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A G R I C U L T U R E

Yam genomics supports West Africa as a major cradle of 
crop domestication
Nora Scarcelli1*, Philippe Cubry1, Roland Akakpo1, Anne-Céline Thuillet1, Jude Obidiegwu2, 
Mohamed N. Baco3, Emmanuel Otoo4, Bonaventure Sonké5, Alexandre Dansi6, 
Gustave Djedatin6, Cédric Mariac1, Marie Couderc1, Sandrine Causse7,8, Karine Alix9, 
Hâna Chaïr7,8, Olivier François10, Yves Vigouroux1

While there has been progress in our understanding of the origin and history of agriculture in sub-Saharan Africa, 
a unified perspective is still lacking on where and how major crops were domesticated in the region. Here, we 
investigated the domestication of African yam (Dioscorea rotundata), a key crop in early African agriculture. Using 
whole-genome resequencing and statistical models, we show that cultivated yam was domesticated from a forest 
species. We infer that the expansion of African yam agriculture started in the Niger River basin. This result, along-
side with the origins of African rice and pearl millet, supports the hypothesis that the vicinity of the Niger River 
was a major cradle of African agriculture.

INTRODUCTION
The emergence of agricultural societies was associated with hotspots 
of plant domestication (1), often described as domestication centers 
(2). One of the best known hotspots is the Fertile Crescent in the 
Middle East, where wheat, barley, oat, lentil, and chickpea, among 
others, first appeared in the archaeological records (3). The history 
of crop domestication is much less documented in sub-Saharan 
Africa, probably because archaeological studies are largely fragmen-
tary (4). One hypothesis about crop domestication in Africa suggests 
an origin encompassing a large area from Senegal to Somalia (2). 
This Sahel-wide hypothesis was mainly based on distributions of 
wild and cultivated African cereals, such as pearl millet (Cenchrus 
americanus), sorghum (Sorghum bicolor), fonio (Digitaria exilis), and 
African rice (Oryza glaberrima). Recent studies have challenged this 
hypothesis and proposed a more restricted area of origin in the western 
Sahel, near the Niger River basin. Pearl millet was domesticated in a 
region corresponding today to northern Mali and Mauritania (5), and 
African rice was also domesticated in Mali (6). To assess whether the 
vicinity of the Niger River basin could be identified as a major hotspot 
of domestication, we investigated the domestication of yam, another 
major staple crop originating from Africa.

Yams (Dioscorea spp.) were domesticated independently at least 
three times in three different continents: in Asia (Dioscorea alata), 
in America (Dioscorea trifida), and in Africa (Dioscorea rotundata) 
(2). In Africa, yam starchy tubers are mainly produced in the “yam 
belt,” a region including the Republic of Côte d’Ivoire, Ghana, Togo, 
Benin, Nigeria, and Cameroon (7), which accounts for 97% of Afri-
can yam production (www.fao.org/faostat). Yam production in West 

Africa is second only to that of cassava, surpassing that of maize, 
rice, and sorghum. It is therefore a key crop for African food security. 
The main cultivated yam, D. rotundata, has two close wild relatives 
(8), the savannah species Dioscorea abyssinica and the forest species 
Dioscorea praehensilis. Domesticated yam is likely derived from one 
of these two species (9) or from hybridization between them (7).

In this study, we used whole-genome resequencing of 167 wild 
and cultivated yams to clarify where and from which species yam 
was domesticated. Our findings in combination with recent results 
on pearl millet and African rice (5, 6) suggest that the Niger River 
vicinity played a major role in the domestication of African crops.

RESULTS

Genetic diversity and structure
We sampled wild and cultivated yams in the main area of produc-
tion, in Ghana, Benin, Nigeria, and Cameroon (Fig. 1 and table S1). 
A total of 86 D. rotundata, 34 D. abyssinica, and 47 D. praehensilis 
were fully resequenced an average of seven times and produced 
3,570,940 single-nucleotide polymorphisms (SNPs).

Principal components analysis (PCA) highlighted four genetic 
groups. The wild forest species, D. praehensilis, was split into two major 
groups, one found in West Africa and the other found in Cameroon 
(Fig. 2A and fig. S1A). The third group corresponded to D. abyssinica 
and the fourth to D. rotundata, with all cultivated individuals (Fig. 2A 
and fig. S1A). Analysis of population structure showed these same 
four groups (Fig. 2B). The three wild genetic groups showed clear geo-
graphic patterns of ancestry (Fig. 2C), corresponding to the savannah 
(D. abyssinica) and to the upper and lower Guinean forests for Western 
and Cameroonian D. praehensilis, respectively.

The population of D. praehensilis from Cameroonian forests had 
the highest nucleotide diversity (11.9 × 10−4; table S2). Nucleotide 
diversities for the three other groups were similar (mean, 9.7 × 
10−4), with those for Western D. praehensilis slightly lower than the 
others (8.6 × 10−4; table S2). Genetic diversity of D. rotundata, esti-
mated as the number of singletons (10), was reduced by two-third 
compared to D. abyssinica and Cameroonian D. praehensilis but 
only by half compared to Western D. praehensilis (table S1). For the 
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cultivated population, the maximum diversity was found in Ghana 
and Nigeria (fig. S1B). The linkage disequilibrium (LD) decay was 
smaller for populations of cultivated yam (ca. 0.16 at 250 kb) than 
for those of the wild species (ca. 0.12 at 250 kb fig. S2).

Origin of cultivated yam
Using a coalescent-based evolutionary approach (11), we modeled 
and tested the origin of cultivated yam from the three wild genetic 
groups identified. First, we investigated the relationships between the 
three wild populations: D. abyssinica, Cameroonian D. praehensilis, 
and Western D. praehensilis. In the most likely model, D. abyssinica 
diverged first, followed by the divergence of the two D. praehensilis 
populations (fig. S3A). Using this model, we tested a total of six 
divergence scenarios, assuming that the cultivated population derived 
from (i) only one of the three wild populations and (ii) from early 
hybridization of two of the three wild populations. The model with 

the highest likelihood suggested that the cultivated population di-
verged from Western D. praehensilis (Fig. 3A and fig. S3B).

We then assessed the geographic origin of the expansion of cul-
tivated yam by developing an approximate Bayesian computation 
(ABC) approach (12) with a spatially explicit diffusion model (13). The 
analysis pinpointed a region located between the eastern Ghana and 
western Nigeria and ranging from the Gulf of Guinea to the southern 
Niger (Fig. 3B). The best posterior estimate of location of origin was 
in northern Benin (mean, latitude 11.1° ± 4.4°N and longitude 
2.8° ± 8.9°E). Posterior predictive checks showed that the predictions 
of the model were consistent with the empirical data (fig. S4).

Temporal dynamics of effective population size
Modeling the temporal dynamics of effective population size (14) 
indicated that both cultivated and wild populations strongly de-
clined approximately 15,000 generations ago (Fig. 3C and fig. S5). 

D. abyssinica

D. praehensilis

D. rotundata

(c) N. Scarcelli, IRD (c) N. Scarcelli, IRD(c) N. Scarcelli, IRD

A B C

D

Fig. 1. The three yam species analyzed in this study and corresponding sampling. (A) Tuber of D. rotundata. (B) Tuber of D. abyssinica. (C) Tuber of D. praehensilis. 
(D) Map representing the geographical coordinates of each analyzed yam individual. Orange circle, D. rotundata; green triangle, D. abyssinica; blue square, D. praehensilis. 
Photo credits: Nora Scarcelli, IRD.
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The cultivated population reached a minimum ca. 2500 genera-
tions ago. During this period, the cultivated population size was 
divided by four compared to the ancestral population size. The culti-
vated population size then increased to its maximum ca. 400 gener-
ations ago in two phases. During the first phase, a strong increase 
occurred between ca. 2500 and ca. 1500 generations ago, and the 
cultivated population size was increased fourfold. In the second 
phase, between ca. 700 and ca. 400 generations ago, the cultivated 
population size was then doubled. We observed a strong decline in 
the last 400 generations, during which the cultivated population size 
was more than halved. Western D. praehensilis and cultivated popu-
lations showed similar dynamics in the last ca. 3000 generations.

Detection of selection
We looked for genomic signatures of selection by comparing the 
nucleotide diversity  ratio (15) and the FST (16) of cultivated popu-
lation and its wild relative, the Western D. praehensilis population. 
We also investigated complete selective sweeps in the genomes of 
the cultivated population (17). Overall, 294 annotated genes were 

retrieved in regions detected by at least one test (table S3 and fig. S6). 
We retrieved six candidate genes previously reported in an analysis 
based only on Benin populations (18). Two of these genes are in-
volved in root development [Scarecrow-like (SCL) gene Dr11126 
and argininosuccinate lyase (ASL) gene Dr04385], one is involved 
in starch formation and storage [sucrose synthase (SUS) gene Dr18284], 
and three genes are involved in stomata regulation and osmotic stress 
[cellulose synthase–like (CSL) genes Dr13651, Dr13652, and Dr13653]. 
In addition, enrichment tests for gene ontology (GO) terms reveal a 
substantial number of genes in our dataset involved in the cellulose 
biosynthetic pathway and in auxin transport (table S4).

DISCUSSION
Before our study, two species were hypothesized to be the progeni-
tors of cultivated yam: the savannah species D. abyssinica and the 
forest species D. praehensilis (8, 9, 19). Our genomic study provides 
statistically supported evidence that the forest species D. praehensilis 
is the most likely progenitor of African cultivated yam. As yam is 
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Fig. 2. Genetic structure of the three species. (A) PCA based on SNPs remaining after a 5% minimum allele frequency (MAF) cutoff. (B) Ancestry proportions of each 
sample estimated by admixture for K = 4 genetic groups. (C) Geographic distribution of ancestry proportions of wild population samples obtained from the same analysis. 
Orange, D. rotundata; green, D. abyssinica; dark blue, Western D. praehensilis; light blue, Cameroonian D. praehensilis.

Fig. 3. Inference of African yam domestication history. (A) Yam species relationship. The best model inferred by coalescent-based analysis is presented here. AIC, 
Akaike information criterion. (B) Inferred area of geographic origin of cultivated yam based on an approximate Bayesian spatial model. (C) Demographic history of culti-
vated yam populations (effective size, Ne). The three arrows represent the following: (i) the first expansion of yam agriculture, ca. 2500 generations ago; (ii) the second 
expansion, ca. 700 generations ago; and (iii) the recent decrease, ca. 400 generations ago. Orange, D. rotundata; green, D. abyssinica; dark blue, Western D. praehensilis; 
light blue, Cameroonian D. praehensilis.
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now cultivated in open fields, in contrast to the forest habitat of its 
progenitor, we expect that domestication triggered adaptations to 
the open environment (18). Accordingly, signatures of selection on 
genes involved in the regulation of stress were highlighted in our 
results. Domestication was also associated with the transformation 
of the fibrous tuber of D. praehensilis into a large, starchy tuber. We 
identified putative candidate genes directly associated with root 
development, starch formation, and storage. Selection on similar 
functions has been previously shown in other root and tuber crops 
such as cassava (20) and potato (21). This has been interpreted as 
the effect of human selection for increased tuber size and starch 
content, as well as adaptation to a dryer and brighter environment 
under cultivation. These interpretations are in line with our hypotheses 
on the origin and use of African yam.

The forest origin of cultivated yam challenges the hypothesis 
that domestication of sub-Saharan African plants arose mostly in 
tropical savannahs (2). D. praehensilis is a forest species, but it is 
more commonly found in disturbed forests up to the forest/
savannah ecotone, where access to light is facilitated (22). Domestica-
tion might have occurred at the forest/savannah ecotone, as previously 
suggested (2, 7).

The lack of archaeological remains precludes dating or tracing 
the history of cultivated yam (7), but our genomic study allows us to 
make inferences about the post-domestication diffusion of yams. 
The strong expansion of cultivated yam population ca. 2000 genera-
tions ago likely corresponds to the expansion of yam cultivation 
after its domestication. More precise estimates for the date of origin 
and for the rate of expansion would require a better estimate of the 
mutation rate (11). Unexpectedly, our analysis revealed a recent 
decrease in population size, ca. 400 generations ago. A similar de-
crease was observed in African rice, ca. 500 years ago (6), and is 
explained by the introduction of Asian rice in Western Africa (6). 
Before European colonization, yam was the most important starchy 
food crop in the yam belt region (7). Several non-African crops, 
notably maize and cassava, were introduced after European coloni-
zation and directly competed with yam cultivation. In 2016, the yam 

belt from the Republic of Côte d’Ivoire to Cameroon was dominated 
by cultivation of cassava and maize; yam-growing areas were restricted 
to 6.9 Mha, compared to 8.6 and 10.7 Mha for cassava and maize, 
respectively (www.fao.org/faostat). Overall, our results suggest that 
yam cultivation was affected early on, starting 400 generations ago, 
and the introduction of non-African crops was certainly a driver of 
its cultivation decline.

The estimated geographical origin of cultivated yam expansion was 
located within the basin of the Niger River, between eastern Ghana 
and western Nigeria. This presumed area of the origin of yam culti-
vation is now dry and unsuitable for D. praehensilis, the likely pro-
genitor of yam. However, in the early Holocene, during the “green 
Sahara” period, this region was much wetter than today and it was 
covered by wooded savannah (23). It has been suggested that the 
intensification of Sahara desertification may have triggered the domes-
tication of African rice and pearl millet (5, 6). Similarly, environmental 
changes could also have contributed to the initiation of yam domes-
tication. These changes in environmental conditions might have par-
ticularly affected the disturbed forest/ savannah ecotone where we 
hypothesized the domestication to have occurred.

As for yams, more Northern origins than previously postulated 
(2, 24) were found for both pearl millet (5) and African rice (6). The 
basin of the Niger River was presumably a hotspot of cultivation, as 
several archaeological sites with remains of cultivated crops are 
located in this region (25–28). Among the five crops of African origin 
that are most produced in Africa today (yam, African rice, sorghum, 
pearl millet, and cowpea; www.fao.org/faostat), four presumably orig-
inated in a restricted area: African yam expanded from the Niger 
River basin (present study), African rice was domesticated in the re-
gion of the Inner Niger Delta in Mali (6), pearl millet in northern 
Mali and Mauritania (5), while cowpea is posited to have originated 
in northern Ghana (29). Together, these results greatly refine our un-
derstanding of West African crops domestication history. They help 
identify a major cradle of domestication in West Africa, geograph-
ically localized around the Niger River (Fig. 4), comparable to the 
Fertile Crescent in the Near East.

Fig. 4. Near East and West African major cradles of domestication. 
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The West African cradle of domestication defined here is much 
restricted in size than the domestication noncenter postulated by 
Harlan (1). In this sense, it is closer to the definition of domestica-
tion centers that were defined all over the world (2, 24, 30).

MATERIALS AND METHODS
Sampling and sequencing
We collected a total of 167 samples in the main growing area of yam 
in Ghana, Benin, Nigeria, and Cameroon (Fig. 1 and table S1). They 
corresponded to 86 D. rotundata, 34 D. abyssinica, and 47 D. praehensilis. 
For each individual, we collected fresh young leaves and immedi-
ately dried them in silica gel. We extracted DNA using Matab (9). 
We performed paired-end whole-genome resequencing using Il-
lumina HiSeq 2500 and 3000 technologies in Toulouse (Genotoul), 
France. We constructed 400–base paired (bp) libraries using a home-
made library construction described in (31) using internal barcodes.

Bioinformatic treatment
We first demultiplexed raw reads, based on internal barcodes, using 
demultadapt (https://github.com/Maillol/demultadapt). We re-
moved adapters and low-quality bases using cutadapt 1.2.1 (32). We 
then discarded reads with a mean quality lower than 30 using a Perl 
script (https://github.com/SouthGreenPlatform/arcad-hts/blob/
master/scripts/arcad_hts_2_Filter_Fastq_On_Mean_Quality.pl). We 
mapped reads onto the D. rotundata reference genome (genome, 
BDMI01000001.1 to BDMI01000021.1; mitochondrial genome, 
LC219374.1; plastidal genome, KJ490011) using BWA-MEM software 
0.7.12-r1039 (33). The yam genome assembly we used was 594 Mb, with 
an N50 (a measure of assembly quality) of 2.12 Mb (34). We performed 
SNP calling using GATK UnifiedGenotyper 3.6-0-g89b7209 (35). 
We mapped reads onto the organelle genome together with the nu-
clear genome to prevent calling of polymorphisms resulting from 
the integration of organelle DNA into the nuclear DNA. We then 
filtered the 66,567,139 raw SNPs obtained according to several cri-
teria: low quality (<200), low-mapping quality (MQ0 ≥ 4), and low- 
and high-mean depth (10 < DP < 20,000). SNPs were then thinned 
to allow no more than three SNPs into a 10-bp window. We calculated 
percentage of missing data per SNP and individual and mean depth 
per individual using VCFtools (36). We kept only biallelic SNPs with 
less than 25% of missing data, resulting in a total of 3,570,940 re-
tained SNPs.

Genetic diversity and structure
We assessed the genetic relationships between individuals by PCA 
using the SNPRelate (37) R package. We did the PCA (i) using all 
SNPs and (ii) after a cutoff for minimum allele frequency (MAF) of 
5%. We investigated population genetic structure using a model- 
based approach implemented in admixture (38) using a MAF cutoff 
of 5%. We considered K (the number of putative ancestral popula-
tions) values ranging from 1 to 10, with 10 runs for each K. We 
geographically plotted the highest likelihood run for each K using 
the tess3r (39) R package. We represented the geographical distri-
bution of singletons by using a kriging approach function of the 
fields (40) R package. For subsequent analyses, we considered the 
structure obtained with K = 4 ancestral populations. Considering an 
ancestry threshold of 80%, we discarded the 14 samples with mixed 
ancestries (table S1). We reclassified five misclassified samples to 
the genetic population for which they had the highest ancestry 

(table S1). Therefore, the subsequent analyses were done using 29 
D. abyssinica, 18 Cameroonian D. praehensilis, 26 Western D. praehensilis, 
and 80 D. rotundata.

We used VCFtools (36) for calculating (i) , the nucleotide di-
versity (16), in a 1000-bp window; (ii) the number of singletons per 
individual, as an estimation of the genetic diversity (11); and (iii) 
the genotypic LD. For LD calculation, we considered only polymor-
phic SNPs with a MAF cutoff of 10% in a given species, i.e., 822,720 
for D. abyssinica, 737,627 for Western D. praehensilis, 1,094,239 
for Cameroonian D. praehensilis, and 799,350 for D. rotundata. We 
calculated LD between all pairs of loci found in 1-Mb windows. 
We then plotted smoothed LD against distance using the R package 
ggplot2 (41).

Genetic origin of cultivated yam
We used fastsimcoal 2.5.2.21 (12) to evaluate from which wild rela-
tive the cultivated yam likely originated. We used a subset of 100,000 
randomly sampled SNPs with observed heterozygosity lower than 
0.8 for this analysis. We estimated a joint multidimensional SFS (site 
frequency spectrum) for all pairs of populations using a customized 
R script. To reduce potential bias due to missing data, we first com-
puted realized allele frequencies, i.e., allele frequencies for each SNP 
were calculated excluding missing data. We then rescaled the real-
ized allele frequencies to (1 – X)N to get the final SFS, with X as the 
mean frequency of missing data and N  as total number of geno-
types. Models implemented in fastsimcoal (12) included three or four 
populations, with size ranging between 100 and 1,000,000 haploid 
individuals, time of divergence ranging from 100 to 1,000,000 genera-
tions, and mutation rate ranging from 1 × 10−7 to 1 × 10−9. The models 
assumed no migration and no change in growth rate. All the models 
tested (3 + 6) are provided in fig. S3. For each model, we estimated 
demographic parameters using 100 runs, each run corresponding to 
250,000 to 1,000,000 simulations and 40 to 150 expectation-conditional 
maximization loops with a convergence criterion of 1%. As fast-
simcoal implements a composite- likelihood approach, one needs to 
refine likelihood estimation (12). For each model, we used estimated 
parameters resulting in the best likelihood value for the first round 
of simulations to refine likelihood estimation. We reestimated model 
likelihoods using 100 additional runs of 250,000 simulations. We kept 
the best likelihood value to estimate the Akaike information criterion 
(AIC) of each model as AIC = 2k – 2log10(L) with k as the number of 
estimated parameters and L as the likelihood. The AIC served as basis 
for model choice within the first (three models to compare) and second 
(six models to compare) sets.

Geographic origin of the expansion of cultivated yam
We performed spatially explicit simulations of genetic polymor-
phisms using SPLATCHE2 (14). For each simulation, we random-
ly picked the origin coordinates within a rectangle of side lengths 
16°W to 40°E and 5°S to 20°N. This region includes both savan-
nahs and tropical forests from West, Central, and East Africa, as 
well as the South Sahara. In the model, the map of Africa was dis-
cretized as a grid with 7221 cells (~90 km × 90 km). Positions cor-
responding to water cells were withdrawn from the model. We 
used uniform prior distributions for most model parameters. The 
pre-bottleneck- effective population size ranged from 500 to 100,000, 
the bottleneck- effective size ranged from 100 to 10,000, the dura-
tion of bottleneck ranged from 0 to 5000 generations, the duration 
of post-bottleneck expansion ranged from 50 to 2000 generations, 
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the growth rate ranged from 0.1 to 0.6, and the migration rate 
ranged from 0.15 to 0.7. To decrease time required for simulations, 
we fixed the mutation rate at 1 × 10−6, meaning that the time scale 
was not calibrated. For each cell, we defined the carrying capacity 
(C) according to the vegetation type; C was fixed to 10 for desert, 
while another C value was assigned for other vegetation types, with 
a uniform distribution from 30 to 150. We used a single friction 
map to constrain migration by elevation, i.e., migration was more 
difficult in mountains than in plains. We simulated a total of 100,000 
independent sites per haploid sample. We sampled simulated data 
at the same coordinates as the observed data. We performed a total 
of 1,000,000 independent simulations.

We computed two groups of summary statistics on observed and 
simulated data. The first group was derived from the number of 
singletons per individual, a statistic representing a local measure of 
genetic diversity, useful for the inference of the geographical origin 
of an expansion (11). The second group of statistics was derived 
from the SFS of the genetic sample, a statistic related to the demo-
graphic history of the population. We estimated the relative propor-
tion of singletons for 11 groups (fig. S4) defined by using the k-means 
clustering method of the R stats package (42). We summarized the 
SFS by using eight bins: (i) SNPs found only once (singletons), (ii) 
SNPs found twice, (iii) SNPs found three to four times, (iv) SNPs 
found 5 to 11 times, (v) SNPs found 12 to 21 times, (vi) SNPs found 
22 to 35 times, (vii) SNPs found 36 to 55 times, and (viii) SNPs 
found more than 55 times. We compared observed and simulated 
summary statistics by using an ABC analysis. We performed ABC 
using the ABC (13) R package with 500 independent neural net-
works and a tolerance rate of 0.001 (1000 simulations retained). 
To assess the goodness of fit of our model, we performed posterior 
predictive checks, i.e., we used the parameters of the 1000 retained 
simulations to perform 1000 extra simulations. We then checked 
whether these new simulations were able to recover the values of the 
summary statistics observed in the data.

Temporal dynamics of effective population size
We estimated past changes in effective size, Ne, using SMC++ (15). 
We used MSMC tools (https://github.com/stschiff/msmc-tools) to 
create masks for mappable positions (https://github.com/popgen-
methods/smcpp/blob/master/README.rst). To get more reliable 
estimates of effective population size, we reestimated the frequencies 
of derived alleles five times, using five randomly chosen individuals 
as distinct lineages. We set the maximum number of generations to 
100,000 and let SMC++ (15) define the lower bound based on a heu-
ristic approach. We fixed the mutation rate to 6.5 × 10−9, corre-
sponding to the mutation rate estimated for monocotyledons (rice, 
maize, and barley) (43), and the generation time to 1 year.

Detection of selection
We investigated the existence of selection signatures using three 
complementary methods: (i) detection of selective sweeps for the 
cultivated individuals using the likelihood-ratio test of SweeD 3.3.2 
(18), (ii) calculation of  ratio as wild/cultivated, and (iii) calculation 
of Weir and Cockerham’s (44) FST between wild and cultivated pop-
ulations. For composite-likelihood ratio (CLR) computation, we 
adapted the grid of each chromosome to calculate a CLR peak every 
100 bp. We considered CLR within 100-kb windows as poten-
tially resulting from similar selection events. We thus grouped them 
into common windows of 50 kb on each side of the most extreme 

peak. We calculated  ratio and FST using sliding windows of 50 kb 
every 10 kb with VCFtools (36). For the three methods, we re-
ported genome annotations of the 1% most extreme values using 
BEDTools 2.2 (44) (windowBed command, default parameters) based 
on D. rotundata genome annotations (34). We only considered genes 
with a meaningful annotation. We associated GO terms with loci 
using a customized R script. We performed enrichment tests for GO 
biological processes, cellular components, and molecular func-
tion terms using the Fisher exact test implemented in the R package 
topGO (45).
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