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Native African cereals (sorghum, millets) ensure food sedty to millions of low-income
people from low fertility and drought-prone regions of Afta and Asia. In spite of their
agronomic importance, the genetic bases of their phenotypend adaptations are still not
well-understood. Here we focus onSorghum bicolor, which is the fth cereal worldwide

for grain production and constitutes the staple food for arand 500 million people.

We leverage transcriptomic resources to address the adapie consequences of the
domestication process. Gene expression and nucleotide vaability were analyzed in 11
domesticated and nine wild accessions. We documented a dowregulation of expression
and a reduction of diversity both in nucleotide polymorphis (30%) and gene expression
levels (18%) in domesticated sorghum. These ndings at the gnome-wide level support
the occurrence of a global reduction of diversity during thedomestication process,

although several genes also showed patterns consistent witthe action of selection. Nine
hundred and forty-nine genes were signi cantly differendilly expressed between wild
and domesticated gene pools. Their functional annotation @ints to metabolic pathways

most likely contributing to the sorghum domestication syntbme, such as photosynthesis
and auxin metabolism. Coexpression network analyzes revéad 21 clusters of genes
sharing similar expression patterns. Four clusters (tofag 2,449 genes) were signi cantly
enriched in differentially expressed genes between the wliland domesticated pools and

two were also enriched in domestication and improvement gees previously identi ed in
sorghum. These ndings reinforce the evidence that the comimed and intricated effects
of the domestication and improvement processes do not only #Hect the behaviors of
a few genes but led to a large rewiring of the transcriptome. @erall, these analyzes
pave the way toward the identi cation of key domestication @nes valuable for genetic
resources characterization and breeding purposes.

Keywords: domestication, bottleneck, selection, nucleoti de diversity, gene expression, sorghum
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INTRODUCTION functional networks $wanson-Wagner et al., 2012; Sauvage et al.,
2017 up to shutdown complete pathwayslin et al., 2013},
Domestication is an evolutionary process in which speciet/evo syggesting that the expression changes induced by domtistica
dramatic functional and phenotypic changes under selectiofay have targeted metabolic pathways more than major e ect
for characters that t the agricultural environment and hem  genes$auvage et al., 201 Domestication has also involved loss
necessities (such as taste, yield, cultivation, hangstéind of connectivity within co-expression networks for some gene
storage practices). The resulting domesticated forms ageatfit  (Swanson-Wagner et al., 2012
from unmanaged wild populations and generally unable to e focus here on sorghunSprghum bicolofL.] Moench),
reproduce and survive in the wild. The suite of traits thatthe world's 4" cereal for grain production. Being a staple food
have been modi ed in the domesticated forms are collectivelyor more than 500 million people, sorghum plays a key role in
referred to as “domestication syndromefigmmer, 1984 as food security in Africa and Asia. Aside from providing food
cited inAllaby, 201%. In plants they typically include characters for human consumption, sorghum is widely cultivated in all
related to seed dispersal (e.g., reduction of dehiscence ag@ntinents as a source for feed, ber and energgterson et al.,
dormancy), plant architecture (e.g., branching) and promsti 2009. In the current context of climate change and resource
of the harvested part (such as size, shape, nutritional corten depletion, sorghum is also a cereal with great potential farrt
seed, fruit and tubers). Around 2,500 plants are estimatéit®  agriculture, because it outperforms other crops under loptin
experienced domestication with grasses (farRiacegehaving  and stressful conditions{asan et al., 20)7
contributed the largest number (379, according fozo and Sorghum was rst domesticated in northeast-central Africa
Raven, 2003 likely around 5,000-6,000 years agditichell et al., 2017,
The extensive phenotypic changes induced in domesticatezD18; Fuller and Stevens, 2)18he domesticated phenotype
species are associated with genetic changes, which can igelistinguishable from the wild forms in many morphological
put in evidence by comparing domesticated and wild formsphysiological and phenological traits, including non-shettg
According to domestication models, an important genome wideyrains, higher seed size, di erent panicle and plant archibest
signature of the domestication process is a global reductioBome genes and gene families have been identied as likely
of nucleotide diversity experienced by the domesticatethfor targets of the domestication and/or the improvement processe
Recent studies including the once based on archeogeneties haNotably, the loss of seed shattering has been related totionga
given evidence that this process of reduction is protracted iin the shatteringl(sh) locus, which has likely undergone
time and includes dierent steps of genomic adaptation andparallel selection in sorghum, rice and maizén(et al., 201)p.
deterioration throughout the history of cultivation of trepecies. Selection scans and phenotype-genotype association stualies h
The domestication's term that is used in the following sewiof  identi ed other candidate genes. These include known derea
this article refers to the dynamic e ects that led to the diyence  domestication genes Thiepsinte branchedand bal barren
of the current cultivated forms compared to the wild ones.stalk), involved in plant architectureace et al., 2013; Lai
This general reduction of genetic diversity is expected to bet al., 201} as well as genes associated with grain features
stronger for annual than perennial species and in autogamoug.g., Psylphytoene synthasglphotoperiod sensitivity (early
than allogamous crops¥aut et al., 200)5Experimental evidence maturity Ma genes) and plant height (Dw gene$e(nandez
supports this hypothesis, as a reduction of genetic diversity h et al., 2008; Mace and Jordan, 2010; Mace et al.,)2GEhes
been found in major domesticated species when compared withithin key biosynthesis pathways have also been highlighted,
their wild progenitors, e.g., maized( ord et al., 2013, rice  tagging in particular the metabolisms of starch (ss1 and sbe3
(Caicedo et al., 2007; Huang et al., 2012; Nabholz et al.),201¢enesCampbell et al., 20)6grain size and weighfTéo et al.,
soybean I(am et al., 2010and tomato Koenig et al., 2013; 2017, 201p
Sauvage et al., 2017 In spite of its importance, there is still a limited knowledge
Besides genome-wide e ects, the specic genomic regionsbout the genetic determinants of sorghum traits and adaptiv
involved in the phenotypic traits that distinguish domestié potential. Comparing the domesticated form with its wild
from wild forms are expected to show stronger moleculaprogenitor is particularly informative to understand the clges
genetic signatures than the rest of the genome. Although thghat accompanied the transition from the wild to the crop. By
genetic mechanisms under many complex domestication traitgking the wild pool as reference, we can quantify the genetic
are still unknown, several major domestication genes haanb changes we observe in the domesticate both at the genonee-wid
identi ed along with their causative variation, which inztles scale and at the individual gene scale. Despite the simplicity
single nucleotide mutations, copy number polymorphism orof this approach, just a handful of studies have included wild
indels changesK@antar et al., 2017; Purugganan, 2)1TBhese accessions in analyzes of sorghum crop diversity and ewaoluti
genes include both coding and regulatory regions, indmati in a comparative manner. These works have analyzed variation
that changes in expression levels may be as important as proteiflozyme markersAldrich et al., 199), RFLP loci in the nuclear
modi cations (Meyer and Purugganan, 2013; Olsen and Wendeland chloroplast genomesi(drich and Doebley, 1992 nuclear
2013a,h Supporting this hypothesis, recent surveys of geneicrosatellite markersGasa et al., 2005; Billot et al., 2Dagd
expression patterns have put in evidence signi cant di erencesiucleotide sequencedémblin et al., 2005; Mace et al., 2013
between the domesticated and the wild pools (&gllucci et al., They have all reported a global loss of genetic diversity and f
2014; Page et al., 2Q1%or example, in maize and tomato the some of them evidence of directional selection in the genofe
rewiring of gene expression levels has been documentedrfog so landraces and improved germplasm.
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In this work, we address the genetic bases of the transitioBampling Strategy
from wild to domesticate in sorghum by analysing theA data-set of 20 sorghum accessions were examined in this
transcriptome expressed in wild and domesticated accessiorssudy. These accessions were selected to represent theifgiver
Compared to nucleotide diversity screening, transcriptomef the domesticatedn(D 11) and the wild relativern( D 9)
analysis provides two-fold information about changes in thegene pools. The selection of the cultivated and wild accessio
nucleotide sequence of coding genes and changes in thegok into consideration their geographical origin and theacial
levels of gene expression. Here we perform complementaigformation (although the relevance of the attributed rade
analyses to address these changes at the species level, withwild compartment remains debated as previously discussed)
three main objectives: (i) to quantify the e ect of domestioa At the initial step of our selection, we took care to represent
on nucleotide polymorphism, by looking at gene diversity andhe wild accessions from northeast-central Africa, the supgdos
di erentiation patterns; (ii) to unveil the e ect of domestitian  cradle of sorghum domestication, as well as other areas where
on patterns of gene expression and document changes in singtgrogression between wild and cultivated forms could occur.
genes and gene networks; (iii) to assess the congruence almdaddition, a veri cation of the grain morphological traitwas
divergence of polymorphism and expression patterns to identifialso performed in order to avoid seedlot misclassi catiomes
genes and pathways under selection and responsible for tiénally, a panel of 319 genotypes that included 207 cultivated

evolution of the domesticated phenotype. genotypes from the CIRAD core collectiodd€u et al., 2006
and 112 wild ones fronex-situcollections were genotyped by
MATERIALS AND METHODS GBS (167 505 SNP after quality veri cation) and this infotioa
(M. Deu, personal communication) was used to re ne the nal
Plant Material selection. Grain morphological analysis combined with GBS
Brief Report on Taxonomy and Domestication results con rmed the passport information for 19 out of the 20

Numerous studies were conducted in the 1970's both to simplifconsidered accessions (i.e., their membership to the wildi a
the taxonomy of the &ghum bicolorspecies and to trace the cultivated pools and their clustering with accessions frora th
origins and history of cultivated sorghums. Numerical tarmy,  same geographical origin and race for the cultivated acmesyi
distribution maps based on eld observations and samples fronfror 1S14719, which corresponds to a wild accession according
herbaria of both cultivated and wild sorghum were used byto the passeport informationS. b.subsp.verticilliorum race
the Crop Evolution Laboratory (University lllinois) to relac verticilliorum from Ethiopia), morphological and genotypin
this goal fle Wet and Huckabay, 1967; de Wet and Harlananalyses revealed a clear membership to the cultivated pool.
1971 Harlan and de Wet, 1972; de Wet et al., 1p7bhese Based on this assessment, this accession was considered as
authors grouped wild, weedy and cultivated sorghum in a singlbelonging to the cultivated pool in our analyses. Details loa t
species, and described ve basic races and 10 intermedia® oraccessions are provided Bupplementary Table 1 as well as
within the cultivated pool $orghum bicolosubsp.bicola) and  the correspondence of accession names with published works
four races within their progenitor wild poo{Sorghum bicolor analysing accessions from this data-sété(ment et al., 2017;
subsp. arundinaceum,now renamed subspverticilliorum;  Ranwez et al., 20).7All the genotypes were grown in the
Doggett, 1988 The four wild races (aethiopicum, arundinaceum,greenhouse until the mature grain stage. Tissue samples were
verticilli orum and virgatum), which di ered primarily by thér  harvested from three organs: mature leaves (fourth rankvelo
morphology and their ecological distributiond¢ Wet and the ag leaf), in orescence (at the anthesis stage) and miagu
Harlan, 197} cross readily among them and with all cultivated grains (in average 25 days after anthesis).
races where they are sympatric. Accordingd® Wet (1978)
these wild races, better quali ed as ecotypes with some qverla RNA Preparation and Sequencing
their distribution, do not deserve formal taxonomic statlibese Each tissue was considered independently for RNA extraction,
four wild races were nally not validated in the recently resd and RNA were then pooled for each accession prior to
nomenclature \(Viersema and Dahlberg, 2007 sequencing. RNA extraction, lllumina library preparation and
Sorghum was rst domesticated in northeast-central Africasequencing conditions are detailed arah et al. (2017)A
from a complex of aethiopicum and/or verticilli orum that li&ly ~ mixture of 65% RNA from the in orescence, 15% from leaves and
gave an early bicolor type, which spread rst into west Africa20% from grains for each accession was sequenced usingifumi
and then southern-east Africa and south Africde(Wet et al., mRNA-seq, paired-end protocol on a HiSeq2000 sequencer (one
1976; Harlan and Stemler, 1976; Fuller and Stevens,)2Th& run for each genetic pool). The paired-end reads, in the illvani
bicolor type, through selection for local adaptation and prolya FASTQ format, were cleaned using cutAdapia(tin, 2017 to
introgression with local wild forms, in some regions gaveeri trimread ends of poor quality (q score below 20) and to keep only
to the four other races of cultivated sorghums (guinea intwesthose with an average quality above 30 and a minimum length of
Africa would be the earliest specialized types, while caudatu 35 base pairsSarah et al., 20).7Those data are freely available
and kar would be later domesticates). Finally, recent diene on the NCBI Sequence Read Archive database (SRA codes listed
studies suggested a possible separate domestication ofaguine Supplementary Table L
margaritiferum in west Africal@eu et al., 1995; Sagnard et al.,
2011; Mace et al., 201L3All these studies showed a complexPolymorphism Analysis
pattern of sorghum taxonomy and domestication history ardl le Reads were mapped on sorghum genome version 1.4 with
us to not rule out any potential wild progenitor from our study. the BWA software I(i and Durbin, 2009, allowing at most
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three mismatches between a given read and the referenTBLE 1| Characteristics of the data sets, coding sequence polymorpism and
by Sarah et al. (2017)To perform genotype calling, we differentiation in wild and domesticated accessions oBorghum bicolor.
followed the procedure oNabholz et al. (2014)We excluded

. . i . X . wild Domesticate
reads with more than two insertions/deletions (indels) oithw
indels larger than 5 bp or mapping on di erent transcripts. No. of accessions 9 11
ORFextractor (available at http://fr.softwaresea.comfaoad-  No. of contigs retained by reads2snp 26,274 26,552
ORF-Extractor-10449769.htm) was used to extract codingo. of contigs analyzed with dNdSpiNpiS 11,397 13,231
sequences for further processing. The read2snp softv@a@r@l  mean length of retained contigé 1,610 1,596
et al., 201Bwas used to call genotypes and Iter out paralogs[95% quantiles] [326; 3882] [312; 3830]
Following the approach ofNabholz et al. (2014for non-  No. of polymorphic sitest 46,147 41,179
outcrossing species, we did a rst run setting the xation r [95%CIp 0.42 0.99
index F D 0O, then estimated~ from the data and rerun the [0.408;0.424]  [0.987;0.989]
program once with the new estimated value. We note that theeanpg 41 3.3%
xation index calculated here accounts for the mating syste [95%Cll [3.97; 4.17] [3.15; 3.35]
and potential substructure in each sample. For each indisidudea P 07 0.57
and each position, we only kept genotypes with a minimumf>>*! . [0.64; 0.67] [0.48; 0.51]
coverage of 10x and with posterior probability higher thar0.9 gzoa/:é:]w/ps [0_152';1(?_166] [0_14(;‘;13158]
Otherwise, data was considered missing. The contigs odxdain _ )
with reads2snp were further lItered for the downstream arsay No-of Comlgs_analyzed_ ith PopGenome 11,’699

. . . Length of retained contig® 743 [0; 2600]
The structure of genetic diversity revealed through thgean (959 quantiles)

genotype calling steps was rst explored using Pprincipal, . poymorphic site¢ 32712 24,453
component analysis (PCA) with the function pca in packagerajima.sdj 0.4 R~
LEA v. 3.8 Erichot and Francois, 20)5For this, we Itered the  yedian [95% quantiles] [ 1.6;1.6] [ 1.8 18
24,474 contigs common to the wild and domesticated pools byean p [9506cip 16 e
discarding positions called ir 5 individuals for each genetic [0; 6.7] [0; 5.4]
pool, ending up with 11,699 contigs and 54,594 polymorphi®ean pcrop/pwio [95% quantiles] 0.65 [0; Inf]
loci. The same dataset was analyzed with popGendifi@fér  Mean Fsy [95% quantilesp 0.07 [0; 0.42]

et al., 201)ito calculate population genomic statistics of diversity — :
d di erentiation: nucleotide diversity and TajimasD per ' xaton index (Weir and Gockerham, 1989.
S(r;ol e between .pools The xation in()j/da_(and pollymorphri)sm : nucleotide diversity (x 103). All polymorphic positions (), synonymous sites (s),
yEST . non-synonymous sites ( ).
at synonymous (s) and nonsynonymous () Sites were Fsr: painwise differentiation iudson et al., 1992).
calculated with dNdSpiNpiS (available at https://kimurawni caiculated with dNASpiNpiS.
. . . calculated with popGenome.
montp2.fr/PopPhyl/. In dNdSpiNpiS analysis, we started from**KoImogorov»Smimov test for difference between domesticated and wild sorghum
26,552 and 26,274 contigs in domesticated and wild poOlsstibutions, two-side p-value< 2.2e-16.
respectively, and discarded positions calleckirb individuals
for each genetic pool, ending up with 13,231 and 11,397 centig

(Table 1). of di erentially expressed genes between the two pools was done
) ) ) _ with edgeR Robinson et al., 20)@nder the R environmentR
Differential Expression Analysis Core Team, 200)80nly genes assayed in at least ve accessions

Transcript expression levels were estimated with the newand with at least one CPM (count per million) in each accession
Tuxedo pipeline Pertea et al., 20)6Firstly, for each accession, were included in subsequent analyses, considering that the
RNA-seq reads were mapped on the sorghum genome assemblpression level could not be reliably estimated for genat th
Shicolor_313 v3.1 using HisatXi(h et al., 201x Genes did not meet these criteria. Since the minimum library sizasw
and transcripts were assembled and quanti ed with stringti€l2 M, one CPM corresponded to 12 reads. A total of 24,646
(Pertea et al., 20)5using the reference annotation le to genes passed these lters. To accountfor gene-speci c expressi
guide the assembly process. The output includes expresskidses at the individual level, a normalization step (trieun
reference transcripts as well as any novel transcripts thamean of M-values (TMM) between each pair of samples) was
were assembled. G compare (https://github.com/gperteaperformed Robinson and Oshlack, 20)L0The structure of the
g compare) was used to compare transcripts with the referenceample based on the gene expression levels was explored with a
annotation (gene and transcript predictions) and to identigw ~ PCA on the normalized counts with the function dudi.pca of the
genes/transcripts. Assembly and enriched annotation lesewe R package ade®{(ay and Dufour, 200) Diversity in expression
used to estimate abundance with stringtie (script provided awithin each of domesticated and wild groups was quanti edwit
Supplementary Material Presentation )L the coe cient of variation (CV) in read counts. Domesticate
Since we were interested in describing the transition fronwild di erences in CV were assessed in di erent gene categories
wild to domesticate at the species scale, we tested the diiafen (candidate and non-candidate genes under selection), sesss
expression of cultivated vs. wild considering the dierentif the CV loss observed in domesticated sorghum was due to
individual genotypes within pools as replicates. The iderdfion  selection in the domesticated pool or drift associated to the
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domestication/improvement process, following the approach ofmodels for the di erent versions of the Sorghum genome were
Bellucci et al. (2014 Candidate genes were identi ed by extremeretrieved with the conversion tool of the Grass Genome Hub
values of the polymorphism and di erentiation statistics, ron (https://grass-genome-hub.southgreen.fr/pseudomotesul
candidates were all the other gene&upplementary Table2  converter). Functional annotation of novel assembled genas
The signi cance of the dierence was assessed with 1,00@one using Blast2GQX0tz et al., 20083GO enrichment analysis
random resamplings. was performed with topGOXlexa et al., 200ausing the “classic”
To identify dierentially expressed (DE) genes, gene-wisalgorithm and Weighted Fisher's test to generptealues. Map
exact tests for di erences in the means between the two grougsots of non-redundant categories were done with REVIGO
(wild and domesticated sorghum) were performed. A FalséSupek et al., 20)1
Discovery Rate approach was applied to correct for multiple tests
Thresholds of 0.05 and 0.01 FDR were considered to declare Eene Expression Networks
genes. At 0.05 FDR, we declared a number of DE genes two-fdkne co-expression networks were built using the WGCNA
higher than at 0.01 FDR, but the ratio of up- and downregulated? package L@angfelder and Horvath, 2008, 20Q18sing the
genes was qualitatively similar, as well as the main catesgof normalized (TMM) and ltered expression data set (as previously
Gene Ontology annotation (see below). We therefore only repo described). Networks were built using the “signed” networké

the results for the stringent FDR of 0.01. parameter, enabling to capture the direction of the expression
. ) ) variation and grouping genes with the same direction vapiatn
Polymorphism/Expression Comparisons gene expression. This parameter is advised to identify bicady

We compared patterns of gene expression and polymorphismmeaningful modules an Dam et al., 20)8 According to
to identify genetic signatures potentially linked to seil@ctand the mean connectivity and the scale free topology index
the process of domestication. Since expression level can a egiirves obtained, a power of 20 was used for this analysis.
the intensity of selection{rummond et al., 2005; Park et al., A mergeheight parameter of 0.25 and a minimum module
2013; Nabholz et al., 20),4ve looked at the correlation between size of 30 were also considered. The modules obtained from
polymorphism (synonymous, s, non-synonymous, n and the  this analysis were then tested for their enrichment in genes
ratio N/ ) and expression in each gene pool, and teste@resenting di erential expression patterns between the wild an
for species dierence by performing an analysis of variancelomesticated pools.
including pools, expression level, and their interaction.n&e
expression was estimated as the mean of normalized read COU'I&”‘ESU LTS
across accessions within each gene pool. For these analyses,
polymorphism values and expression level were log transformef\ucleotide Diversity Patterns

We also compared the levels of diversity and di erentiationFor the analysis of polymorphism patterns the whole
between DE and non-DE genes, to detect signatures excloivetranscriptome of the wild and domesticated pools were analyzed
DE genes and consistent with directional selection in thielwi separatelyTable 1, Supplementary Table 2 Although a higher
or the domesticated pool. In particular, we tested if DE genegumber of genes were retrieved for domesticated sorghum,
were enriched for lower polymorphism values, or extreme \@luea higher total number of polymorphic sites was called in the
of Tajimas D orFst. Domestication could have driven selectionwild pool, suggestive of higher diversity in the wild populason
only on expression, with no changes in the nucleotide seqeienc(Table 7). Domesticated accessions showed a higher xation
Thus, we also tested if expression divergence of DE genes vilagex than wild sorghumf D 0.99 andF D 0.42, respectively),
stronger than expected given their genetic divergence inges in agreement with a higher rate of self-fertilization gealgr

if DE genes were enriched fég7 D 0. observed in the crop (e.d@jé et al., 2004; Muraya et al., 2011

. . . The principal component analysis retrieved two genetic
Enrichment of Different Functional groups corresponding well to the wild and the domesticated pool
Categories (Figure 1). The only exception was the domesticated accession

We examined the functional characterization of DE gene&C9 (SSM1057) that clustered with the wild samples. This
and assessed if particular gene categories or functions weaecession belongs to the race guinea margaritiferum, wisich
overrepresented in DE vs. non-DE genes, which could beultivated but genetically close to the wild po&sgnard et al.,
the result of selection. The categories assessed incluted ©011; Billotetal., 2013; Mace et al., 2013

Gene Ontology (GO) categories, Sorghum transcription facto  Domesticated sorghum harbored 20-30% less nucleotide
(retrieved from Plant Transcription Factor Database http://diversity than the wild counterpart, in terms of number
planttfdb.cbi.pku.edu.cn/index.php?sp=Shi), stably expdess®f polymorphic sites and nucleotide diversity (Kolmogorov-
genes in sorghumShakoor et al., 20)Adi erent metabolic Smirnov testp < 2.2. e-16; Table D). Non-synonymous
pathways Rhodes et al., 2014, 2017; Shakoor et al., )2014olymorphism ( n) was six times lower than synonymous
domestication and improvement genes from published studiepolymorphism ( g) in both domesticated and wild pools, in
(Mace et al., 2013; Lai et al., 2D1Bnrichment in the di erent agreement with previous estimates for domesticated sorghum
functional categories was tested with Fisher's exact testx@ from Hamblin et al. (2006) We did not nd evidence of
contingency tables. GO annotation per gene was obtained fromccumulation of slightly deleterious mutations in domeated
Sobic 3.1 genome annotation. The correspondence among gesarghum at the genome scale, since the ratio of non-synomgmo
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FIGURE 1 | Principal Component analysis of polymorphisnfA) and expression data(B) for wild (blue) and domesticated (orange) accessions &orghum bicolor. The
accession EC9 corresponding to domesticated race guinea mayaritiferum is represented with a different color (dark gen) since its diversity patterns stand out from
the domesticated pool. ES: wild; EC: domesticate. Squaresapresent the centroids of each group of accessions and elliges represent the 60% 2D
con dence interval.
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to synonymous polymorphism (y/  s) across genes was similar performed a principal component analysis and calculated the

in the wild and domesticated pools (mean values 0.16 and 0.1&pe cient of variation (CV) on normalized read counts. PC1

respectivelyTable J). separated the domesticated and wild pools, explaining 25.8%
We also estimated Tajimd3, which measures the departure of the read counts diversity{gure 1). The domesticated pool

of nucleotide diversity from neutrality due to selective orharbored 84% of the wild pool expression variability (mean

demographic processes. Domesticated and wild sorghum show€¥¢rop D 0.63 [95% quantiles 0.13; 1.98], meanyf/D 0.75

comparable close-to-zero mean Tajimas D values acrossgeri@5% quantiles 0.16; 2.04]), which suggests that domeisiicat

(Table 7). Similar values were found genome-widégce et al., in sorghum involved also a loss of expression diversity dessi

2013. The domesticated pool showed higher variance of Tajimakhe loss of polymorphism reported above. We found that the CV

D gene estimatesTéble 1). This can point to a higher number reduction is higher (at least 25%) for candidate genes hamgor

of genes departing from neutral equilibrium, although a lregh Fst excess and diversity reduction (potential signatures of

stochastic variance associated with lower polymorphism oann selection) at the nucleotide level irrespective of the stiati

be ruled out. used to identify them. This signal is stronger for genes with
We calculated the ratio crop/ wila On 7,853 genes. We extremely high domesticate-wild di erentiation. The CV s

considered the mean valuecrop/ wig D 0.65 (Tablel) to  was 34%, 32% and 29% in the 99%, 95% and 90% percentile

correspond to the global loss of genetic diversity due to thef Fstvalues respectivel(pplementary Figure L To exclude

domestication bottleneck. Taking this value as referesrgle that this stronger CV reduction was simply due to a lower

gene crop/ wild ratio signi cantly di erent from the reduction  nucleotide diversity inFst outlier genes by comparison with

of diversity expected during the domestication process magion-outlier ones, we calculated the di erence @M-CVerop for

point to genes whose diversity has changed because of selecti1,000 random samples of non-outlier genes with equal or lower

Since strong positive selection is expected to reduce diyersidiversity level () than outlier genes. Wild to domesticate CV

in the genomic region linked to the causal alleleyop/ wiig ~ reduction in Fst outliers was signi cantly higher than the CV

< 0.65 would characterize genes under positive selectionen ttreduction obtained with the random samples for the thifegr

domesticate. In particular, strong domestication candidafre percentilesg-value< 0.001 for 95% and 90% apevalue< 0.01

genes that are monomorphic in the domesticate and polymorphitor 99%;Supplementary Figure 2

in the wild pool. Conversely, crop/ wild > 0.65 may indicate a We tested for signi cantly di erent expression levels between

diversity increase following domestication, either dueotber the wild and domesticated pools, to identify genes whose

selective dynamics (e.g., balancing selection or diyangif change in expression may have been driven by the process

selection across varieties) or to a relaxation of seledtiotne  of domestication. We found 949 di erentially expressed (DE)

domesticated pool compared to the wild one. We found thagenes at a FDR of 1%Figure 2, Supplementary Table 4

1,734 genes (22%) showeglop/ wild D 0 and 2,500 (32%) had Supplementary Figure 3. The dierence in expression levels
crop/ wild > 1. corresponded to [logFCP 0.55 (logFC range: 9 to 14).
Finally, we estimated the genetic dierentiation betweeninterestingly, among the DE genes, 82% were down-regulated

domesticated and wild sorghum by calculatifgr on a gene in domesticated sorghum, while we did not observe any bias in

by gene basis. Overall di erentiation was quite low (méast  the direction of expression change in the whole gene $ét (

D 0.07,Table 1), and did not change when genes with5 test,p < 2e-16). This result is qualitatively similar for a FDR

polymorphic sites were excluded. Our estimate is lower thaof 5% (among 2,291 DE genes, 72% were down-regulated in

previous estimated=6t D 0.13 on SSR€§jasa et al., 2005Two  domesticated sorghunSupplementary Figure 3.

reasons can be proposed here to explain this discrepancy. Firstly

the coding regions analyzed in this study could have expeedn . . .

a lower neutral drift than the microsatellite markers used bycomparison of Expression and Nucleotide

Casa et al. (20058econdly, it can emerge from the di erent Diversity Patterns

compositions of the panels used. Indeed, we included a guinéde rst compared expression and nucleotide patterns across all

margaritiferum accession in our domesticated pool whereak s genes. We found that gene polymorphism (either estimated with

type of accession was, to the best of our knowledge, not used ins, N or N/ s) was negatively correlated with expression

the analysis ofasa et al. (2005) (Table 2. Negative correlation between expression level and
) ] _ N Of N/ sis expected if higher expressed genes experience
Expression Diversity Patterns stronger selection against new deleterious mutations,reds

Reads counts were found for 38,885 genes, with 95% of thethis pattern for s may suggest other processes in action (e.g.,
with read counts in either the domesticated or the wild pool.selection on code usage). Fox/ s, the correlation was less
The analysis of gene expression levels was done on 24,6#gative for the domesticated accessions, which may bedbie e
genes meeting the criterion of at least one read count pesfweaker purifying selection and domestication load expegel
million in at least ve samples3upplementary Table 2 Overall, inthe domesticated pool. Indeed, the analysis of varianowel

our sampling strategy (three di erent tissues) allowed asicgs  that the relationship between polymorphism and expression is
more than 70% of the sorghum transcriptome. Similarly tosigni cantly di erent between the two genetic pools for all

the nucleotide diversity information, to compare the divigrs estimates $upplementary Table 5 a di erence potentially due

in expression between domesticated and wild sorghum, w® the process of domestication.
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FIGURE 2 | Manhattan plot of FDRqg-values associated with the differential expression anadis between wild and domesticated sorgho. Genes were declad
signi cantly differentially expressed at 1% FDR (black lineGenes with lower nucleotide diversity in the domesticatepool ( crop/ wiLp) are represented in blue.
Among them, 70 are known candidate domestication/improvemat genes (dark red circles,Supplementary Table 3 and ref. therein). The position of four genes
affecting the domesticated phenotype is also represented.

TABLE 2 | Correlations of polymorphism estimates and expression leis. di erence was largely driven by genes that are monomorphic in
Slope adR? ovalue domesticated sorghum, Whi(?h may represent genomic regions
targeted by human-driven directional selection. DE geriss a
s Domesticate 0.39 013 <se.16  Showed higher Tajimas D values than non-DE genes, but
wild 0.26 0.06 <se.16  the dierence was signicant only in the wild poolpfvalue
| Domesticate 054 0.24 <2e16 D 0.024). We did not nd signicant dierences between
Wild 0.44 0.8 <2616 DE_and non-DE genes for s or crop-yvild FST_ (Ta_ble_a. _
Vs Domesticate 014 0.014 <2e12  ENMichment tests were, in general, consistent with distritwti
wild 019 0.03 <2016 COmparisons. DE genes were signi cantly enriched @bp/  wild

values lower than 0.1 (corresponding to the lowest 20th
: nucleotide diversity at synonymous sites (s) and non-synonymous sites (). percentile; Fisher exact teptvalue D 0.03) andFst 0.35
(top 5" percentile;p-value D 0.0014),Figure 2 Furthermore,
among DE genes, 187 showdet D 0O; these genes are
Then we looked at speci ¢ features of DE vs. non-DE geneg00d candidates of domestication-driven expression disecg
to identify signatures associated with dierential expressi involving only regulation changes without coding sequence
DE genes showed values of, and n/ s lower than non- divergenceRigure 2 Supplementary Figure 3.
DE genes in both domesticated and wild poolalfle 3, . . . . .
suggesting stronger purifying selection on DE genes, aghou Biological Functions of Differentially
the distributions were signi cantly dierent only for  in Expressed Genes
domesticated sorghum, (Kolmogorov-Smirnov tgstalue D  Gene ontology (GO) analysis of DE genes revealed that terms
0.008). DE genes were also characterized by signi canthgrio related to photosynthesis were largely overrepresented among
values of domesticate to wild ratio than non-DE genespf  genes with reduced expression in the domesticated relative
value D 0.02 and 0.04 for n and g, respectively). This to the wild sorghum § D 51 genesSupplementary Table 6
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TABLE 3 | Comparison of polymorphism patterns between genes signi catly
differentially expressed (DE) at 1% FDR and non-differeaily expressed genes
(non-DE) between wild and domesticatedSorghum bicolor.

DE genes (n D 949)

Non-DE genes (n D 23697)

monolignol pathway according t8hakoor et al. (2014but these
metabolisms were not more represented in DE than in non-DE
genes. Other DE genes were previously known to be involved in
the biochemical pathways associated with grain developnmeht a
ling phases Supplementary Table 3 such as starch synthesis

regu;‘; i regjf;”; . Wid  Domesticate (Sobic.001G100000ampbell et al., 20)fpolyphenols synthesis
Domesticate  Domesticate (four genes,Rhodes et al., 20)4and more generally grain
composition (nine gene§hodes et al., 20).7
No. Genes 176 7% 12,410 11,287 )
mean pa 467 3.73 4.09 3.28 Gene Co-expression Networks
[95%ClI] [0.03;20.5]  [0.03;24.9] [0.03;22.7] [0.03;21.5] Gene co-expression network analyses revealed 21
mean p3 0.61 0.48** 0.65 0.5 clusters of genes sharing similar expression patterns
[95%ClI] [0.03; 4.1] [0.03;3.8]  [0.03;4.5] [0.03;3.4] (Supplementary Table® Four of these clusters were
mean pn/pg 0.13 0.13 0.16 0.15 enriched in dierentially expressed genes between the wild
[55%C1] [0: 1.1] [0: 1] (011 [0:0.97] and domesticated pools. Three were characterized by down-
Tejimas D 0.25¢ 0.19 031 0.26 regulation in cultivated sorghum and a higher variabilityvild
Median [ 1.5;1.5] [ 1.6;1.7] [ 1514] [ 1.7;1.6] i X .
[95% quantiles] sorghum (yellow: 2,051 genes, magenta: 173 genes and cyan: 92
Median 0.799" 0.801* genes) and one was characterized by up-regulation and higher
PN crOP/PN WiLD ' ' variability in domesticated sorghum (greenyellow: 133 ggne
Median 0.767* 0.769* (Supplementary Table 1)) Among these four clusters, two were
Ps crop/Ps wiLp also enriched in domestication and improvement candidate
Mean 2, 0.09 [0; 0.4] 0.07 [0; 0.3] genes previously identi ed through whole genome sequencing

[95% quantiles]

of 44 sorghum accessions including 7 wild and weedy genotypes

(Mace et al.,, 20)3 (Supplementary Tables 11 12). More
speci cally, the yellow and greenyellow modules were endche
in domestication genes whereas the greenyellow modulela@s a
enriched in improvement genes. Interestingly, the gredayel
module that harbored an enrichment in improvement genes
presented up-regulation in the domesticated pool compared
to the wild pool. In addition, the black (271 genes) and the
lightcyan (45 genes) modules harbored expression patterns
revealing the specic properties of the guinea margaritiferum
accession (SSM1057). In the black module SSM1057 harbored
up-regulation in comparison to all the other accessions
more recurrent being related to cytoskeleton organizatomi ~ analyzed, whereas in the lightcyan module SSM1057 presented
intracellular membrane transport Supplementary Table7 ~an expression pattern more closely related to the wild pool
Supplementary Figure . Genes upregulated in the (@lthoughitis a domesticated sorghum).
domesticated pool were enriched also in GO terms associated
with Auxin responsive factors (ARF, GO0:0005086 andD|ISCUSSION
G0:0032012). Gene functional annotation for all genes aealy
in this study is provided irSupplementary Table 8 In this study, we have performed a comparison of nucleotide
We tested DE enrichment in Sorghum transcription factorsand expression patterns between wild and domesticated forms
(Plant Transcription Factor Database http:/planttfdb.cbi.of sorghum, to contribute to the understanding of the geaeti
pku.edu.cn/index.php?sp=Shi) and genes from the Sorghugircumstances of wild-to-domesticate transition in this jora
expression Atlasghakoor et al., 20)4We found that DE genes cereal. By targeting the full transcriptome, we focused arege
were signi cantly depleted of transcription factorp-¢alueD  actually expressed, narrowing the analysis of interest tg#re
0.009) and of genes reported to be stably expressed acrasstisof diversity potentially most relevant.
(p-valueD 3.462e-05) compared to non-DE genes. . . .
We also compared our DE gene list with the candidatd?OWnN-Regulation and Diversity Loss
genes involved in trait domestication and improvement ofDuring Sorghum Domestication
sorghum according to previous studies. We found 59 gene®ur genome-wide screen of expressed genes showed a loss of
harboring either a domestication or improvement signatuse a diversity in the domesticated pool up to 30%, both in nucleetid
reported inMace et al. (2013and Lai et al. (2018)Figure 2  and in expression diversity, supporting the general model of
Supplementary Table B sorghum domestication from a reduced representation of the
Several DE genes belonged to known metabolic pathwaysld pool (e.g.,Hamblin et al., 200p6and serial founder e ects
in sorghum. Among them there were two genes involved ircombined with dierent adaptation and deterioration steps
the sucrose metabolism and 4 involved in the phenylpropanoyduring crop evolution (Vang et al., 2017; Allaby et al., 2019;

acalculated on 469 genes with polymorphism estimates.
bcalculated on 9,867 genes with polymorphism estimates.
¢Among DE genes, the number of genes down-regulated in the domesticategool is
signi cantly higher than among non-DE genes (? test p-value < 0.001).
*distribution signi cantly different in DE vs. non-DE genes (Kolmogore8mirnov test
*p-value < 0.05, **p-value< 0.01).

: nucleotide diversity (x 103). synonymous sites ( g), non-synonymous sites ().

Supplementary Figure §. Di erent metabolic functions were
instead enriched in DE genes upregulated in the domestitiate,
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Smith et al., 2010 Our estimate of nucleotide diversity loss wasmay be a key metabolic pathway contributing to the sorghum
higher than previous estimates for domesticated sorghunedbas domestication syndrome. A number of studies have invettida
on nuclear microsatellite markers (e.g., 14%sa et al., 2005 the eect of domestication on photosynthesis metabolism,
but lower than the loss recorded in other main crops with sgl n suggesting a shift in plant functional strategies over therse
or mixed mating systems. For instance, it was estimated a 6266 domestication. For instance, higher net photosynthetie ra
nucleotide diversity reduction in riceJaicedo et al., 200,7/72% has been found in modern varieties of wheat compared
in common beans Hitocchi et al., 200)3and 50% in soybean to ancestral onesRoucou et al.,, 20)8and in cultivated
(Kim et al., 202). Domesticated sorghum also showed lowercassava compared with wild formsPijol et al., 2008
expression variation than the wild accessions, a nding canm pointing to selection for increased photosynthetic e ciency
to other crops such as maizegmmon et al., 20)4and common  during domestication and improvement. Genes signi cantly
bean Belluccietal., 20)4ut also animal domesticatesi( etal., downregulated in domesticated sorghum suggested also that
2019. We demonstrated that the loss of expression diversitantioxidative responses have been weakened by domesticatio
is not merely a consequence of the observed loss of codir@@onsistently with this scenario, it has been shown that dsate,
nucleotide diversity. In fact, the genes with strongeshafgres an antioxidant widely associated with photosynthetic fuont
of selection showed greater loss of expression variatioichwh and stress tolerance, was reduced by domestication in saope cr
suggests that selection has driven strongest changes ioyart  species, likely as a tradeo of selection for higher fruiesand
genes, a nding common to other domesticate specigsli(icci  yield (Gestetal., 20)3
etal., 2014; Liu et al., 2019 Modi cations of the photosynthetic metabolism may be also
In nature, changes of gene expression are responsible foraaconsequence of changes in the selective pressure expdrience
great part of phenotypic divergence not explained by amindy the crop under some stresses. For instance, photosynthetic
acid divergenceCarroll, 2009. It is also likely that part of the activity in leaves is overall reduced under drought stré€ssafabe
phenotypic evolution associated with the domestication pssce et al., 2011 Some authors have suggested that the transition from
has involved gene regulation without changes in the codingvild habitats with unpredictable and scarcer water avaiiigttib
sequence. This appears to be the case in sorghum, where magricultural environments with more regular and abundarater
DE genes do not show di erent nucleotide diversity patternssupplies led to a relaxation of selection for water use e ciency
between the domesticated and the wild pools, suggesting thathile favoring the increase of GOuptake and evaporative
domestication left a footprint in expression but not in protein cooling (Milla et al., 2013and references therein). It can be
composition for these genes. argued that domestication has led to a relaxation of selacti
Our dierential expression analysis indicated thatfor photosynthesis e ciency under drought stress, becauge o
domestication largely favored the down-regulation of eggien  higher water availability in agricultural ecosystems tharthe
of multiple genes in sorghum crop (82% of DE genes). Irwild. This scenario would be consistent with positive selection
agreement with our ndings in sorghum, common bean andfor relatively higher photosynthetic capacity in cultivadapted
eggplant landraces showed downregulation of expression whéo water de cit environments, such as the case of upland rice
compared with wild relatives, although the analysis was édhit compared with lowland ricedhang et al., 2006
to the leaf transcriptome in both studie®€llucci et al., 2014, Among DE genes, a small number was upregulated in
Page et al., 20)9In maize,Lemmon et al. (2014)analyzing domesticated sorghum (176). These genes were enriched in
three di erent tissues (leaf, ear, stem) found the oppositedre Auxin responsive factors, which are very likely drivers of
with di erentially expressed genes showing higher expressfon domestication-related phenotype. Genes involved in the nespo
the maize allele more often than the teosinte allele. In@sit to auxin stimulus contribute to abiotic stress response in
Sauvage et al. (201fgund a similar number of down- and up- sorghum {Vang et al., 2000and more generally is part of
regulated genes in domesticated tomatoes based on the @nalythe auxin signaling machinery determining the developmeit o
of vegetative and reproductive tissues (leaf, ower andt$jui branches and owers in major crops such as maizai(i et al.,
The lack of consistent patterns across di erent crops sugge&015. Auxin-responsive genes have been found under selection
species-speci ¢ processes and mechanisms for the evolution iof sorghum, maize, rice and domesticated emméace et al.,

the domesticated phenotype. 2013; Meyer and Purugganan, 2013; Avni et al., p017
Altogether, our scan for selection signatures and di erahti
Biological Signi cance of Differentially expression identied several individual candidate genes

. particularly interesting for their potential role in the
Expre_ssed_ Genes and Genes Harbonng domestication and diversi cation of cultivated sorghum
Putative Signature of Selection at the (Figure 2). Some of these genes are already known to contribute
Nucleotide Level to important phenotypic traits in sorghum or have been
In this study, we found 949 dierentially expressed genepreviously identied as sorghum domestication genes. For
between the wild and domesticated pools taking advantage ofstance, the gene Sobic.006G067 Wa(f2 has been reported
leaves, owers and maturing seeds of sorghum. Most of th& control the internode length in domesticated sorghum and
genes were down-regulated in domesticated sorghum. Among have pleiotropic e ects on panicle length, seed weight and
them, genes with function associated with photosynthesieweleaf area Iflilley et al., 201y, This gene was upregulated in
disproportionately represented, suggesting that photosysishe the domesticated pool (logF©O 0.95,g-value D 4.14E-03),
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consistently with its involvement in the evolution of the relevance of the genes we were able to detect, further work
domesticated phenotype. We detected afsoltiseeded3jene exploring independently the expression patterns in the di erent
(MSD3, Sobic.001G407600, Chr01:69162600..69165731),tisaues may enlarge the list of candidate genes involvetidn t
plastidial &-3 fatty acid desaturase involved in the regulationdomesticated phenotype.
of grain number in sorghum @Pampanaboina et al., 20)Land In the evolutionary history of sorghum, the guinea
identi ed as domestication gen&(@pplementary Table 3Mace margaritiferum emergence remains until now quite unclear.
et al., 2013; Lai et al.,, 2018This gene was downregulated Recent works proposed that they can result from a second
in the domesticated pool (logF® 1.99, g-value D 0.11E- and more recent domestication in West Afric&ggnard et al.,
03) and shows a strongly reduced polymorphism in the2011; Mace et al., 20L30ur results indicated that the guinea
domesticated pool (crop/ wild D 0.4). Another interesting gene margaritiferum accession presented a high similarity witle t
is Sobic.004G272100, which encodes a phosphoribulokinase,wild pool at the nucleotide level as previously reported, e.g.,
enzyme that catalyzes a key step in carbon xation as part diy Mace et al. (2013and Morris et al. (2013) However, at
the Calvin cycle (dark phase of photosynthesis). This gene héise expression level, it behaved essentially as a domedticate
been found to be under selection in sorghum and maizei ( genotype. Assuming a relatively recent domestication of the
et al., 2018 We found it was down-regulated in domesticatedguinea margaritiferum sub-race, such results would indicat
sorghum (logFCD 1.86; g-value D 0.0096), suggesting that that the domestication process induced a rapid rewiring of the
selection has targeted the reduction in expression level fayene co-expression network and a much slower response at the
this gene. In addition to the genes previously detected in thgenome-wide nucleotide level. It is also interesting to rtbge
literature with evidence of signature of selection, ourds#s among the two clusters of genes for which an atypical behavior
also provided a large list of additional genes that contralit of the guinea margaritiferum was observed in comparison to the
or have been impacted by the domestication and improvemerdther domesticated genotypes (the black and lightcyan nesjul
process. To further explore the list of genes that potentiallghere is the gene Sobic.001G341700, which has already been
contributed to these two key steps of crop evolution we stidieshown to contribute to the grain size in sorghura@ et al.,
their co-expression patterns. 2017, 202D This gene is an ortholog of Os DEP1 which has been
proved to impact grain yield in rice{uang et al., 2009

Domestication and Improvement Steps
Involve Major Rewirings of Gene CONCLUSION

Expression
Gene co-expression network analyses allowed the identbnat This work highlighted the major impact of the transition from
of four clusters of genes (totalizing 2,449 genes) signilya the wild to the cultivated pools not only on the nucleotide
enriched in dierentially expressed genes between wild andiversity but also on the transcriptome landscape. Indeed, it
domesticated sorghum. Two of these clusters were alsohattic revealed a major rewiring of the gene co-expression networks
in domestication and improvement genes previously identi edbetween the wild and the crop pools. In addition to these global
in sorghum according to their nucleotide diversity patterns observations, these analyses also identi ed specic metabolic
These results reinforce the conclusion that can be drawmfro pathways (photosynthesis, auxin related mechanisms) ttet ar
the di erential expression analysis indicating that domeation likely to have contributed to the transition from the wild the
and improvement do not only aect the behavior of a few crop pools in sorghum. Finally, our results also contributed t
“domestication or improvement” genes but led to large remgs  a better understanding of the speci c attributes of the gaine
of the transcriptome during the domestication event and themargaritiferum genotypes within the sorghum genetic diitgrs
improvement process, as also underlined in toma&aivage highlighting the speci c role of the transcriptome regulatian
et al., 201y and cotton Gallagher et al., 2020Whereas the the emergence of the “domesticated” ideotype.
“gene based” dierential expression analyses can be limited Although the set of accessions analyzed here is relatively
by the sequencing depth achieved for each specic gene tomited (9 wild and 11 cultivated accessions), it allowed ais t
detect signi cant expression di erences, the co-expressienmeg document genetic changes associated with the domesticaitio
network approach provides a complementary way to identifimprovement process in sorghum at the global level (i.e., at the
additional potentially relevant genes. species scale). Future studies with more extensive sampling o
For RNA sequencing, we pooled together leaf, owers andhe wild and cultivated pools will allow re ning the scenarios
maturing seeds tissues in the same proportions for each gpaoty at more precise geographical and racial scales. If the recent
The simultaneous analysis of di erent tissues gives aceess t advances of the archaeogenetics emerging eld will imprave o
wider set of genes than each tissue alone, and thus allowsuaderstanding of the transition from the wild to the domesstted
better coverage of the genome-wide impact of domestication @ools at the nucleotide diversity level, generalization rafirt
the transcriptome level. However, with this approach we mayesults will require access to a wider number of archaeolbgica
have lost some power to identify di erential expression pattern sites. It is also important to stress that combined e orts lthse
in very specic cases, e.g., in genes that experienced opposite archeogenetics and the use of contemporary accessions from
expression evolution in the di erent tissues. While the appitoac the two pools will be required to re ne our global understanding
taken here doesn't reduce the signi cance and the biologicdl.e. nucleotide and transcriptome diversity) of the impaofs
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the transition from wild to cultivated pools. Indeed, anafysi project, led the sorghum activities of the BFF project, setktiie

of transcriptome evolution between wild and cultivated poolsgenotypes that have been used in the current study, took part in
will only partially bene t of archaeogenetics analyses ag tié  the analyses, contributed to the writing of the manuscript and
diversity of the transcription factor and the regulating iegs of  co-led with CB the nalization of the manuscript. All authors
the coding genes will be accessible, leaving the globakiofdbge contributed to the article and approved the submitted version
co-expression networks evolution out of reach.
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