypic and genetic variation across their vast range, the demo-
graphic history of populations varies widely, from large and outbred, to those which have undergone strong
bottlenecks but since recovered, to populations which have undergone more contemporary strong declines,
all of which was reflected in a recent investigation of ROH and heterozygosity (Taylor et al., 2024). We
subsampled 22 individuals representing different histories (Table 1) and with known Fron and theta values
from this high coverage data to various lower depths as input to ROHan analyses to achieve our aims.

2 | MATERIALS AND METHODS
2.1 | Whole genome sequencing and filtering

We used 20 previously published genomes, 18 from across Canada and two from Greenland, all of which
are 15X or higher sequencing depth and have been analyzed for ROH (Taylor et al., 2024), plus two new
genomes from Newfoundland, an Island off the east coast of Canada, produced using the same laboratory
and sequencing methods (Taylor et al., 2024). Individuals were chosen to represent a range of demographic
histories, from highly diverse with no inbreeding, to very high Fron and relatively recent inbreeding (likely
occurring population recovery (Taylor et al., 2024; Table 1). Bam files were created as per Taylor et al.
(2024: all code available on Github: https://github.com/BeckySTaylor /Phylogenomic_Analyses), including
trimming, mapping to the reference genome, and duplicate removal. We then used Samtools v1.1 (Li et al.,
2009) to subsample the files down to multiple depths: 15X, 10X, 8X, 6X, 5X, 4X, 3X, 2X, and 1X.

2.2 | Plink analysis

We made individual VCF files for the 15X dataset, and then performed joint genotyping to produce a
VCF containing all 22 individuals in GATK4, using the same protocol as Taylor et al. (2024). The files
were subsequently filtered in VCFtools v0.1.16 (Danecek et al., 2011) to only keep the largest 35 scaffolds
representing over 99% of the genome assembly and excluding the sex chromosomes, removing indels and
sites with low-quality genotype calls (minGQ) and low-quality sites (minQ) with scores below 20. We also
filtered the VCF by removing sites with less than half the average depth rounded down (so less than 7X)
and removed sites over twice the average depth (more than 30X). We then did a second round of filtering



removing sites with any missing data.

We then used the Plink v2 (Purcell et al., 2007) homozyg function for ROH analysis. We have previously
optimized the settings for the caribou dataset (Taylor et al., 2024) and so ran the same settings here, using:
homozyg-snp 100, homozyg-density 20, homozyg-gap 1000, homozyg-window-snp 100, homozyg-window-het
1, homozyg-window-missing 5, homozyg-window-threshold 0.05, homozyg-het 3. We ran two different settings
for the ‘homozyg-kb’ to enable direct comparisons to the two window sizes used in ROHan (below), and so this
was ran using both 100 and 1000 (and so using windows of 100Kb and 1Mb). We calculated the percentage
of the genome in ROH for each individual from each run as the percent ROH is also output by ROHan. This
can easily be converted into the commonly used Frop by dividing by 100. We plotted the number of ROH
(NROH) against the average size of ROH (SROH) using the 100Kb output to inform upon the demographic
histories of the individuals, as per Ceballos et al. (2018b).

2.3 | ROHan analyses

For each Bam file, we clipped overlapping regions using BamUtil (Jun et al., 2015), and then indel reali-
gnment was performed using GATK v3.8 (McKenna et al., 2010). Bam files were not filtered for mapping
or base quality as these sites are informative for the ROHan model, as per the instructions in the docu-
mentation (https://github.com/grenaud/ROHan). ROHan was then run for each bam file at each depth,
always specifying the 35 autosomes as with Plink and using a transition:transversion ratio of 2.06 which
was calculated from the VCF file using BCFtools v1.19 (Danecek et al., 2021). We investigated the effect
of the rohmu parameter by running a range of different thresholds chosen based on a few preliminary runs:
2e-3, 8e-4, be-4, 2e-4, 8e-5, and 5e-5. We also investigated the effect of window size by running all depths
and rohmu parameters with the default window size (1Mb) and a window size of 100Kb, for a total of 2,376
ROHan runs.

We also downloaded 10 low coverage genomes from the Gaspésie caribou population which were published
previously (Dedato et al., 2022). The Gaspésie caribou are a small and isolated population which was thought
to number fewer than 120 individuals as of 2013, and as such is listed as endangered under the Committee
on the Status of Endangered Wildlife in Canada (COSEWIC; COSEWIC, 2014). Despite this, ROH analysis
in Plink estimated extremely low Fromu, averaging just 0.011 (or 1.1% of the genome). We downloaded the
raw reads from the NCBI (SRR19545211- SRR19545216 and SRR1954518- SRR1954521) and aligned them
to our caribou reference genome, including duplicate removal, using the same pipeline as before (Taylor et
al., 2024). Resulting bam files were clipped with indels realigned as above and we calculated the depth using
Samtools. We used ROHan to calculate the percentage of the genome in ROH and theta from the bam files
using ‘optimized’ settings which we found to give the most comparable results to high coverage analysis in
Plink at both window sizes (see Results), and so using a rohmu parameter of 2e-4 for the default window
setting and 8e-4 for the 100Kb window setting.

3 | RESULTS AND DISCUSSION
3.2 | Impacts of sequence depth and demographic history at a smaller window size

We show the results for the rohmu parameters which gave the closest values to Plink for the 15X dataset
(Figures 3-6), however it is possible that Plink is overestimating long ROH, as was found by Silva et al.
(2024). However, we ran Plink to set a limit on the total number of heterozygous sites allowed in a ROH
(3), as well as how many were allowed per window (1) which should reduce the amount that long ROH
are overestimated, in contrast to Silva et al. (2024) who left the number of heterozygous sites allowed in a
ROH at the default value (unlimited). Either way, we present the full results for all rohmu parameters in
the supplementary material (Figures S1-20) and discuss the relevant patterns for the different settings.

For the smaller window size, and so including the measurement of shorter ROH in the genome, the results for
a rohmu of 8e-4 (Figure 3) and 5e-4 (Figures S3) were similar. The inferred percentage of the genome in ROH
and the average length of ROH were reasonably stable down to depths as low as 3X, although for percentage
of the genome in ROH the confidence intervals were large at very low depth, stabilizing “5X (Figure 3a and



b). The exception to this was for the bottlenecked individuals from Greenland and Newfoundland where the
confidence intervals for percentage ROH were large at higher depths, and also had higher proportions of
their genomes being unclassified by ROHan (Figure 3a and c). There was also a stronger impact of depth
on the more inbred individuals, particularly on the inferred average length of ROH, which was consistently
smaller at lower depths (Figure 3b). For the very lenient rohmu parameter (2e-3) confidence intervals were
very wide and ROH clearly overestimated across the board (Figures S1). At more stringent settings the
confidence intervals become much larger at 1X, particularly for the average length of ROH (Figures S5-S10).
Interestingly, the percentage of the genome which was labelled as unclassified went down as the stringency
of the rohmu parameter went up, although with the inbred and bottlenecked individuals always having the
highest values (Figure 3c, Figures S1-10).

ROHan outputs theta both excluding and including ROH, and even though for conservation purposes the
theta including ROH (and thus reflecting the loss of diversity due to inbreeding) is likely more informative,
looking at both can be revealing about the performance of program settings. For both measurements of theta,
we find the opposite pattern to Renaud et al. (2019) as for most of our inferences theta dropped as sequencing
depth went up (Figure 4). This suggests that sequencing errors are increasing inferred heterozygosity at lower
depth in our data whereas for Renaud et al. (2019) the low depth may have been causing false homozygous
sites. Renaud et al. (2019) used simulated data for most of the program performance testing and so the
different results may be due to our use of an empirical dataset. Lower coverage data has been shown to
underestimate ROH in Plink, also likely due to sequencing errors creating false heterozygous sites, in other
empirical datasets (Duntsch et al., 2021; Kardos et al., 2024).

At different rohmu parameters, the inferred theta including ROH was very similar (Figure 4b, Figures S1-
S10). However, the theta excluding ROH changes dramatically, with the very lenient setting (2e-3) having
such large portions of the genome in ROH or unclassified that theta excluding ROH became unrealistically
low in inbred and bottlenecked individuals (Figure S2). For the most stringent settings of 2e-4, 8e-5, and
5e-5 we also found that theta excluding ROH started to drop likely due to ‘true’ ROH not being classified
as such and thus falsely being included in the calculation (Figures S6-S10).

3.3 | Impacts of sequence depth and demographic history at a larger window size

For the larger window size of 1Mb, and so scanning for longer ROH likely as a result of recent inbreeding, the
confidence intervals for the percentage of the genome in ROH are generally smaller than for 100Kb window
size and stabilize at a lower depth of “3X (Figure 5a; Figures S11 to S20). The exception to this was for
the northern mountain caribou from Itcha-Ilgachuz which are skewed towards longer ROH and so showing
signatures of inbreeding, though not as strong (or as recent) as for the Lake Superior caribou (Figure 1;
Table 1). The long ROH for these two individuals were only detected at higher depths of coverage, starting
around 5-6X (Figure 5a and b). The reasons for this are unclear but it may suggest that when scanning for
long ROH using a larger window size, there is a threshold size of ROH below which the ROH are not easily
detected at lower depth. Note that there was not an increase in the percentage of the genome labelled as
unclassified for those individuals at lower depths either (Figure 5c).

As with the smaller window size, the percentage of the genome which is unclassified goes down with increasing
stringency of the rohmu parameter (Figure 5¢; Figures S11 to S20). At more lenient parameters the percentage
unclassified is much higher for the highly bottlenecked Greenland individuals than for any others, although as
the setting becomes more stringent the individuals with stronger recent inbreeding start to have the highest
amount of the genome unclassified (Figures S11 to S20). For the rohmu parameter which was closest to the
Plink results, 2e-4, the difference between the bottlenecked and recently inbred individuals is lower, however,
and appears to be a ‘middle ground’ between the two (Figure 5¢).

As with the smaller window size, estimates of theta go down with increasing depth (Figure 6; Figures S12
to S20). Theta including ROH was similar to those from the 100Kb window size as well, although with
generally smaller confidence intervals (Figures 4b and 6b). The theta excluding ROH is always very low for
the bottlenecked individuals from Greenland and Newfoundland, being similar to the theta including ROH



in those individuals (Figure 6a; Figures S12 to S20). When using a larger window size, seeing this pattern
can thus indicate the presence of shorter ROH, such as seen in bottlenecked populations, which are not being
detected.

not-yet-known not-yet-known
not-yet-known

unknown
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Caribou PCID Location and Designatable Unit Demographic history sun

20917 Ft. Severn, Ontario, Eastern Migratory Low signature of inbreeding



Caribou PCID Location and Designatable Unit

Demographic history sun

21332
21350
22832
23507
23508
27689
27694
28395
28402
34590
39590
39650
39651
39653
39654
41660
41667
45932
45933
50219
50234

Qamanirijuaq, Manitoba, Barren-ground

Qamanirijuaq, Manitoba, Barren-ground

Hearst, Ontario, Boreal

Baffin Island, Nunavut, Barren-ground

Baffin Island, Nunavut, Barren-ground

George River, Newfoundland and Labrador, Eastern Migratory
George River, Newfoundland and Labrador, Eastern Migratory
Itcha-Ilgachuz, British Columbia, Northern Mountain
Itcha-Ilgachuz, British Columbia, Northern Mountain

Pen Islands, Ontario, Eastern Migratory

Neys Area, Ontario, Boreal

Lake Superior, Michipicoten Island, Ontario, Boreal

Lake Superior, Michipicoten Island, Ontario, Boreal

Lake Superior, Pukaskwa National Park, Ontario, Boreal
Cochrane, Ontario, Boreal

NK Kangerlussuaq, Greenland

NK Kangerlussuaq, Greenland

Nipigon (Nakina), Ontario, Boreal

Nipigon (Nakina), Ontario, Boreal

Terra Nova National Park, Newfoundland and Labrador, Newfoundland
Gros Morne National Park, Newfoundland and Labrador, Newfoundland

Highly genetically diverse, re
Highly genetically diverse, re
Low signature of inbreeding
Some inbreeding likely due tc
Some inbreeding likely due t«
Low signature of inbreeding
Low signature of inbreeding
Signature of inbreeding being
Signature of inbreeding being
Low signature of inbreeding
Strong signature of inbreedin
Strong signature of inbreedin
Strong signature of inbreedin
Strong signature of inbreedin
Low signature of inbreeding
Highly bottlenecked with mu
Highly bottlenecked with mu
Low signature of inbreeding
Low signature of inbreeding
Bottlenecked, skewed toward
Bottlenecked, skewed toward

NROH

4000+

3000 Population
Barren—ground
Northern Mountain
Baffin Island
Greenland

2000 Eastern Migratory

Boreal

Lake Superior

Newfoundland

1000+ < .

SROH
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