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SUMMARY

The giant forest hog (GFH; Hylochoerus meinertzhageni), the largest and most elusive wild pig, is found in a 

disjunct range across tropical Africa, from Guinea to the Ethiopian highlands. The GFH has three morpholog

ically defined subspecies. Here, we present the first whole-genome data for nine samples from Guinea and 

Uganda, its two most geographically distant subspecies. We identify the GFH as sister to warthogs among 

African suids, diverging around 4.6 Mya, with the two GFH populations splitting between 1.7 and 0.5 Mya and 

following distinct demographic trajectories. The deep evolutionary split is confirmed by species-level genetic 

differentiation and the lowest heterozygosity level in the Guinean population compared with all the African 

suids, likely reflecting long-term low effective population size and isolation. Our findings have implications 

for understanding the habitat-change consequences in African rainforests and reveal a deep evolutionary 

divergence within the GFH with potential conservation relevance.

INTRODUCTION

The giant forest hog (GFH; Hylochoerus meinertzhageni, Thomas, 

1904) is the largest member of the Suidae family and one of the 

world’s most elusive wild pigs.1,2 Despite its large size, the GFH 

was not described until 1904.3 The GFH is provisionally 

comprised of three subspecies,4 differentiated on the basis of 

limited morphological evidence: H. m. ivoriensis in western Africa, 

H. m. rimator, and the nominate subspecies H. m. meinertzhageni 

in central and eastern Africa. The western GFH differs from the 

other two subspecies in skull morphology, while the H. m. rimator 

is smaller than the nominate subspecies.1,2 The geographic distri

bution of the GFH extends from central Kenya and Ethiopia in 

eastern Africa to Guinea in western Africa. While the western 

GFH’s range is geographically isolated, the other two subspecies’ 

range overlaps in the Democratic Republic of the Congo.

The GFH is primarily found in forests, woodlands, and dense 

undergrowth where it plays a crucial role in these ecosystems.2

The distribution of the GFH is probably a reflection of the range 

dynamics of the African forest belt, which has expanded and 

contracted along a latitudinal gradient during the Pleistocene, 

leaving relictual fragments of periodically contiguous closed 

canopy forest as far east as Mount Kenya in central Kenya.2,3,5

While the GFH is classified as ‘‘Least Concern’’ on the Interna

tional Union for Conservation of Nature’s Red List,6 hunting, 

habitat degradation, loss, and fragmentation due to deforesta

tion and other human activities represent ongoing threats to 

this species. West Africa underwent a more than 20% loss of for

est over the last decade and is predicted to experience at least 

3% further loss by 2033.7 Hunting for bushmeat is prevalent 

across most of the range of GFH.8,9 The elusive nature of the 

GFH means that our knowledge of its biology is limited,10 making 
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it challenging to predict its resilience to current ecological and 

anthropogenic pressures.1

Despite the growing body of genomic data for other wild pig 

species,11–15 the GFH is not represented in such studies. The 

only genetic study to include GFH showed the phylogenetic 

placement of a single individual from Uganda as sister to the 

warthogs using a handful of genetic markers.16 As such, the phy

logeny and evolutionary history of the African suids remain 

contentious, with uncertain relations among fossils and extant 

species. There is also controversy surrounding the dating of 

key evolutionary events for Africa’s suids.13,14,16 Hence, the 

lack of genomic data for GFH precludes a full synthesis of the 

evolutionary history of African suids, as well as of a basic under

standing of the evolution and phylogeography within the ne

glected GFH.

In this study, we generated the first whole-genome 

sequencing data of GFH from Uganda in eastern Africa (H. m. 

meinertzhageni) and Guinea in West Africa (H. m. ivoriensis). 

This allows assessment of the genomic diversity and population 

divergence between two of the three subspecies of GFH. We 

aimed to resolve the phylogenetic placement of the GFH within 

the African suids, including dating of divergence times. We 

also aimed to assess the genomic diversity, demographic his

tory, and lineage divergence times for the GFH. Finally, we 

compared these properties across the African suids, as the 

GFH represents the final knowledge gap in this group, and dis

cussed how these findings enhance our understanding of trop

ical Africa’s biogeography.

RESULTS

We generated whole-genome sequencing data for nine GFH 

from two locations: eight from Uganda (H. m. meinertzhageni) 

Bushpig (N = 4)
Common warthog (N = 7)
Desert warthog (N = 3)
Giant forest hog (N = 9)
Red river hog (N = 7)

A

Mitochondrial Nuclear B C

500 km 

Figure 1. Sampling locations and phylog

enies 

(A) Sampling locations for the individuals used in 

this study. The geographic range of the GFH is 

highlighted in dark pink and was obtained from the 

IUCN Red List of Threatened Species (2016). 

(B) IQtree phylogeny based on the entire mito

chondrial genome (GFH individuals with depth 

below 5× are not included). All species split nodes 

have full bootstrap support. See also Figure S1. 

(C) Species tree phylogeny generated by Astral-III 

estimated for 1,000 genomic regions, each 

5,000 bp long. The trees in (B) and (C) were rooted 

using the domestic pig as the outgroup (dot in 

black).

and one from Guinea (H. m. ivoriensis). 

All GFH data were mapped to the domes

tic pig (Sus scrofa) reference genome and 

sequenced to a depth between 4× and 

58×. We also included published whole- 

genome data from other African pigs: 

eight red river hogs (Potamochoerus por

cus), four bushpigs (P. larvatus), seven 

common warthogs (Phacochoerus africa

nus), three desert (Somali) warthogs (Phacochoerus aethiopicus 

delamerei), and one domestic pig (Sus scrofa) (Table S1). The 

depth of sequencing for the entire comparative dataset was be

tween 13.9× and 101× (Figure 1A; Table S1). After mapping to 

the domestic pig reference and strict quality filtering of the refer

ence genome and samples, the final dataset included 1.28 Gb 

sites located on the autosomal chromosomes.

We identified two pairs of closely related individuals among 

the GFHs from Uganda: samples 00153 and 00158 and samples 

00159 and 00160 are both pairs of first-degree relatives. The 

samples with the lowest coverage (00158, 00159, and 00160) 

were excluded, leaving six high-coverage individuals for further 

analyses.

Phylogeny of African suids

The mitochondrial DNA (mtDNA) phylogeny places the GFH 

basal to all other African pigs, while the GFHs from Guinea and 

Uganda are represented as sister taxa, with their split similar to 

the split between the common warthogs and desert warthogs 

(Figure 1B). We also explored the nuclear phylogenomic place

ment of the GFH samples among the diversity of the other Afri

can pigs by using Astral-III. In contrast to Figure 1B but consis

tent with Gongora et al.,16 this multispecies coalescent tree, 

based on the autosomal data, places GFHs as sister to the wart

hogs (Figure 1C).

Phylogenomic dating corroborated the topology inferred using 

ASTRAL-III, thereby supporting the monophyly of the GFHs and 

the warthogs and, especially, their sister-group relationship. The 

dated phylogeny indicates divergence at ≈ 4.99 Mya (95% 

HPDI = 6.63–3.39) between the Hylochoerus-Phacochoerus 

(GFH, common and desert warthogs) and Potamochoerus 

(bushpig and red river hog). This is similar to the Hylochoerus-Pha

cochoerus divergence at ≈ 4.56 Mya (95% HPDI = 6.17–3.09). 
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The common warthog and desert warthog diverged at ≈ 3.45 Mya 

(95% HPDI = 4.79–2.05), while the divergence between bushpig 

and red river hog is ≈ 1.59 Mya (95% HPDI = 2.53–0.81), similar 

to the one observed in the two subspecies of GFH at ≈ 1.75 Mya 

(95% HPDI = 2.77–0.81) (Figure 2).

African suids demographic histories

To explore the demographic history of the GFH populations and 

place this in the context of the other African suids, we inferred the 

historical effective population size (Ne) for the high-depth sam

ples using the pairwise sequential Markovian coalescent 

(PSMC). GFHs from Uganda and Guinea show a sharp decrease 

from ca. 50 to 15k Ne between 1.0 and 0.5 Mya (Figure 2B; 

supplemental information). During the same time, we observed 

a decrease in the common warthog Ne values, while the bushpig 

and red river hog Ne were constant. After 0.5 Mya, the Ne trajec

tories of the two GFH populations separated while the other Af

rican suids Ne expanded. From 120 kya, the samples from 

Uganda show a similar trend with their Ne values increasing, 

peaking to ca. 20,000 around 50 kya. Since then, the Ne signifi

cantly declined further around 10 kya with values reduced to 

5,000. The individual from Guinea shows a distinct trajectory in 

the plot with stable and low Ne values (ca. 5,000) between 300 

and 50 kya. Although we hypothesized that the demographic his

tory of GFHs, red river hog, and bushpig might share general de

mographic trends, as they are all associated with forested hab

itats, this was not observed. Ne in GFH were overall lower than 

for the other suid species for the majority of the last 1 million 

years, particularly the Guinean GFH which had a Ne < 10,000 in

dividuals since 300 kya.

Lastly, to corroborate the GFH population divergence time, we 

estimated the population split times between GFHs from 

Uganda and Guinea using the two-two (TT) method, which as

sumes a simple split with no subsequent contact. The population 

split is estimated to have occurred ca. 550–530 kya for all pairs of 

individuals tested (Figure 2C). This result is consistent with the 

separation of PSMC trajectories, whereas the GFH population 

split times inferred with phylogenetic and population genetic 

methods differ considerably. Overall, however, we consistently 

find strong evidence that the evolutionary divergence between 

the western and eastern subspecies of GFH was at least 500 

kya when assuming no gene flow, and possibly considerably 

older if there was subsequent gene flow.

Gene flow and genetic differentiation

To investigate potential lineage-specific gene flow among other 

African suids and GFH from Guinea and Uganda, we performed 

ABBA-BABA tests.17 The GFH from Guinea was placed in H1, 

A B

C

Figure 2. Demographic history and divergence times 

(A) Genome-scale dated phylogeny across species of African suids. The tree topology was inferred using IQtree and Astral. Branching times were inferred using 

the MCMCtree module of PAML. Green bars indicate 95% highest posterior density credible intervals (HPDI). 

(B) Demographic history of the two GFH subspecies compared with the other African suids, inferred with PSMC. See also Figure S3. 

(C) Two-two (TT) method to infer the divergence time between the GFH lineage from Uganda and Guinea. A generation time of 6 years and a per-generation 

mutation rate of 1.29 × 10− 8 were used both for PSMC and TT analyses. Triangles show the time to split for population 1 (T1), and diamonds show the time to split 

for population 2 (T2).
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the population from Uganda was placed in H2, the outgroup was 

placed in H4, while all other African suid species were placed in 

H3 one at a time. We then tested for a difference in the amount of 

allele sharing between H1 and H3 compared with between H2 

and H3. For gene flow detection specific to the eastern GFH, 

we placed the common warthog and bushpig from Uganda 

and desert warthog from Kenya in H3. Equivalently, for gene 

flow specific to West African GFH, we placed a desert warthog 

from Kenya and red river hog from Togo in H3. No gene flow 

signal was found between the western and eastern GFHs and 

other wild African suids (Figure S2).

Subsequently, to quantify the genetic distance between the 

populations of GFH from Guinea and Uganda, we estimated 

FST between the Guinean individual and each of the Ugandan in

dividuals using both medium and high coverage genomes 

(Figure 3A). The mean FST value between Guinean and Ugandan 

GFH populations was ≈ 0.8 (Figure 3A), indicating very high ge

netic differentiation and, thereby, supporting a deep split as indi

cated by the phylogenetic analyses. When comparing FST 

among species of African suids, we found that the majority 

show values above 0.75 with the highest (ca. 0.9) between Guin

ean GFH and desert warthogs (Figure 3B). The FST value be

tween Guinean and Ugandan GFHs is higher than values be

tween desert warthogs and common warthogs, and much 

higher than values between red river hogs and bushpigs 

(Figure 3B).

We inferred the genetic diversity of GFHs by estimating the 

genome-wide heterozygosity. Uniform levels of heterozygosity 

were found among Ugandan GFHs, while the sample from 

Guinea displayed half as high genome-wide heterozygosity 

(Figure 3C). Compared with the other African suids, GFHs have 

much lower heterozygosity with the GFH from Guinea showing 

only one-third of the lowest heterozygosity estimated in other 

species of African suid (Figures 3C and S4A).

We then explored the runs of homozygosity (ROHs) with length 

greater than 1 Mb (ROH > 1 Mb) for all species. The Guinean GFH 

displayed the highest proportion of the genome in ROH, followed 

by the Ugandan GFH (Figure 3D). Overall, the common warthog 

shows the lowest ROH proportions among African suids, fol

lowed by the red river hog, bushpig, and desert warthog. 

Furthermore, the GFH from Guinea showed the highest propor

tions of low-medium length ROHs (<5 Mb) across all individuals 

from all species, while keeping low proportions of long ROH 

(Figure S4B).

Figure 3. Genetic differentiation and diversity of the African suids 

(A) FST between the Guinean GFH and each Ugandan GFH individual. 

(B) FST between all pairs of species. 

(C) Genome-wide heterozygosity measured as the proportion of heterozygous sites per bp across each high coverage genome/individual per species. 

(D) Proportions of genome-wide runs of homozygosity (ROHs) for all high-coverage individuals by species. See also Figure S4.
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DISCUSSION

Giant forest hogs show extremes in intra-specific 

genomic variation

In this study, we present the first genome-level analysis of the 

GFH from two geographical regions of the species range, 

thereby placing its evolutionary history within the broader 

context of African suid diversification. The level of genetic differ

entiation observed between the two GFH populations investi

gated here is comparable with—and in some cases exceeds— 

that observed between species of African suids. Remarkably, it 

is also greater than the genetic differentiation reported between 

polar bears and brown bears,18 between the two African 

elephant species,19 and among giraffe lineages,20 now consid

ered species.21 This extremely high level of differentiation likely 

reflects a combination of long-standing population divergence 

and sustained low effective population sizes, especially in the 

Guinean GFH. Together, these findings suggest high amounts 

of genetic drift between the two GFH populations, leading to 

extremely high genetic differentiation on par with most of the 

species-level differentiation between the African suid species. 

Additionally, the continuously low effective population size of 

the Guinean GFH has led to one of the lowest genetic diversities 

among African ungulates, comparable with the Critically Endan

gered hirola (Beatragus hunteri).14,15,20,22,23 Notably, the large 

difference in heterozygosity between the two GFH populations 

while both keeping low proportions of ROHs indicates this is pri

marily caused by low effective population size over hundreds of 

thousands of years, rather than recent inbreeding in Guinea. 

However, ongoing human-induced habitat degradation, loss, 

and fragmentation, which is occurring at a higher rate in West Af

rica than anywhere else in tropical Africa,24 is likely to further 

exacerbate an already naturally reduced genetic diversity in 

this region, raising concerns about genetic erosion in West Afri

can GFH (H. m. ivoriensis).

Comparing African suid fossil and genetic evidence

The fossil record and evolutionary history of African suids 

are particularly complex. Fossils are unevenly distributed,25 the 

material is fragmentary, and high levels of morphological vari

ability and possible morphological convergence have compli

cated taxonomic assignment.26–30 Furthermore, molecular and 

genomic phylogenies sometimes indicate divergences among 

lineages that predate the earliest African fossils,16 suggesting 

mismatches between paleontological and genetic records or 

other inconsistencies.14 Our phylogenomic analysis corrobo

rates previous findings based on limited genetic markers that 

placed the Hylochoerini and Phacocoerini tribes as a monophy

letic sister group to the Potamochoerini tribe.16 Interestingly, the 

diversification between Potamochoerini and Hylochoerini- 

Phacochoerini, and the subsequent one between Hylochoerini 

and Phacochoerini appear to have occurred in rapid succession, 

both occurring ≈ 4.5–4.9 Mya and with almost identical confi

dence intervals (6.63–3.39 and 6.17–3.09 Mya, respectively). It 

remains unclear, however, whether these presently African line

ages diverged outside or inside Africa. Fossil evidence suggests 

that the major African pig lineages may have originated in other 

continents and arrived in Africa at different times.31–34 The 

genomic analyses presented here indicate a surprisingly deep 

evolutionary diversification between the two GFH populations 

comparable with that between the bushpig and the red river 

hog. Our phylogenetic and population genetic divergence time 

estimates are ≈ 1.75 Mya (2.77–0.81 Mya) and ≈ 0.5 Mya, 

respectively, with the discrepancy possibly due to either post- 

divergence gene flow or the difference between population 

divergence and genomic divergence, as discussed for warthogs 

in Garcia-Erill et al.14 Unfortunately, this deep divergence of two 

GFH lineages cannot be verified by fossil evidence due to the 

limited representation of fossil GFH in African records.35–38

Furthermore, when testing for gene flow between the western 

and eastern GFHs and other wild African suids, no signal of intro

gression was detected. This is in contrast with findings in many 

Asian suids, where hybridization is extensive,39–41 a pattern 

that may be explained by the comparatively shorter divergence 

times within the genus Sus. A parallel can be drawn with the Af

rican genus Potamochoerus, which similarly represents a 

recently diverged lineage and remains the only African suid 

genus in which interspecific hybridization, between the red river 

hog and the bushpig, has been documented.15

Biogeographical and Afro-tropical climatic context

Among the African plant and animal diversity, many species 

show a west-east divergence, where populations or subspecies 

exhibit genetic and morphological differences along this 

geographic gradient.42–44 Fluctuations between arid and humid 

climate periods during the Plio-Pleistocene and, consequently, 

changes in tree coverage, are proposed as the main drivers 

behind the west-east differentiation leading to species-level 

divergence.45,46 These cycles of forest expansions and contrac

tions, linked to glacial and interglacial phases, led to the forma

tion of forest refugia during the Pleistocene glacial periods. The 

reduced distribution of closed forest in Africa during dry periods 

and the expansion of deserts and savannas likely represented 

physical barriers to forest-adapted species, leading to their dif

ferentiation into isolated populations, subspecies, and occasion

ally species.43,46–48

Our inferred demographic history suggests that the GFH had 

large effective population sizes, comparable with the warthogs, 

until around 1 Mya, after which the population became severely 

reduced over the next 500 kya while the other African suids 

increased their effective population sizes. This period, the mid- 

Pleistocene, marks the transition from previous 41 kya low- 

amplitude cycles of climatic fluctuations to a new regime of 

100 kya higher-amplitude cycles of climatic fluctuations in trop

ical Africa—along with a trend toward drier climates.49,50 The 

ensuing continental-scale decline in closed-canopy forest would 

have favored more generalist suid species (bushpigs and red 

river hogs), and those specialized to open habitats (warthogs), 

and is consistent with a general trend in the fossil record of a 

decline in forest-adapted taxa.50,51 Early human hunting pres

sure is not a likely explanation for the Ne reductions, as the 

main theater of hominin evolution is eastern Africa, outside 

most of the GFH range. Moreover, other African suid species 

that were more sympatric with early humans do not show 

declining Ne during this period, refuting human hunting as a ma

jor driver. In GFH, our demographic analyses suggest that the 
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long-standing demographic decline coincided with the general 

drying of the African climate culminating in the divergence of 

the two GFH ancestral populations. This might have coincided 

with Marine Isotope Stages (MIS) 16 and 12 (approximately 

676–621 and 474–427 kya, respectively), two of the most 

extreme glacial periods in the mid-Pleistocene which likely 

accelerated the transition to drier conditions and the expansion 

of savannas in tropical Africa.52–55 Interestingly, GFHs carry a 

number of recently evolved cranial adaptations that suggest a 

recent and incomplete adaptation to a diet of low-level herbage 

and grasses, consistent with a scenario in which the fragmenta

tion of previously more contiguous forests presented an evolu

tionary challenge to the GFH leading it to evolve adaptations to 

ecotones.2 These and the following glacial periods (MIS10 and 

MIS8) caused major vicariance events for many African species, 

such as African buffalo, baboon, giraffe, warthog, lion, and 

spotted hyena.14,56–60 In support of this scenario, many arid- 

and forest-adapted species seem to follow the pattern of expan

sion and contraction of forest refugia in tropical Africa, including 

rodents,45,61 bats, frogs, birds,62–65 and hyrax.66 Even chimpan

zees (Pan troglodytes), seem to have followed the range contrac

tion and expansion of forest67–69 making the main refugia in West 

Africa a reservoir of high levels of diversity and endemism.68,70,71

To conclude, we provide the first whole-genome sequencing 

data from the GFH and show that the western African GFH in 

Guinea and eastern African GFH in Uganda (H. m. ivoriensis 

and H. m. meinertzhageni, respectively) form distinct evolu

tionary significant units (ESUs). These findings represent an 

initial step toward understanding the diversity within the GFHs 

and underscore the need to clarify the genetic structure and 

evolutionary lineages of the entire Hylochoerus complex. 

Although the GFH is currently classified as ‘‘least concern’’ on 

the IUCN Red List, the notably low level of genetic diversity 

observed in the Guinean population is expected to be further 

exacerbated by ongoing anthropogenic threats such as hunting 

and habitat degradation, loss, and fragmentation. Before making 

any formal taxonomic recommendation on the Guinean popula

tion, more genomic research is needed to help with its reassess

ment. This is a research priority as the conservation status of 

distinct ESUs within the GFH may be more precarious than 

currently assumed.

Limitations of the study

Several important limitations of this study should be acknowl

edged. First, our analysis is based on a limited sample size as 

we had a small number of samples and lacked the currently 

recognized H. m. rimator subspecies in Central Africa (H. m. ri

mator) and the eastern extreme of the species’ range in the 

Kenya and Ethiopia highlands (H. m. meinertzhageni). Second, 

the genetic inferences (e.g., low heterozygosity) cannot be 

generalized to the western subspecies of the GFH without further 

sampling.

Third, our power to detect gene flow is also limited by sample 

size and geographic coverage. While we found no evidence for 

recent gene flow from the ancestor of the Guinean sample to 

other populations, we cannot exclude the possibility of gene 

flow between other populations across the GFH’s range, partic

ularly among geographically proximate groups.

These findings underscore the critical need for expanded 

sampling across the species’ range to fully characterize the ge

netic structure and evolutionary relationships within the entire 

H. meinertzhageni complex.

RESOURCE AVAILABILITY

Lead contact

Requests for further information and resources should be directed to and will 

be fulfilled by the lead contact, Rasmus Heller (rheller@bio.ku.dk).

Materials availability

This study did not generate new unique reagents or materials.

Data and code availability

• The raw sequencing data generated for this project and their associated 

metadata are publicly available on the NCBI database under BioProject 

accession number NCBI: PRJNA1467963.

• The code used to process and analyze the data generated in this study 

is available at GitHub (https://github.com/marciux18/seqAfrica_ 

GiantForestHog).

• Any additional information required to reanalyze the data reported in this 

paper is available from the lead contact upon request.
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STAR★METHODS

KEY RESOURCES TABLE

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Sample collection

The GFH sample from Guinea was collected in 2011 at the Mamou bushmeat market, located in the southwestern region of the coun

try, during a survey conducted by SYLVATROP. Sampling followed a strictly opportunistic approach, depending on the species avail

able at the market on a given day. Given that the sample was derived from bushmeat, no ethical permits were required. The tissue 

sample was stored at 4◦C in 90%EtOH until lab processing.

Samples from Uganda were collected as biopsies from free ranging animals at different localities within Queen Elizabeth National 

Park. Four samples were obtained in 2000, three in 1999 and one in 2004. All samples were stored in 25% dimethyl sulfoxide (DMSO) 

in saturated sodium chloride93 at ambient temperature in the field and at − 80◦C in the laboratory until processing.

REAGENT or RESOURCE SOURCE IDENTIFIER

Biological samples

Giant forest hog samples (9) This study See Table S1

Desert warthog samples This study See Table S1

Common warthog samples This study See Table S1

Deposited data

Raw sequence data This study NCBI accession numbers: PRJNA1467963

Software and algorithms

PALEOMIX rev. 6c44fa53 Schubert et al.72 https://github.com/MikkelSchubert/ 

paleomix

AdapterRemoval v2.3.3 Schubert et al.73 https://github.com/MikkelSchubert/ 

adapterremoval

BWA v0.7.17 Li and Durbin74 https://github.com/lh3/bwa

SAMtools v1.11 Danecek et al.75 https://samtools.github.io

ANGSD Korneliussen et al.76 https://github.com/ANGSD/angsd

MAFFT v7.505 Katoh et al.77 https://mafft.cbrc.jp/alignment/software/

Trimal v1.4 Capella-Gutiérrez et al.78 https://vicfero.github.io/trimal/

UFBoot2 Hoang et al.79 https://iqtree.github.io

ModelFinder Plus Kalyaanamoorthy et al.80 https://iqtree.github.io/ModelFinder/

ASTRAL-III Zhang et al.81 https://github.com/smirarab/ASTRAL

FigTree v1.4.4 na http://tree.bio.ed.ac.uk/software/figtree/

BCFtools v1.13 Danecek et al.75 https://github.com/samtools/bcftools/

Admixtools2 Maier et al.82 https://uqrmaie1.github.io/admixtools/

PAML v4.9 Yang83 https://github.com/abacus-gene/paml

R packages ape Paradis et al.,84 Paradis et al.85 https://emmanuelparadis.github.io

MCMCtreeR Puttick et al.86 https://github.com/PuttickMacroevolution/ 

MCMCtreeR

Two-Two (TT) method Sjödin et al.87 https://github.com/MiThors/TT-method- 

development

PSMC v0.6.5 Li et al.88 https://github.com/lh3/psmc

BCFtools v1.21 Li et al.89 https://github.com/samtools/bcftools/

winSFS v0.7.0 Rasmussen et al.90 https://github.com/malthesr/winsfs

Plink2 v2.00 Chang et al.91 https://www.cog-genomics.org/plink/2.0/ 

general_usage

Plink v1.9 Purcell et al.92 https://www.cog-genomics.org/plink/
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Dataset

Publicly available data from the 7 common warthogs, 3 desert warthogs, 7 red river hogs, 4 bushpigs and one domestic pig were also 

downloaded and used in this study (Table S1).13,14,20

METHOD DETAILS

DNA extraction, and sequencing

Tissue samples were extracted using QIAGEN DNeasy Blood and Tissue Kit (QIAGEN, Valencia, CA, USA) following the manufac

turer’s protocol. Subsequently, RNase was added to the extracted DNA to ensure the presence of only RNA-free genomic DNA. 

The concentration of the DNA was measured using Qubit 2.0 Fluorometer and a Nanodrop and gel electrophoresis was subsequently 

used to determine the quality of the genomic DNA.

The samples were then sequenced using Illumina paired-end 150bp reads. Three samples from Uganda were sequenced at low 

depth ( ≈ 4× depth of coverage) and the remaining six samples from Uganda and Guinea were sequenced at medium-high depth 

(15–58×).

Mapping

Sequence data pre-processing and mapping was carried out using the PALEOMIX pipeline, rev. 36ffe7c.72 Briefly, we trimmed reads 

for adapter sequences using AdapterRemoval v2.3.3,73 merging reads overlapping at least 11 bp with the ‘‘–collapse-conservatively’’ 

option, that masks as ‘N’ mismatching, overlapping bases of the same quality. Quality trimming was not performed at this stage. 

Processed reads were mapped using the BWA 0.7.17 ‘‘mem’’ algorithm74 on the Pig (Sus scrofa; Sscrofa 11.1; 

GCF_000003025.6) and Common warthog (Phacochoerus africanus; GCA_016906955.1) genomes. The resulting alignments were 

processed using SAMtools v1.1175 commands ‘‘calmd’’, ‘‘fixmate’’, and ‘‘sort’’, to update mismatch and mate meta-data, and to 

sort the alignments. Duplicate sequences were flagged using PALEOMIX command ‘‘rmdup_collapsed’’ for merged reads, and SAM

tools ‘‘markdup’’ for all other reads. The results were merged to produce unfiltered BAM files.

Following this processing by PALEOMIX, we filtered unmapped reads, reads with unmapped mates, reads flagged as PCR dupli

cates or QC fail, and secondary and alternative alignments. We furthermore filtered reads with estimated insert-sizes outside the 

range 50–1000 bp, with fewer than 50 bp (or fewer than 50%) of query bases aligned to reference bases, i.e., excluding indels. Finally, 

we filtered pairs of reads mapping to different contigs or in the wrong orientation, and the mates of reads filtered by any of the above.

Reference genome and site quality filtering

After mapping, we performed a variety of quality control analyses to ensure the quality of our data and reduce the impact of repetitive 

regions and depth of coverage on the downstream analyses for the GFH populations. The Sus scrofa genome has RepeatMasker 

annotation and repeat regions where masked to avoid mismapping. Except for the mitochondrial analysis, non-autosomal chromo

somes were also excluded from downstream nuclear analysis. We then estimated the global depth (read count across samples) per 

site separately between the low and high coverage samples using ANGSD76 applying the following parameters: ‘‘-doCounts 1 -do

Depth 1 -dumpCounts 1 -maxdepth 5000 -minQ 30 -minMapQ 30’’.

The global depth distributions were then visually inspected, and we then calculated that the upper and lower 5% percentile of sites 

would be excluded. The sites between 5% and 95% percentile threshold were used for downstream analysis. A final sites file (.bed) 

was generated using bedtools94 intercept to select the overlapping sites between the filtered sites from the global depth and the re

petitive regions filters.

QUANTIFICATION AND STATISTICAL ANALYSIS

Mitochondrial phylogeny

To confirm the taxonomic placement of the GFH samples in our study, we performed a phylogenetic analysis on the mitochondrial 

genome. After mapping to the Sus scrofa reference genome we generated mtDNA consensus sequence for each high coverage sam

ple (>10×) using ANGSD, by including the consensus base (‘‘-doFasta 2’’) at each position. After calling consensus sequences, all the 

newly generated FASTA sequences were aligned using MAFFT v7.505.77 Trimal v1.478 with the parameter ‘‘-gappyout’’ was used to 

remove gaps and the resulting alignment was used as input in IQtree v2.1.4,95 to perform the phylogenetic analysis. We used 1000 

bootstrap replicates (‘‘-B 1000’’) with UFBoot2.79

The option ‘‘-m TEST’’ was used to integrate ModelFinder80 in the analysis, search for the best substitution model and perform the 

remaining analysis using the model. According to the BIC criteria the best fit model for our sequences was TIM2+F+I + G4.

Nuclear phylogeny

For each sample, a majority-count consensus sequence was generated in ANGSD v0.940 using the ‘‘-doFasta 2’’ option. Bases with 

quality lower than 30 and reads with mapping quality lower than 30 were discarded (‘‘-minQ 30 -minmapq 30’’). The minimum depth 

for each site for each individual was set to 3× (‘‘-setminDepthInd 3’’), and the following additional filters were used: ‘‘-doCounts 1 

-remove_bads 1 -uniqueOnly 1 -baq 2 -C 50’’. From these consensus sequences, 1000 random regions of 5k bp long were used 
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to generate 1000 independent gene trees using IQtree v.2.1.2. For this analysis, 1000 bootstrap replicates (‘‘-B 1000’’) with UF

Boot279 1000 bootstrap replicates for SH-aLRT (‘‘-alrt 1000’’) and ModelFinder Plus80 to identify the best evolutionary model for 

each region. Afterward, these region trees were compiled into a single file to generate a species tree using ASTRAL-III81 with default 

parameters, and visualised using FigTree v1.4.4 (http://tree.bio.ed.ac.uk/software/figtree/).

Genotype calling

We used BCFtools v1.1375 to call genotypes for the African wild pig samples of high depth, including 6 GFHs, 4 desert warthogs, 7 

common warthogs, 4 bushpigs and 7 red river hogs (see Table S1 for sample locations). We calculated genotype likelihoods using 

BCFtools mpileup with the ‘‘–per-sample-mF’’ flag and performed single sample calling using BCFtools call with the ‘‘–multiallelic- 

caller’’ and ‘‘-G -’’ flags. Genotype calling was based on reads with a minimum mapping quality of 30 and bases with a minimum 

quality score of 30. Multiallelic sites and indels were filtered out in the called variants. We also performed genotype calling for one 

domestic pig, which served as the outgroup, with the same settings and merged the resulting VCF file with the one including the Af

rican wild pigs.

D-statistics

We only kept SNPs that are polymorphic in the African wild pigs and are inside the genomic regions that passed site quality filtering in 

the final VCF file. We further masked genotype calls with depths below 10× and heterozygous genotypes supported by fewer than 

two reads in either allele. Based on this filtered genotype dataset, Admixtools282 was used to calculate the D-statistics for medium- 

high depth individuals (>10×). The domestic pig was used as an outgroup and the D-statistics were estimated for two scenarios: 

(a) gene flow between the GFH from Guinea and suids from West Africa; (b) gene flow between GFH from Uganda and suids from 

East Africa.

It is worth noting that D-statistics can perform reliably even with a single individual per population because statistical power is 

driven primarily by the number of informative sites (loci) rather than the number of sampled individuals.96

Demographic history inference

Molecular dating

Phylogenomic dating was performed in a Bayesian framework using evenly-spaced 100 Kb windows taken from each Mb across all 

of the five species of African suids. We selected one sample of the highest coverage for each of the species, while including both the 

Uganda and Guinea samples for GFH. Given widespread uncertainty in fossil placement in the phylogeny, we included a single cali

bration on the root corresponding with evidence of the earliest suine of genus Sus (Sus arvernensis)97 and of African hogs (Kolpo

choerus deheinzelini).98 Accordingly, we calibrated the root age using a uniform distribution bounded between 5.5 and 7.5 My, 

with a hard minimum bound and a soft maximum bound with a probability of 0.05. Molecular dating was performed on the species 

tree inferred as above, first calculating the gradient and Hessian matrix at the maximum likelihood estimate of molecular branch 

lengths.99 We then ran MCMC sampling in a chain with 1,000,000,000 steps sampling every 100,000 and after a 10,000,000 step 

burn-in, implemented in the MCMCtree module of PAML v4.9.83 Model priors included gamma-distributed rates across branches 

and a birth-death branching process, with a GTR+Γ model for DNA substitution. We processed and visualized the output using 

the R packages ape84,85 and MCMCtreeR.86

Mutation rate

Previous demographic studies in pigs and wild suids have employed a range of mutation rate estimates. A commonly used rate of 

2.5 × 10− 8 mutations per site per generation, based on the human mutation rate, was applied in several genomic analyses of 

suids.13,100 Other studies adopted a phylogenetically inferred rate of 2.48 × 10− 9 mutations per site per year, derived from compar

ative analyses across wild ruminants.14,15,101 More recently, a pedigree-based estimate specific to domestic pigs was reported by 

Bergeron and colleagues,102 yielding a modeled mutation rate of 1.05 × 10− 9 mutations per site per year. Assuming a generation time 

of 6 years for wild pigs,103 this corresponds to a per-generation rate of 0.63 × 10− 8, which is approximately 2.4 times lower than the 

rate previously used in most suid demographic studies.

Since no consensus mutation rate exists for wild African suids, we derived a mutation rate estimate from the posterior median from 

the dated phylogenetic tree. This choice is motivated by the fact that our rate is directly derived from African wild suids, making it 

more biologically relevant to the study system than the pedigree estimates from domestic pigs. Furthermore, pedigree-based mu

tation rates are known to capture recent germline mutations that may not be fixed over evolutionary timescales, and therefore could 

produce younger divergence estimates when applied to phylogenetic data.

We estimated a rate of 2.14 × 10− 9 mutations per site per year which corresponds to 1.29 × 10− 8 mutation rate per generation. Our 

estimate is also consistent with the rate reported by previous studies, providing additional support for its suitability in this context.

Split time estimate with the TT method

Population split times between the GFH from Uganda and Guinea were inferred using the Two-Two (TT) method, an approach esti

mating separate split times from a common ancestor for two populations.87,104 For this analysis, we used the unfolded 2days-SFS 

from high depth individuals (>10× coverage), polarized against the common warthog, desert warthog, red river hog and bushpig. We 
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only used sites where all outgroups were fixed for the same allele. The same mutation rate and generation time were used to scale 

split times as in PSMC.

The divergence and split time estimates reported in this study were obtained using two approaches: the phylogeny and TT method. 

The differences between their estimates should be interpreted in light of what each method actually captures. Phylogenomic diver

gence time refers to the time to the most recent common ancestor of two lineages, estimated from patterns of sequence divergence 

across the genome. Because ancestral populations harbor standing genetic variation, some alleles will have already diverged prior to 

the actual population split. This inflates estimates of divergence time, causing phylogenomic methods to predate the true split. As a 

result, these estimates should be interpreted as an upper bound on the timing of population separation. The TT method tends to 

reflect the timing of population separation more closely than phylogenomic approaches, and therefore typically yields more recent 

estimates. In summary, the estimates from phylogenomic dating and TT are not necessarily contradictory. Together, these ap

proaches provide complementary perspectives on the evolutionary history of the study taxa.

PSMC

We estimated population size history for the six high coverage GFH samples using the Pairwise Sequentially Markovian Coalescent 

model implemented in PSMC v0.6.5.88 As recommended, we generated a diploid sequence per sample using BCFtools v1.21,89 call

ing genotypes with -c on sites with allele support >1, mapping quality ≥25, and base quality ≥30. Moreover, the sites needed to pass 

the quality filters described above and a sample-specific depth filter was calculated as depth >mean depth/2, but minimum 10, and 

depth <mean depth × 1.5 (Table S2).

PSMC was run with the parameter pattern -p ‘‘4 + 25*2 + 4+6’’, maximum 25 iterations, and initial theta/rho ratio of 5. For scaling we 

used a generation time of 6 years and mutation rate of μ = 1.29 × 10− 8 per generation.

Population differentiation: FST estimation

We calculated the individual-level site allele frequency (SAF) in ANGSD using GATK genotype likelihood model (-GL 2) with minimum 

mapping and base quality (-minQ 30 and -minMapQ 30). From this we calculated the individual pairwise two dimensionals site fre

quency spectrum (SFS) using winSFS v0.7.090 and the genome-wide FST using Hudson’s estimator.105

We also estimated per population FST value using called genotypes on the high depth samples for all species in this study to 

compare the level of differentiation across species. For this task we used the called genotypes as input in Plink2 v2.0091 with the 

option ‘‘–fst CATPHENO method = hudson’’ and –‘‘within’’ to specify the population level of each individual in a tab-separated file.

Heterozygosity

Heterozygosity was calculated as the number of heterozygous sites/total number of sites using the same filters as for psmc described 

above.

Runs of homozygosity (ROH) analysis

We inferred runs of homozygosity (ROH) on the high coverage samples for each species in the dataset. We filtered the samples for 

SNPs with a minimum MAF of 0.05 and allowed for 5% missingness. To detect runs of homozygosity, we used Plink v1.992 using the 

option ‘‘homozyg’’ on the autosomal chromosomes. We applied default settings and a maximum of 3 heterozygous SNPs and 20 

missing calls within a scanning window. We inspected the ROHs by plotting them with proportion of heterozygous sites, SNP density 

in sliding windows and SNP calls along the autosomal chromosomes using a custom R script.

14 iScience 29, 117121, September 18, 2026 

iScience
Article

ll
OPEN ACCESS


	ISCI117121_proof_v29i9.pdf
	From forests to deserts: Sequencing of the giant forest hog completes the genomic history of the African suids
	Introduction
	Results
	Phylogeny of African suids
	African suids demographic histories
	Gene flow and genetic differentiation

	Discussion
	Giant forest hogs show extremes in intra-specific genomic variation
	Comparing African suid fossil and genetic evidence
	Biogeographical and Afro-tropical climatic context
	Limitations of the study

	Resource availability
	Lead contact
	Materials availability
	Data and code availability

	Acknowledgments
	Author contributions
	Declaration of interests
	Supplemental information
	References
	STAR★Methods
	Key resources table
	Experimental model and study participant details
	Sample collection
	Dataset

	Method details
	DNA extraction, and sequencing
	Mapping
	Reference genome and site quality filtering

	Quantification and statistical analysis
	Mitochondrial phylogeny
	Nuclear phylogeny
	Genotype calling
	D-statistics
	Demographic history inference
	Molecular dating

	Mutation rate
	Split time estimate with the TT method
	PSMC
	Population differentiation: FST estimation
	Heterozygosity
	Runs of homozygosity (ROH) analysis





