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Abstract

Clonal propagation enables favourable crop genotypes to be rapidly selected and multiplied.
However, the absence of sexual propagation can lead to low genetic diversity and accumulation of
deleterious mutations, which may eventually render crops less resilient to pathogens or
environmental change. To better understand this trade-off, we characterise the domestication and
contemporary genetic diversity of Enset (Ensete ventricosum), an indigenous African relative of
bananas (Musa) and principal starch staple for 20 million Ethiopians. Wild enset is strictly sexually
outcrossing, but in cultivation is exclusively propagated clonally and associated with diversification
and specialisation into hundreds of named landraces. We applied tGBS sequencing to generate
genome-wide genotypes for 192 accessions from across enset’s cultivated distribution, and surveyed
1340 farmers on enset agronomic traits. Overall, reduced heterozygosity in the domesticated lineage
was consistent with a domestication bottleneck that retained 37% of wild diversity. However, excess
low frequency putatively deleterious missense mutations present as heterozygotes suggested
accumulation of mutational load in clonal domesticated lineages. Our evidence indicates that the
major domesticated lineages initially arose through historic sexual recombination associated with a
domestication bottleneck, followed by amplification of favourable genotypes through an extended
period of clonal propagation. Among domesticated lineages we found significant phylogenetic signal
for multiple farmer identified food, nutrition and disease resistance traits and little evidence of
contemporary recombination. Development of future-climate adapted genotypes may require crop
breeding, but outcrossing risks exposing deleterious alleles as homozygotes. This trade-off may
partly explain the ubiquity and persistence of clonal propagation over recent centuries of

comparative climate stability.
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Abstract (Amharic translation)

AXUCH-0PMM&

A-RFP-004N +aP 46 NY2T P PANTA PANA BHA-NGLPF NH4MT U APHAR AT8NH
PLCIA: BUT ATE PRFP DN AATRRC PNLY +APLYF aDaDgaDyq 9F PPy Ny PR-$PLY
APNZNF 2FAA: £U Usa L9790 PANA +hATFT NAFT9R BT PAPC INLF AD-m7 PaDkege NYL
APTN LFAA: NATHY AXFRT APTFR 18FPF £18 PAD-T U3 NHAA AR7THNT NAGR U3
NAZNC ANAT AT8 NPIE- PATNF +NA TATRRG NLYLPP +ALRYTF AL P+ PNUL +71+6 meH
+hem-ga: AT NAGZH NARTT PaH HELPF @77 Pa,aR e AUT N20 TACY ATRNAM-
ATER LM P ANE PILA AR, TN IR T6me 10 ATNT NACA ANATT NAL NB-C NPATTFID
£1FA: B.C NPA ATNT PTILNA UF PADLN, P HEM- 2P 10 NANATT PARATIM- ATNT NRFP
a8 A LN NFATR ACH ARCT A-RFP-AR4NT NARMPID PNHFA: NHUTR aBY7 L NAD$PF
P@M4 P+HAP NULT NPT PAFD ALTEPT ATRNART ULA: NHU DT+ +.8.N.AN. (tGBS)
ANRIATT O+NA HET NARMPIR 0192 ARYEPFT BHH-NLYPF PAITINN ¢ PHNTDT ALY
1340 ACH ARCTY NMA+TE NALTEPE NUL e LE +ANNNA: NANATT NTRATE- PATINT
®77 P& PA NELPPYF BHT AINHE AT £UIR NTIATIS. Y LT PHNA+D- NE-LPP BLP NE-L N/
NHUTF 37% +ALLTT NF A18.MLN NALLD- +RAT IC PTL&LT 102 BUT ATE AAR AR 18,
PLY NE-LPP-3PL- NEPA-NLYL APAR PR NAT AOPE  NA-RFP ABF7L N9 LNA- P+ATD LD
PATAT @77 AR NTH 1% PN PP-3PL- 60T APNZF ARY8. T PARANFA: NAMPAL PG
@Mk ATRMPAPE: PT PTPE PATNT PHC UZIT PHNART LT (LA NINE NG-LPR-NDH?
NATYE. L%+ N+NA+ NE-LPP BLST RUT +hFde Nt ME PHALLYF apangaRy: 18 (Jgo
NHARGHY PARAAR L Y 0%+ MPa 1F PAFMD-T RH+-NAYPTF hTINENt IC N+ L PH NHLLTF ARLMPTF
gPATPF 1@ NHATRL. PATAT ARIEPTF ATRC MTNE PIRIINTHT 01 ML-9P9N AT NAFT

PaReLID ACMHLP PNUL ARAPAAA P+ATPA NUPIIR NARPNNAT 0P FR N&LPR-NOH NATRT 4



Pam.PAL PMINZ ARLE AA+TTIR:: ARRA M- PNHHC DNPT ANTELL PAPC TN AD-M 7T hankgge
ANP NRFP-aoLN a2 PANA UNZHC TIANTT +4 AT ALPLCT PTRLTFANY U3 NFCTE 2U
PHPAL HE, APAA-NLYLT NTINLNT Ak FR +RAT ALACE ATLTTFA £FANA: RUID A1
NATNT ATIF PA-RFP-0OLN HE +HD-FL5 NFE ATIL60 NATRUPE ARALFP 9PN 0T +8C7

A.DONE 2FAA
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Introduction

More than half of domesticated food crop species are clonally propagated (Meyer, Duval, & Jensen,
2012). Clonal propagation is advantageous to farmers because it allows rapid multiplication of
agronomically useful genotypes, without the need for many generations of breeding to fix desirable
traits (Denham et al., 2020; Mckey, Elias, Pujol, & Duputié, 2010). However due to the absence of
recombination, the effects of selection on a single locus extends to more linked sites, leading to
reduced genetic diversity (Mckey et al., 2010) and impeding the removal of deleterious mutations
from a population (i.e. Hill-Robertson Interference; Charlesworth, Betancourt, Kaiser, & Gordo,
2009; Chen et al., 2019; Ramu et al., 2017). Over time clonal propagation could erode genetic
potential for farmer-led landrace and trait diversification, as well as adaptation to environmental
change and emerging pests and pathogens (Dodd & Douhovnikoff, 2016). These processes may
particularly impact tropical agricultural systems where clonally propagated crops are

disproportionately abundant (Denham et al., 2020).

To better understand the trade-offs associated with clonal propagation, we investigate the
domestication and diversification of the major Ethiopian food security crop enset (Ensete
ventricosum (Welw.) Cheesman). Enset, known colloquially as Ethiopia’s “tree against hunger”
(Brandt et al., 1997), is a giant monocarpic herb from the same family as the bananas (Musaceae),
whose pseudostems and corms (fleshy tissue from the stem and roots) provides a starch staple for
20 million people (Borrell et al., 2020). Wild enset reproduces sexually and does not produce lateral
rhizome suckers (shoots arising from the roots underground) unlike bananas. In contrast,
domesticated enset is exclusively clonally propagated via human-mediated removal of the apical
meristem (Borrell et al., 2020), triggering sucker production. Furthermore, enset is harvested for the
pseudostem and underground corm prior to flowering, strongly limiting the potential for outcrossing
in cultivation. As a result, wild and domesticated enset display a clear and analytically tractable

distinction between sexual and clonal modes of evolution (Tamrat et al., 2022; Tesfamicael et al.,
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2020). The extensive indigenous knowledge associated with clonal propagation methods, compared
to the absence of knowledge of sexual propagation, suggests that this cultivation system has been

ubiquitous for a considerable length of time (Borrell et al., 2019).

Despite reduced recombination and a cultivated distribution restricted to South-Western Ethiopia,
domesticated enset is remarkably diverse, with >1,200 named landraces occurring across a wider
range of environments that any other local crop (Supporting Information Table S 1). This diversity
includes extensive variation, including plant morphology (Yemataw et al., 2017), food and nutrition
traits (Borrell et al., 2020; Tamrat et al., 2020), fibre quality (Blomme et al., 2018), medicinal value
(Yemataw, Tesfaye, Zeberga, & Blomme, 2016), pest (Kidane, Meressa, Haukeland, Hvoslef-Eide, &

Coyne, 2021) and disease tolerance (Hunduma, Kassahun, Hilu, E., & Oli, 2015).

Genetic variation in clonally propagated crops commonly originates from sexual populations before
and during domestication (Myles et al., 2011). This includes secondary sexual contact with wild
populations, for example integration of volunteer seedlings in cassava (Sardos et al., 2008) and
ennoblement in yams (Scarcelli et al., 2006). In such scenarios, extant genetic variation is influenced
by the genetic architecture of useful traits and the strength of farmer selection through historic
domestication bottlenecks, often resulting in a reduction in heterozygosity (Miller & Gross, 2011;
Tesfamicael et al., 2020). However, as sexual recombination becomes rare, mitotic processes such as
the accumulation of spontaneous somatic mutations (Balloux, Lehmann, & De Meeds, 2003) may
become increasingly important (Foster & Aranzana, 2018; Zhou, Massonnet, Sanjak, Cantu, & Gaut,
2017). We expect novel variation from these sources to accumulate over time and be detectable as
increased heterozygosity in clonal enset lineages. Whilst these could be involved in driving novel
traits (e.g. pineapple; Chen et al., 2019), the reduced efficiency of natural selection may result in

increased mutational load.

In this study, we genotype 192 enset landraces from across the cultivated distribution to investigate

the genetic basis for clonal crop domestication and diversification. We first characterise the
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differentiation of domesticated enset from partly sympatric wild populations and test for
phylogenetic signal in farmer-reported agronomic traits. Second, to evaluate the ubiquity of clonal
propagation as the principal reproduction strategy, we used D-statistics to evaluate the frequency of
sexual reproduction across wild and domesticated lineages. Third, we assess evidence for a
reduction in diversity associated with a domestication bottleneck, as well as characterising novel
diversity that has arisen subsequently. We use our findings to better understand this trade-off and
the consequences for indigenous clonal agricultural systems under major future climate and food

security challenges.

Methods

Collection of enset landraces

We collected leaf samples of 225 domesticated enset individuals across the zone of enset cultivation
in 2017-19. These represented 192 named landraces identified by farmers, and were selected to
encompass the wide phenotypic and vernacular landrace diversity. We also collected 14 wild E.
ventricosum accessions from populations in western Ethiopia and seven putatively semi-
domesticated accessions, occurring on the periphery of the domesticated enset growing regions.
Semi-domesticated individuals were identified by farmers as not belonging to either domesticated
enset or wild populations, and as such farmers did not attribute them to a named landrace (Haile &
Tesfaye, 2022). They are generally recorded near cultivated plots, were not planted by farmers and
are occasionally used for food, but otherwise their origins are uncertain. Finally, we included one
horticultural accession (Ensete ventricosum ‘Maurelii’) and three outgroup samples comprising
closely related African Ensete species from the Living Collection at RBGKew (Figure 1A; Supporting

Information Table S 2).
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Sequencing and variant calling

DNA was isolated from silica-dried leaf material using a modified CTAB-based protocol (Doyle, J.,
Doyle, 1987). Samples were submitted to Data2Bio (lowa, United States) for library preparation and
sequencing. We used tuneable genotyping-by-sequencing (tGBS) which offers advantages over other
reduced representation approaches for having higher SNP calling accuracy at heterozygous sites and
less missing data (Ott et al., 2017). DNA samples were digested with the restriction enzymes Nspl

and BfcCl/Sau3Al before being sequenced using an lon Proton platform.

Raw reads were quality filtered using Trimmomatic version 0.36 (Bolger, Lohse, & Usadel, 2014),
removing leading and trailing bases below quality 15 and applying a 4 bp sliding window with
average quality 15. Quality filtered reads that did not have restriction site overhangs for the Nspl
(CATG) or BfcCl/Sau3Al (GATC) enzymes were removed using cutadapt version 4.1 (Martin, 2011). To
achieve uniform read length for SNP calling, we truncated reads to 80 bp and discarded shorter
reads using the process_radtags module of STACKS version 2.41 (Catchen, Hohenlohe, Bassham,
Amores, & Cresko, 2013). Retained reads were mapped to the published draft genome assembly for
E. ventricosum landrace Bedadeti (GenBank accession GCA_000818735.3; Yemataw et al., 2018)
using BWA version 0.7.17 (Li & Durbin, 2010). Reads that did not map uniquely, or were flagged as
alternative (XA:Z) or chimeric (SA:Z) alignments, were removed using SAMtools version 1.9 (Li et al.,
2009). A summary of the number of reads at each step is provided in Supporting Information Table S
3. We then used the reference assembly pipeline from STACKS, assembling loci and filtering SNPs
using the gstacks and populations modules respectively. Loci originating from contaminant
sequences and potentially paralogous loci were identified and excluded from downstream analyses
(Supporting Information Methods S 1). Two variant datasets were generated for this study. The first
dataset, hereafter the ‘phylogenetic dataset’, was used for phylogenetic analysis, identification of

putative clones, phylogenetic signal in landrace traits, SNPs under selection and inference of sexual
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recombination. Whereas the second dataset, hereafter referred to as the ‘population genetic

dataset’, was used to investigate evidence of a population bottleneck in domesticated enset.

For the phylogenetic dataset, we retained SNPs present in 280% of individuals and a minimum minor
allele count of three. We further removed putative copy number variants (CNVs) using filtering
procedures developed by Dorant et al. (2020) to retain only high confidence singleton SNPs. To
minimise the confounding influence of linkage, only the first SNP per locus was retained and all

remaining SNPs showing strong genotype correlation were removed.

For the population genetic dataset, we retained a single representative per multilocus genotype
(MLG) for wild and domesticated samples (i.e., clone correction; see Methods: Identification of
putative clones). Semi-domesticated and outgroup samples were excluded, resulting in a sample size
of 141, comprising 128 domesticated and 13 wild samples. SNP calling was repeated as above, with
the exception that SNPs were retained if present in 80% of all individuals, 80% of domesticated
samples, or 80% of wild samples. These filters were used to ensure that SNPs unique to either the
wild or domesticated populations were retained despite different sample sizes. SNPs were not
filtered using a minimum allele count as we expect a fraction of somatic mutations to be present at
very low frequency. In addition, we removed SNPs categorised as duplicated or diverged using the
filtering procedures developed by Dorant et al. (2020). In general, we were cautious in our SNP
filtering approach based on F;s, which is expected to be negative under clonal variation due to an

excess of heterozygotes relative to random mating.

Phylogenetic analysis of enset diversity

To identify and visualise genetic clusters using the phylogenetic analysis dataset, we used principal
component analysis (PCA) implemented using dudi.pca in the adegenet package (Jombart, 2008;
Jombart & Ahmed, 2011; R Core team, 2020). For phylogenetic reconstruction we employed a

maximum likelihood (ML) approach implemented in RAXML Next Generation v.0.9.0 (Kozlov, Darriba,
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Flouri, Morel, & Stamatakis, 2018) using a supermatrix of assembled loci concatenated into a single
alignment with missing data coded as Ns. The optimal model of sequence evolution was identified
using ModelTest-NG v.0.1.5 (Darriba et al., 2019) based on the corrected Akaike Information
Criterion. We then generated 5,000 random and 5,000 parsimony starting trees, selecting the tree
with the lowest log-likelihood, before performing 5,000 bootstrap replicates. To ensure sufficient
replicates were used, we performed the bootstrapping convergence test with a cut-off threshold of
0.03. For phylogenetic trees with large sample sizes and relatively few variant patterns, it is common
to find relatively low support for basal nodes based on Felsenstein’s bootstrap (BS) values, which
require a replicate branch to match a reference branch exactly to be accounted for in the BS value.
Therefore, we employed the transfer bootstrap expectation (Lemoine et al., 2018; Lutteropp, Kozlov,
& Stamatakis, 2019) approach for BS values, which is less sensitive to misplaced taxa and
appropriate for a large dataset composed of numerous closely related landraces. To provide
additional support, we implemented a similar approach in IQ-TREE v.1.6.12 (Nguyen, Schmidt, Von
Haeseler, & Minh, 2015) (Supporting Information Methods S 2), with topologies compared using
phytools and visualised using ggtree (R Core team, 2020; Yu, Smith, Zhu, Guan, & Lam, 2017), and a

neighbour network using SplitsTree v.4.15.1 (Huson & Bryant, 2006).

Identification of putative clones

Individuals putatively from the same clonal lineage were identified by calculating pairwise genetic
distances using bitwise.dist scaled by missing data in the R package poppr version 2.8.6 (Kamvar,
Brooks, & Griinwald, 2015) and clustering samples below a given threshold into multilocus
genotypes (MLGs). The threshold used to define MLGs was predicted using cutoff predictor with the
“farthest” algorithm. This method is suited to large SNP datasets, where it may not possible to
define clonal individuals based solely on genetic identity due to somatic mutations and
sequencing/SNP calling errors (Le Cam et al., 2019; Wang et al., 2017). We further identified MLGs

with samples that were non-monophyletic on our RAXML-NG phylogenetic tree and removed these

10
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from downstream analyses. To estimate the total number of MLGs in the enset growing regions we
used an accumulation curve approach implemented in vegan (Oksanen et al., 2019). We randomly
sampled genotypes across a range of sample sizes and calculated the number of MLGs. We then

extrapolated using the best fitting model, estimating error over 100 replicate runs.

Phylogenetic signal of landrace traits

During field collections 1340 farmers were asked to rank landraces present on their farm for
important agronomic properties including: kocho quality (the main enset derived food product),
bulla quality (an additional food product), medicinal value, fiber quality and enset bacterial wilt
susceptibility or tolerance (Supporting Information Methods S 3). The cumulative number of times a
landrace was observed across all farms was also recorded. After correction for the number of
landrace observations, we tested for evidence of a phylogenetic signal in trait scores by calculating
Abouheif’s Cmean and Pagel’s A using the R package phylosignal (Keck, Rimet, Bouchez, & Franc,
2016). These indices differ in that they are based on principles of spatial autocorrelation and
evolutionary models respectively. However, both were found to be reliable measures of
phylogenetic signal in simulation studies (Miinkemdiiller et al., 2012). Null traits, modelled as random
and under Brownian motion (BM) were added to our analysis to act as negative and positive
controls, respectively. To minimise the potential for farmer or researcher misidentification, perhaps
due to differences between ethnic groups and languages, trait values for samples were collated only
from survey data collected within the same administrative zone and ethnic group as for a given

genotyped landrace.

Identifying SNPs under selection

We used Bayescan version 2.1 (Foll & Gaggiotti, 2008) and an FDR threshold of 0.05 to identify sites
consistently differentiated between the domesticated and wild samples. For this analysis, only a

single representative per MLG was retained and sites with a MAF less than 0.05 were removed. For
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each significant site we extracted up to 10kb up and downstream of the mapping position in the
Bedadeti genome using bedtools slop version 2.28.0 (Quinlan & Hall, 2010). Specifically, we sought
to test the hypothesis that wild and domesticated enset are differentiated by genes involved in
flower initiation and seed development as suggested by Tesfamicael et al. (2020). Reference coding
sequences (CDS) were downloaded for Musa acuminata subsp. malaccensis (v.2.0) from the Banana
genome hub (Droc et al., 2013) and used to annotate regions under putative selection using blastn
with an e-value of 1x1073° and retaining the single best hit per CDS. To identify gene ontology (GO)
terms that are enriched in regions under selection we employed topGO in R (Alexa & Rahnenfuhrer,
2021). Specifically, we compared GO terms for annotations of regions under selection against a

background reference of annotations for all regions.

Frequency of sexual recombination

To identify evidence of gene flow between lineages, we first visualised haplotype sharing patterns
with RADpainter and fineRADstructure (Malinsky, Trucchi, Lawson, & Falush, 2018). An individual co-
ancestry matrix based on haplotype data was generated by running 100,000 MCMC generations
after a burn-in of 100,000 generations. D-statistics (ABBA-BABA tests) were also computed using
Dsuite (Malinsky, Matschiner, & Svardal, 2020) at both the population and individual level. D-
statistics take a four taxon/population pectinate tree with the topology (((P1,P2),P3),0) and identify
discordant ancestral (A) and derived (B) allele patterns denoted as ABBA or BABA. Under the null
expectation, ABBA and BABA allele patterns occur due to incomplete lineage sorting and their
relative frequencies are expected to be equal. However, if P3 has hybridised with either P2 or P1, we
would expect an asymmetry in ABBA or BABA allele frequencies. Significance was assessed using a
block-jackknife approach to calculate a Z-score and associated P-value which was adjusted for
multiple tests using a Benjamini and Hochberg correction (Benjamini & Hochberg, 1995). Tests

performed at the individual level were grouped by the population type of taxa occurring at the P2

12



194  and P3 position and summarised by the number and percentage of positive tests per topology. For

195  these analyses, only a single representative per MLG was retained.

196  To test the possible origin of the semi-domesticated samples in our study, we simulated hybrids in
197 adegenet (Jombart, 2008; Jombart & Ahmed, 2011). This uses the allelic frequencies of two parental
198  populations to sample simulated gametes following a multinomial distribution. Simulated crosses
199  were performed for F1 hybrids of domesticated x domesticated and domesticated x wild. In

200 addition, F2 backcrosses were simulated between F1 domesticated x wild crosses and domesticated.
201 For the simulated crosses, a random subsample of ten individuals was taken for the domesticated
202  and wild populations, and ten hybrids were generated for each type of cross. The simulated hybrids

203  were compared to the phylogenetic dataset using PCA implemented using dudi.pca in adegenet.

204  Evidence for a domestication bottleneck

205 Using the population genetic dataset, we calculated the proportion of heterozygous site per

206  individual (excluding invariant sites). Minor allele frequencies (MAF) and the inbreeding coefficient
207  (Fis) were calculated using adegenet and hierfstat in R (Goudet, 2005; Jombart & Ahmed, 2011).
208 Density histograms for the proportion of heterozygous sites, MAF and F;s were plotted for each
209  population. Significant differences between populations were tested using one-way ANOVA or

210 Mann-Whitney-Wilcoxon tests for normally and non-normally distributed data respectively.

211  To evaluate the strength of a potential population bottleneck during enset domestication, we

212 identified alleles that were: 1) private to the wild population (lost during domestication), 2) shared
213 between the wild and domesticated population (retained during domestication, or introgressed
214  after domestication) or 3) private to the domesticated population (novel in the domesticated

215 population). For example, the proportion of wild variation retained during domestication was

216 calculated as shared alleles / private wild alleles + shared alleles. To account for biases in sample

217  sizes, the number of alleles in each category and proportion retained was estimated using
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rarefaction over 100 iterations. Finally, SNPs across these categories were annotated with their
putative effect on protein coding sequences using SnpEff version 4.3 (Cingolani et al., 2012) and the
genome annotation for E. ventricosum landrace Bedadeti (Yemataw et al., 2018). The proportion of
alleles with a given annotation type (i.e., synonymous, non-synonymous etc) was calculated. The

proportion of SNPs in each category and their annotation was quantified using rarefaction as above.

Results

Sequencing and variant calling

Sequencing generated approximately 787 M reads (Supporting Information Table S 3), with a mean
of 3.15 M per sample (range 0.47 — 10.93 M). Filtering low quality reads or those without restriction
cut sites removed 25% of reads, retaining an average of 2.36 M per sample. Truncating the quality
filtered reads to a uniform length of 80 bp and filtering those that did not meet this threshold
removed approximately 30% of reads, resulting in a mean of 1.65 M reads per sample. After filtering
79.80% of retained reads mapped uniquely to the reference genome for E. ventricosum landrace
Bedadeti (GenBank accession GCA_000818735.3; Yemataw et al., 2018). Mapped reads were
assembled into 1.67M loci with a mean coverage of 15.6x per sample (range: 6.9 — 40.5). For the
population genetic dataset, variant calling with populations resulted in 27,562 loci and 32,441 SNPs.
After removing putative contaminant, paralogous sites, 9,162 loci and 12,409 SNPs were retained for
downstream analysis. For the population genetic dataset, variant calling resulted in 27,007 loci and
70,533 SNPs, of which 24,760 loci and 64,004 SNPs were retained after the removal of putative

contaminant or paralogous sites.

Phylogenetic analysis of enset diversity

Phylogenetic analyses with RAXML-NG (Figure 2A; Supporting Information Figure S 1) found clear
differentiation and strong monophyletic support for domesticated (transfer bootstrap expectation

bootstrap [BS]=1.00), wild (BS=0.89) and outgroup enset samples (BS=0.99). The seven semi-
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domesticated enset were paraphyletic with respect to domesticated enset (BS=0.96, 0.99 and 1.00).
Comparative approaches using IQ-TREE (Supporting Information Figure S 2) and neighbour networks
(Figure 3A) recovered highly similar overall topologies and consistent domesticated subclades
(Supporting Information Figure S 3). However, the support for early diverging branches in the
domesticated clade was typically poor. This is evident when we collapse RAXML-NG branches with a
bootstrap support value < 0.75, resulting in large polytomies, but numerous small, well-supported

terminal clades (Supporting Information Figure S 4).

Across the domesticated enset phylogeny, we found highly significant phylogenetic signal for
multiple uses and traits (Table 1). This is consistent with the observation that farmers cultivate
multiple different landraces specialised for different purposes (Blomme et al., 2018; Borrell et al.,

2020; Yemataw et al., 2017).

Identification of putative clones

We identified 121 domesticated enset multilocus genotypes (MLGs; Figure 3B). Histograms of
pairwise genetic distance show a characteristic double peak in domesticated enset, similar to that
reported in domesticated banana (Sardos, Perrier, & Dole, 2016) with the first peak putatively
corresponding to variation within MLGs, and the latter to variation between MLGs. By contrast we
observe only a single peak in wild and semi-domesticated accessions (Supporting Information Figure
S 5). A single wild sample was identified as a putative clone by our analysis and was removed from all
downstream analyses as a likely sibling. Based on the observed number of MLGs, species
accumulation curve analysis estimated that the enset cultivating region contains approximately 195

MLGs if adequately sampled (Cl 187-202; Figure 3C).

Identifying SNPs under selection

We identified 26 outliers across 26 tGBS loci between domesticated and wild enset from a total of

7580 sites (Supporting Information Table S 5). Of these, only 5 GO term (G0O:0048364 root
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development, GO:0016791 phosphatase activity, GO:0008168 methyltransferase activity,
G0:0043531 ADP binding and GO:0031072 heat shock protein binding) were identified as
significantly over-represented (Supporting Information Table S 6). In contrast to Tesfamicael et al.
(2020), GO terms associated with flower initiation or seed development were not overrepresented.
Therefore, we did not find evidence of selection against sexual reproductive capacity in clonal

lineages, consistent with recent empirical studies (Tamrat et al., 2022).

Frequency of sexual recombination

Analyses of haplotype co-ancestry did not identify widespread patterns of recent hybridisation
within the domesticated lineage, supporting the predominance of clonal reproduction. By contrast,
wild and semi-domesticated samples were grouped together based on haplotype sharing (Figure
4A). D-statistics at the population level with the topology (((P1: domesticated, P2: semi-
domesticated), P3: wild), P4: outgroup), found evidence of hybridisation (D=0.047, P <0.01). Of
551,300 tests performed between individuals, 56,683 (10.28%) were significant after Benjamini and

Hochberg correction for multiple tests (Supporting Information Table S 4).

Evidence for a domestication bottleneck

We found significantly lower observed heterozygosity in domesticated enset (F(1,135) = 16.55, p <
0.01, mean domesticated = 0.067, mean wild = 0.086; Figure 5A), providing evidence of a
domestication bottleneck. However, under clonal reproduction we might also expect spontaneous
somatic mutations to accumulate over time, increasing heterozygosity. This is evidenced by
significantly lower minor allele frequency in domesticated enset (W = 1.76x10%, p < 0.01, mean
domesticated=0.058, wild=0.089; Figure 5B), showing a higher frequency of rare mutations.
Similarly, rarefaction analyses revealed that the number of alleles private to the wild population (lost
during domestication) far exceed the number of alleles shared (retained during domestication) or

private to the domesticated population (novel changes since domestication; Figure 5D). Overall, we
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estimate that approximately 37% of wild alleles were retained (Figure 5). We found that 16% of
variation was unique to domesticated lineages, though we caution that our sampling of wild
populations may be incomplete, and some populations may have become locally extinct due to

extensive land use change in Ethiopia.

We found significantly lower Fis in domesticated lineages (W = 2.42x108, p < 0.01, mean
domesticated=0.080, wild=0.284; Figure 5C), indicative of a shift to clonal reproduction (Reichel,
Masson, Malrieu, Arnaud-Haond, & Stoeckel, 2016). The lack of sexual recombination in clonal
lineages results in non-random association between loci (Halkett, Simon, & Balloux, 2005). These
associations make the selection against deleterious alleles less efficient due to effects known
collectively as Hill-Robertson Interference (Charlesworth et al., 2009; Comeron, Williford, & Kliman,
2008). Consistent with this process we also find that alleles private to the domesticated populations
have a significantly higher proportion of putatively deleterious missense mutations (Figure 5E),
indicating that they are ineffectively purged from the genome and thus deleterious alleles are
accumulating in domesticated enset lineages. However, we note that these could be functionally

important as part of the domestication process.

Discussion

Domestication has transformed enset from a wild, unpalatable, outcrossing giant forest herb, to the
predominant staple starch crop for >20 million people. This has been achieved through the
combination of sexual and clonal propagation, mediated by multiple stages of human selection. We
hypothesise that the major domesticated lineages initially arose through historic sexual
recombination. The existence of an early sexually recombining domesticated population ancestral to
contemporary domesticated lineages is supported by the following evidence. First, we observe
genetic differentiation between domesticated enset and wild populations. Direct farmer selection of
clonal lineages with desirable attributes from wild ancestral populations (i.e., instantaneous

domestication) is not supported by our phylogeny, because domesticated lines are not distributed
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amongst wild lineages and do not represent fixed genotypes overlapping with the sampled wild gene
pool. Similarly, lower bootstrap support for early diverging branches (Figure 3A) suggests that
contemporary domesticated clades result from multiple independent clonal lines selected from an
ancestral population, as observed in other clonally propagated crops (Mckey et al., 2010; Scarcelli et
al., 2006). An ancestral recombining population could generate conflicting topologies and reduce

phylogenetic support at the base of domesticated sub-clades, consistent with observed patterns.

Second, we observe a strong bottleneck during enset domestication, as indicated by reduced
heterozygosity. In a scenario of instantaneous domestication (i.e., an immediate switch to clonal
propagation using favourable genotypes identified from wild populations), heterozygosity would
remain unchanged (and later increase with accumulation of somatic mutations). Many perennial
crops such as fruit trees display weaker bottlenecks, perhaps due to long generation times and
difficulty in evaluating traits until the plant reaches maturity (Miller & Gross, 2011). Enset can be
scored for non-fruiting traits during immaturity (e.g., growth rate), so performance can be assessed
by farmers in as little as two to three years and selected plants propagated, potentially explaining
the existence of a stronger bottleneck than in other species with similar life histories. Given that wild
enset does not generate suckers or adventitious shoots, it is most plausible that initial domestication
was underway prior to the cultural advent of clonal propagation methods. This theory would require
fewer concurrent agricultural innovations to explain adoption of enset as a food plant (Zohary,

2004).

Consequences of clonal propagation

The ubiquity of clonal propagation in enset suggests that it has been highly advantageous in
selecting favourable genotypes, however our results highlight long term risks. We demonstrate the
accumulation of putative somatic mutations, illustrated by a lower frequency of minor alleles in
domesticated enset (i.e., heterozygous singletons). Our analysis suggests that these are more likely
to be deleterious due to a higher proportion of missense annotations, and therefore that they are
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being less effectively purged. Over time, exclusive clonal propagation is therefore likely to introduce
a limited amount of novel variation, as illustrated by variation within MLGs, but also increase
mutational load in domesticated enset. Conversely, it is also plausible that some losses of function
could be beneficial, for example by stopping the production of an unpalatable compound. Overall,
the largest source of variation remains that which persists through the historic domestication
bottleneck, though we identify 16% novel variation. This underlines the value of conserving wild

populations which harbour a library of potentially useful genetic variation.

The rarity of hybridisation between clonal lineages in domesticated enset is achieved through
agronomic practices which include the harvesting of enset prior to flowering (Borrell et al., 2020).
We propose that semi-domesticated samples may represent feral landraces resulting from the
breakdown of exclusive clonal propagation and introgression from wild populations (Wu, Lao, & Fan,
2021). An alternative explanation is that semi-domesticated enset are relicts from an ancestral
domesticated lineage. However, a hybridization scenario seems more plausible because simulated
hybrid domesticated x wild and the F1 domesticated backcrosses overlapped with the semi-
domesticated samples in a principal component analysis (Figure 4C) and semi-domesticated enset
are localised to the periphery of the enset growing regions where germplasm management is

substantially relaxed, enabling more frequent flowering and subsequent outcrossing.

Vernacular and genetic diversity

Of the 18 landrace names for which we collected multiple samples, only one was monophyletic.
While this may be partly explained by farmer misidentification during sampling, many landrace
names describe phenotypic traits, and thus convergent use of these descriptors across the 64 local
languages may be widespread. Indeed, some landrace names in enset (e.g. Nechwe, referring to
white tissue colour) are also applied to indigenous yam (Dioscorea) landraces (pers. obs. J Borrell).
This suggests that landrace names may not be synonyms for corresponding genotypes, outside of
the local area (for this reason we restricted our vernacular and trait analyses to observations within
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each administrative zone). Synonymy of cultivar names has been reported for bananas in Eastern
Africa (Karamura, Karamura, & Tinzaara, 2012), and discordance in landrace identification and
genetic relationships also occur in cassava (Rabbi et al., 2015) and Ethiopian wheat (Hodson et al.,
2020). Consequently, our research highlights the need for a more formalised description of enset
landrace diversity, as has been achieved for bananas (International Plant Genetic Resources Instit.,
1996; Ruas et al., 2017) which in turn will aid experimental evaluation of landraces with agronomic
traits of interest (e.g., Borrell, Gebremariam, & Wendawek, 2021; Hunduma et al., 2015; Kidane et

al., 2021).

Conclusion

The ubiquity of clonal propagation in enset agriculture clearly illustrates its value to farmers in
selecting and multiplying favourable genotypes — and this approach has been widely adopted in
other species. Increased genetic load, which remains hidden in heterozygotes during clonal
reproduction, could also be one of the factors maintaining clonal propagation as the preferred
agronomic system. Whilst this strategy may have been optimal in the recent Holocene, a period of
relative climate stability, we know that Ethiopia is already experiencing a warming climate, and that
climate impacts are projected to become more severe throughout this century (Koch et al., 2022;
McSweeney, New, & Lizcano, 2010). We suggest that for enset, and clonal crops more widely, the
trade-off between clonal propagation and sexual recombination may shift further towards the latter
under climate change. Due to a lack of indigenous agronomic knowledge associated with enset
breeding, this is likely to require collaboration between enset farmers, who hold a significant
repository of knowledge on enset traits, and researchers in a joint effort to identify or generate

future-adapted enset genotypes.
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Figure 1 Distribution and phenotypic diversity of enset. (A) Distribution of domesticated, semi-domesticated
and wild samples collected in Ethiopia for the present study. Points with no fill (marked with an asterisk in the
legend) refer to further collection localities of wild and semi-domesticated samples not included in this study.
(B) Images of wild and (C,D) domesticated enset, (Photos, J Borrell).
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Figure 2 Phylogenetic and trait diversity of enset in Ethiopia. (A) Maximum likelihood phylogeny of enset
produced using RAXML-NG. Branch lengths are shown except for the outgroup taxa which were collapsed into
a single node with a branch length equal to the longest branch length in domesticated and wild enset.
Branches with transfer bootstrap expectation (TBE) values <75% are shown as grey dashed lines. Branches
leading to multilocus genotypes (MLGs) estimated using poppr are annotated with an asterisk. Tips are
coloured according to accession type (domesticated, wild or outgroup. (B) Mean pairwise branch lengths
between the 18 landraces for which duplicate samples were collected with the number of replicates above
each bar.
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Figure 3 Genetic and multilocus genotype (MLG) diversity of enset. (A) Neighbour network of enset produced
using SplitsTree with tips annotated by sample type. (B) Histogram of pairwise genetic distances with vertical
lines representing thresholds for collapsing multilocus genotypes (MLGs) using nearest (0.040), UPGMA (0.051)
and farthest (0.051) algorithms. The number of MLGs identified using each algorithm was 158 using the
nearest and 145 for UPGMA and farthest. (C) MLG accumulation curve estimated using rarefaction with an
extrapolation based on the best supported linear model. The maximum number of MLGs based on the
extrapolation is shown.
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Figure 4 Summary plots of the influence of sexual reproduction on the evolution of enset. (A) co-ancestry
heatmap based on shared haplotypes produced where each row corresponds to a ‘recipient’ and each column
to a ‘donor’, (B) heatmap of the percentage of significant D-statistics grouped by the sample types occurring
at positions P2 and P3 and (C) PCA with observed data and simulated hybrids between domesticated (DxD),
domesticated and wild (DxW) and backcrosses between domesticated x wild hybrids and domesticated
(D1xW_BC_D) after filtering sites with a minor allele frequency of < 0.05.
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Figure 5 Population genetic analyses of wild and domesticated lineages. (A) proportion of heterozygous sites
per individual, (B) minor allele frequency (MAF) spectrum with a separate bar for a MAF of zero and (C)
inbreeding coefficient (Fis) after removing low frequency sites (MAF < 0.1) for the wild and domesticated
populations respectively. (D) Number of alleles identified as of shared, private domesticated and private wild
and (E) proportion of missense annotations per allele category, calculated using rarefaction with error bars for

standard deviation.
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Tables

Table 1 Tests for phylogenetic signal for landrace traits as well as random and BM modelled traits using
Abouheif’s Cmean and Pagel’s A. P values less than 0.05 are shown in bold.

Cmean p Pagel’s A p
Bulla 0.117 0.009 0.154 0.055
Kocho 0.120 0.007 0.176 0.006
Fibre 0.150 0.003 0.205 0.001
Medicine 0.049 0.135 0.105 0.221
EBW susceptible 0.125 0.005 0.190 0.001
EBW tolerant 0.230 0.001 0.235 0.001
Random -0.062 0.876 0.000 1.000
BM 0.815 0.001 1.008 0.001
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