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* Background and Aims Allopolyploidization is a widespread phenomenon known to generate novel pheno-
types by merging evolutionarily distinct parental genomes and regulatory networks in a single nucleus. The ob-
jective of this study was to investigate the transcriptional regulation associated with phenotypic novelty in coffee
beans of the allotetraploid Coffea arabica.

* Methods A genome-wide comparative transcriptomic analysis was performed in C. arabica and its two diploid
progenitors, C. canephora and C. eugenioides. Gene expression patterns and homeologue expression were studied
on seeds at five different maturation stages. The involvement of homeologue expression bias (HEB) in specific
traits was addressed both by functional enrichment analyses and by the study of gene expression in the caffeine
and chlorogenic acid biosynthesis pathways.

* Key Results Expression-level dominance in C. arabica seed was observed for most of the genes differentially
expressed between the species. Approximately a third of the genes analysed showed HEB. This proportion in-
creased during seed maturation but the biases remained equally distributed between the sub-genomes. The relative
expression levels of homeologues remained relatively constant during maturation and were correlated with those
estimated in leaves of C. arabica and interspecific hybrids between C. canephora and C. eugenioides. Functional
enrichment analyses performed on genes exhibiting HEB enabled the identification of processes potentially asso-
ciated with physiological traits. The expression profiles of the genes involved in caffeine biosynthesis mirror the
differences observed in the caffeine content of mature seeds of C. arabica and its parental species.

* Conclusions Neither of the two sub-genomes is globally preferentially expressed in C. arabica seeds, and
homeologues appear to be co-regulated by shared trans-regulatory mechanisms. The observed HEBs are thought to
be a legacy of gene expression differences inherited from diploid progenitor species. Pre-existing functional diver-
gences between parental species appear to play an important role in controlling the phenotype of C. arabica seeds.
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INTRODUCTION

Polyploidy is a common and recurrent feature in plants, and is
recognized as a fundamental mechanism in their evolution and
diversification (Jiao et al., 2011; Wu et al., 2020; Qiu et al.,
2020). Whereas autopolyploids result from genome duplica-
tion within a species, allopolyploids derive from hybridization
between two or more species, and are composed of divergent
homeologous sub-genomes, each inherited from parental spe-
cies. Compared with diploid progenitors, allopolyploids often
show phenotypic innovations with potentially adaptive physio-
logical and ecological advantages (Ramsey and Schemske,
2002; Chen, 2010). Over the past two decades, numerous studies
have been conducted of the consequences of allopolyploidy
at the genomic and transcriptomic level (reviewed in Van de
Peer et al., 2017; Bottani et al., 2018; Nieto Feliner et al.,
2020). For instance, the expression level of duplicated genes
can deviate from parental additivity (i.e. typically considered
to be the arithmetic average of the parental expression levels).
Non-additive expression has been widely observed in diverse

polyploids and includes at least three possible scenarios (Yoo
et al., 2014): (1) the total gene expression level in a polyploid
is similar to that of one of its parents (expression-level domin-
ance); (2) total gene expression is lower or higher than in both
parents (transgressive expression); and (3) the relative contri-
bution of the parental copies (homeologues) to total gene ex-
pression is unequal (homeologue expression bias, HEB).
Although studies on the topic are relatively rare, plant me-
tabolism can be strongly influenced by polyploidy. Several bio-
chemical studies have shown changes in biosynthetic pathways in
polyploids compared with in their parental species, for example
phenolic compounds in Spartina anglica (Grignon-Dubois
et al., 2020), flavonoids in Nicotiana tabacum (McCarthy et al.,
2017) and organic acids in Ponkan mandarin (Tan et al., 2019).
Other studies in which both metabolomic and transcriptomic
changes have been examined also report variations in temporal
gene expression for oil and flavonoid biosynthesis in upland
cotton (Hovav er al., 2015) and higher vitamin E biosynthesis
in hexaploid oat (Gutierrez-Gonzalez and Garvin, 2016), which
may or may not be related to homeologue-specific contributions.
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Coftee is one of the most important agricultural commodities.
Of the more than 125 Coffea species identified (Davis et al., 2006),
two, C. arabica L. and C. canephora P., are widely cultivated and
account for almost all the world’s coffee production. All Coffea
species are diploid, with the exception of C. arabica which is
allotetraploid (2n =4x=44) and originates from interspecific
hybridization between two diploid species, C. eugenioides
and C. canephora, through a single allopolyploidization event
(Lashermes er al, 1999, 2016). Homeologous genomes in
C. arabica are designated E* and C* according to their parental
origin. Coffea arabica and its parental species are perennial
woody trees and display considerable variation in morphology,
size and ecological adaptation. In contrast to C. arabica and
C. eugenioides, which are found in highland environments,
C. canephora is better adapted to warm and humid equatorial
lowlands (Davis et al., 2006; DaMatta and Ramalho, 2006).
Concerning the biochemical composition of the seeds, the con-
centrations of coffee-specific secondary metabolites vary signifi-
cantly in C. arabica and its extant parental species, particularly
chlorogenic acids (CGAs) and caffeine (Ky ef al., 2001; Campa
et al., 2005), two compounds that contribute to the bitterness of
the coffee beverage. In C. arabica, the amount of CGA detected
in its seeds (4.1 % dry matter) is close to that of C. eugenioides
(5.2 %) and much lower than that detected in C. canephora (11.3
%), whereas the caffeine content in C. arabica seeds (around
1.2 % dry matter) is intermediate between those observed in
C. eugenioides (0.5 %) and C. canephora (2.5 %). In addition
to the accumulation of secondary metabolites, the seeds of
C. arabica and its parental species vary considerably in desic-
cation tolerance (DT), which is acquired late in the seed matur-
ation process (Dussert et al., 2000, 2018). Coffea arabica seeds
display a relatively high level of DT, almost the same as that ob-
served for C. eugenioides seeds, while C. canephora seeds dis-
play a low level of DT. Candidate genes and processes related to
DT acquisition have recently been identified using interspecific
comparative transcriptomics (Stavrinides et al., 2020).

Several recent studies explored the genomic and
transcriptomic changes associated with the formation and
diversification of the allotetraploid C. arabica species.
Evidence was found for genome modifications that could
have played a major role in the stabilization and survival of
the ancestral allotetraploid and in its subsequent diversifica-
tion (Lashermes et al., 2014, 2016). While the early phase
of evolution mainly involved crossover exchanges between
homeologous chromosomes, the later phase appears to have
relied on more gradual duplicate gene evolution involving
gene conversion and homeologue silencing. Gene expres-
sion patterns were also investigated in leaves of C. arabica.
Compared with the expression profiles of its parental species,
some genes show expression dominance, and their propor-
tion seems to be modulated by the growing conditions of the
trees (Bardil et al., 2011; Combes et al., 2013). However, nei-
ther of the two sub-genomes is preferentially expressed, and
overall gene expression in C. arabica appears to be regulated
by intertwined mechanisms (Combes et al., 2013). Based on
the analysis of interspecific Coffea hybrids, Combes et al.
(2015) reported that gene expression inheritance patterns and,
in particular, expression level dominance are determined by
regulatory divergences between parental alleles. Furthermore,
differential contributions of homeologous genes in response
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to abiotic stress have been observed (Marraccini ef al., 2011;
Ferreira de Carvalho et al., 2013). However, although it is
of considerable economic importance due to its involvement
in cup quality (Joét and Dussert, 2018), the transcriptomic
regulation associated with the biochemical characteristics of
C. arabica bean remains largely unexplored.

The objective of this study was thus to evaluate the contri-
bution of changes in gene expression to phenotypic novelty in
coffee beans of the allopolyploid C. arabica. We performed a
genome-wide comparative transcriptomic analysis in C. arabica
and its two parental species. Gene expression patterns as well as
homeologue expression were studied on seeds at five different
maturation stages. The question of whether HEBs target genes
involved in specific metabolic functions and regulatory processes
was addressed both at the transcriptome-wide level through func-
tional enrichment analyses and at the pathway level by focusing
on the well-characterized caffeine and CGA biosynthetic path-
ways. The results provide novel insights into the patterns of gene
expression associated with polyploidy in plants and the factors
that govern shifts in gene expression. Among the possible mech-
anisms by which new phenotypes may arise, we highlight the
effects of pre-existing functional divergences between parental
species for key C. arabica traits such as caffeine content and the
acquisition of DT during late seed maturation.

MATERIALS AND METHODS

Plant material

Seeds at five different development stages (ST3, ST4, ST5, ST6 and
ST7; see Fig. 1) were collected as previously described (Stavrinides
et al., 2020) from trees of the three species C. arabica, C. canephora
and C. eugenioides grown in the International Coffea Collection
(Saint-Pierre, Reunion Island). The developmental stages were
selected based on marked anatomical and morphological traits of
seeds and fruits that are shared across coffee species, as defined and
described previously for C. arabica (Joét et al., 2009; Dussert et al.,
2018). Briefly, the endosperm develops rapidly at stage 3, and growth
ends during stage 4 when oil starts to accumulate. Stage 5 is the peak
of reserve deposition and corresponds to endosperm hardening due
to massive deposition of galactomannans in cell walls. Stage 6 coin-
cides with fruit veraison and the end of the accumulation of reserves;
finally, fruit and seed maturity are completed at stage 7 when the
pericarp becomes red. In order to minimize the impact of genotypic
effects, to facilitate interspecies comparisons and to optimize the re-
covery of plant material, especially in the early stages, seeds of each
species were collected from different wild accessions and considered
as biological replicates (C. arabica accessions AR36b-05, AR52-05,
AR61-05 and AR38-05 for ST3 and ST4; AR28-06, AR02-06 and
AR38b/05 for STS, ST6 and ST7; C. canephora accessions BD 54
and BD 66 for ST3 and ST4; BD55, BD56 and DAF71 for ST5, ST6
and ST7; and C. eugenioides accessions DA71, DA78 and DA78c
for all five stages).

RNA extraction and RNA sequencing

For all samples in the experimental design, a mix of >20 endo-
sperms was ground to a fine powder, while frozen, in an analytical
grinder (IKA A 10, Staufen, Germany) and total RNA was extracted
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Fi1G. 1. Coffee seed development. Schematic representation of seed development stages in the upper panel (adapted from Dussert et al., 2018) and, in the lower
panel, cross-sections of fruits at the different developmental stages studied.

from 70 mg using the Qiagen RNeasy Lipid Tissue kit (Qiagen,
Stanford, CA, USA). The quality and concentration of extracted
RNAs were determined using the Agilent DNA 1000 (Agilent,
Santa Clara, CA, USA). cDNA libraries were constructed using the
TruSeq™ Stranded mRNA sample preparation kit (Ilumina, USA)
and sequenced on an Illumina HiSeq 2500 (single reads, 100 nt) at
the MGX platform (Montpellier GenomiX, http:/www.mgx.cnrs.
fr/). After quality filtering using Cutadapt (quality score > Q30 and
removal of reads shorter than 60 bp or longer than 140 bp), a total
of 443, 320 and 411 million reads were retained for C. arabica,
C. canephora and C. eugenioides, respectively (average of 29, 24
and 31 million reads per library for C. arabica, C. canephora and
C. eugenioides, respectively). The entire dataset was deposited at
the European Nucleotide Archive (ENA) under the project number
PRJEB32533. In addition, previously available sequence datasets
obtained from mature leaves were used for comparison. These
RNA-seq data include samples of C. arabica (Lashermes et al.,
2016; ENA project PRIEB5543) as well as samples of C. canephora
(four accessions), C. eugenioides (four accessions) and from 11 F,
diploid interspecific hybrid plants resulting from crosses between
C. canephora and C. eugenioides (Combes et al., 2015; ENA pro-
ject PRIEB7565). The leaf data were processed as described above.

RNA-seq data processing

Owing to the low genetic divergence between the three Coffea
species (average of 1.3 % gene sequence difference; Cenci et al.,
2012), the trimmed reads of each library were all mapped to the
C. canephora coding transcriptome DNA reference sequence (25574
CDS) (Denoeud et al., 2014) using BWA MEM (Li, 2013) with the

default parameters. Reads were counted using IDXstats in SAMtools
(Li et al., 2009). The aligned sequences of each seed library and
leaf library were then analysed with the GATK toolkit (http://www.
broadinstitute.org/gatk/) using the Unified Genotyper module with de-
fault parameters to identify SNPs (single nucleotide polymorphisms),
and the Depth Of Coverage module to obtain information on depth
coverage. To avoid artefacts due to reads from pseudogenes or repeat
sequences, only CDS identified as single copy were used for sub-
sequent analyses. Similarly, genes identified as having undergone
DNA exchange between homeologous chromosomes in C. arabica
(Lashermes et al., 2016) were excluded from the study. The biallelic
SNPs detected in leaf and seed samples of the different accessions of
both parental species, C. canephora and C. eugenioides, were com-
pared. The SNPs for which the two groups of accessions of diploid
parental species appeared homozygous for differences were retained.
In this way, a list of 108 527 diagnostic SNPs (i.e. species specific)
representing 12 860 CDS was produced.

Inheritance classification

Expression inheritance in C. arabica was determined at different
seed development stages. Only genes with minimum cumulated
read counts (depending on the number of replicates, >10 reads per
replicate for at least one species) were considered (22 165 genes).
In order to calculate ratios and perform statistical analyses, O
mapped reads were changed to 1 (Marioni et al., 2008). Data were
normalized with respect to library size with the DESeq2 package
(using ‘varianceStabilizingTransformation’ and ‘VST’ as argu-
ments; Love et al., 2014). Log-transformed expression values of
parental diploid species and C. arabica were compared to examine
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changes in expression. As described by McManus et al. (2010),
genes whose total expression in C. arabica deviated >1.25-fold
from that of either parental species were considered to have non-
conserved inheritance. Based on the magnitude and the direction
of the changes, the genes were classified as displaying additivity
(with E expression lower or higher than C expression), E or C ex-
pression level dominance (lower or higher than either parental spe-
cies: down and up) and transgressivity (lower or higher than both
parental species).

Estimation of homeologous gene expression

Using the established diagnostic SNP list, the reads of
C. arabica were sorted into C* or E* homeologous bins using
custom Perl scripts. Genes were discarded if >5 % of their reads
showed inconsistencies in homeologous assignments (i.e. dis-
crepancies between diagnostic SNPs for a given read, observed
in <1 % of genes), if they showed high inter-replicate variation
in their homeologue expression ratio or if they had <30 reads
per replicate (cumulative numbers of C-specific and E-specific
reads). Gene expression data for C. arabica homeologue repli-
cates and parental species replicates were normalized using the
DESeq2 package as previously described. The homeologous
gene expression corresponding to homeologue-specific read
counts (C* or E?) of the total read counts (C* + E*) was ex-
pressed as the percentage of the C* homoelogue (% C*) in the
total gene expression of C. arabica. At each stage, data were
treated as described and the successive stages were compared
two by two. Based on the observation of highly significant
correlation coefficients in the homeologous expression ratio
dataset (Supplementary data Fig. S1; Pearson’s correlation

between ST3 and ST4 equal to 0.97, P-value <2.2 x 1076,
Pearson’s correlation between ST6 and ST7 equal to 0.98,
P-value < 2.2 x 107'%), the data from two first (ST3-ST4)
and two late stages (ST6—ST7) were combined by averaging
homeologous gene expression estimations for further analysis.

Functional enrichment analysis

For MapMan analysis (Usadel et al., 2009), the lists of genes
displaying C* or E* HEBs, the lists of genes displaying C up and
E up expression dominance as well as the entire list of expressed
genes at each developmental stage (background) were used for bin
enrichment. Genes were assigned to a MapMan bin structure using
Mercator (Lohse et al., 2014). A MapMan bin was classified as en-
riched for a given gene list if the number of genes belonging to that
bin was statistically higher than expected from the background,
using a two-tailed Fisher’s exact test, and adjusted for multiple
testing using Benjamini—-Hochberg correction.

RESULTS

Variation in gene expression dominance during seed development
in C. arabica

Gene expression in C. arabica was compared with that of its
two parental species at three stages of seed development for
22 165 genes. Based on the relative level of their expression in
the three species, the genes were classified in eight categories:
no difference, additive, transgressive up and down, E dom-
inant up and down, and C dominant up and down (Table 1).

TABLE 1. Gene expression levels in C. arabica compared with its parental species during seed maturation for 22 165 genes

Expression pattern ST3-ST4

No difference

15 632 (70.5 %)

Additive 402 (1.8 %)
Transgressive up 939 (4.2 %)
Transgressive down 563 (2.6 %)

E dominant up

E dominant down

C dominant up

C dominant down

1048 (4.7 %)

1234 (5.6 %)

1308 (5.9 %)

1039 (4.7 %)

STS ST6-ST7 P-value
15 067 (68.0 %) 14 792 (66.7 %) <22x 1071
441 (2.0 %) 443 (2.1 %) 0.2805
854 (3.9 %) 900 (4.1 %) 0.1222
635 (2.8 %) 546 (2.5 %) 0.0198
905 (4.1 %) 921 (4.2 %) 0.0012
1480 (6.7 %) 1679 (7.5 %) <2.2x 107
1110 (5.0 %) 1540 (6.9 %) <22x 1071
1673 (7.5 %) 1344 (6.1 %) <22x 1071

A, C and E correspond to C. arabica, C. canephora and C. eugenioides, respectively. Differential gene expression between the three species is indicated by the

dashed-dotted lines for each gene expression category (gene expression in C. arabica deviated >1.25-fold from that of either parental species). The proportions of

each category were compared between maturation stages (prop.test, 0.01 as the significance threshold P-value).
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The category of genes for which no significant difference in
expression was found between the three species was by far the
largest (i.e. ranging from 66.7 % to 70.5 % of genes) and varied
significantly between maturation stages (P-value < 2.2 x 107'9),
Among differentially expressed genes, the proportions of genes
classified in both additive and transgressive categories were
relatively stable whatever the stage considered (1.8-2.1, 3.9—
4.2 and 2.5-2.8 %, for ST3-S4, ST5 and ST6-ST7, respect-
ively). In contrast, the proportion of genes classified in E- and
C-dominant categories involving dominance (i.e. gene expres-
sion level in C. arabica identical to one of the parental species)
varied significantly between stages. The relative importance of
the different categories involving dominance varied during the
development of the seeds, but no particular trend was observed.
In addition, the possibility that the variations observed in gene
expression during seed development were the result of differ-
ences between the accessions used for each developmental
stage was considered. Although unlikely, this scenario was pos-
sible in comparisons involving the ST3-ST4 stage. However,
it can be completely ruled out in comparisons between stages
STS and ST6-ST7 which involved the same combinations of
accessions.

Variations in homeologous gene expression patterns during
C. arabica seed development

The relative expression level of homeologues was com-
pared for 4604 genes expressed both during seed maturation
and in leaves of C. arabica and interspecific hybrids between
C. canephora and C. eugenioides. The genes were classified
according to the percentage of C* homeologue relative ex-
pression in ten categories ranging from 0-10 % to 90-100 %
of the total gene expression (Fig. 2). While the average per-
centage of C* homeologues was almost stable (50.2, 50.2 and
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50.5 % in stages ST3-ST4, ST5 and ST6-ST7, respectively),
the patterns of gene distribution differed significantly between
the stages of seed maturation (¥ test=272.07, d.f. =318,
P-value < 2.2 x 107'%). The proportion of genes exhibiting a
HEB increased steadily during seed development (31.6 % for
ST3-ST4, 36.6 % for ST5 and 42.0 % for ST6-ST7), and was
always higher than the proportions observed in leaves in both
C. arabica and the interspecific hybrids between C. canephora
and C. eugenioides (pairwise prop.test between seed matur-
ation stages and C. arabica or interspecific hybrids leaves,
P-value < 2.2 x 107'% in six tests). However, whatever the organ
considered (seed or leaf) and the source of the plant material
(C. arabica or interspecific hybrids between C. canephora
and C. eugenioides), for genes showing HEB, equivalent pro-
portions of genes were observed between genes preferen-
tially expressed towards the C* or E* sub-genomes (prop.test
P-value > 0.01 in the five tests).

To complete comparisons between the seed and leaf datasets,
the relative homeologous gene expression estimated at each
seed maturation stage was compared with that observed in the
leaves of C. arabica (Supplementary data Fig. S2). A highly sig-
nificant correlation was observed at all seed stages (Pearson’s
correlation, P-value <2.2 x 107'® in the three comparisons)
with, however, a decrease in the correlation coefficient during
seed maturation (0.60, 0.52 and 0.45 for ST3-ST4, ST5 and
ST6-ST7, respectively). This decrease in the correlation coef-
ficient is consistent with the increase in the proportion of HEB
during seed development described above.

The relative expression of homologous genes was com-
pared between successive stages of seed development (Fig.
3A). Highly significant correlation coefficients (Pearson’s cor-
relation, P-value < 2.2 x 107'%) were observed: 0.7 and 0.9 for
ST3-ST4 vs. STS and ST5 vs. ST6-ST7, respectively. As the
cis-regulatory elements of the two sub-genomes are shared be-
tween the different stages of seed development, the modalities

10-20 20-30 30-40 40-50 50-60 60-70 70-80 80-90 90-100

Relative homeologous gene expression (% C?2)

Fi1G. 2. Comparison of relative homeologous gene expression distributions for 4604 genes expressed both in C. arabica developing seeds (ST3-ST4 green, ST5
yellow, ST6-ST7 blue), and in leaves of C. arabica (light grey) and of Coffea hybrids (dark grey) (x> test = 802, d.f. = 36, P-value < 2.2 x 107'%).
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of action of the trans-regulatory factors can be assessed by
comparing the genes whose total expression varies signifi-
cantly between successive stages of seed development (ST3—
ST4 vs. STS and STS vs. ST6-ST7). The relative expression
level of homeologues was significantly correlated between
stages (Pearson’s correlation, P-value < 2.2 x 107'%). with cor-
relation coefficients of 0.77 and 0.93 for ST3-ST4 vs. ST5
and ST5 vs. ST6-ST7 respectively (Fig. 3B). The expression
of homeologues thus appears to be mostly co-regulated during
seed development.

Relationship between homeologous gene expression and parental
inheritance

The relationship between homeologous gene expression and
patterns of gene expression relative to parental species (i.e.
parental inheritance) was also investigated. At ST6-ST7 (the
developmental stage with the highest proportion of genes ex-
hibiting HEB), the distribution according to the relative expres-
sion level of homeologues of the genes included in the C- and
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E-dominant up and down categories was compared with that
of all the genes studied (Fig. 4) (pairwise comparisons, %>
test, P-value < 2.2 x 107'¢ for the four comparisons). The pro-
portion of genes with HEB increased substantially among the
genes classified in C- and E-dominant up and down categories.
The expression of homeologues appeared to be biased towards
E* in the E-dominant up and C-dominant down categories
and towards C* in the C-dominant up and E-dominant down
categories.

Candidate genes were previously identified as positive and
negative effectors of coffee seed desiccation tolerance (Clusters
1 and 2, respectively, described in Stavrinides et al., 2020).
These two clusters contain genes displaying, respectively, E
up and E down expression dominance during late develop-
mental stages in C. arabica seeds. The distribution of genes
according to the relative expression level of homeologues was
also analysed among these candidate genes. The expression of
DT-associated genes within mature C. arabica seeds mainly re-
lied on that of the E* sub-genome, while the expression levels
observed for negative effectors of DT were mostly attributable
to the C* sub-genome (Supplementary data Fig. S3).
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FIG. 3. (A) Comparison of relative homeologous gene expression between successive stages of maturation (Pearson’s correlation, P-value < 2.2 x 107!, correl-

ation coefficient of 0.70, 0.90 for 6269 genes between ST3—-ST4 and ST5 and 7147 genes between ST5 and ST6-ST7, respectively). (B) For divergently expressed

genes between successive maturation stages, comparison of homeologous gene expression ratios (Pearson’s correlation, P-value < 2.2 x 107'¢, V0.77, 0.93 for
1004 genes between ST3—-ST4 and STS and 277 genes between STS and ST6—ST7, respectively).
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egory and ? test = 151.61, d.f. =9, P-value < 2.2 x 107" for C dominant down category). The patterns of gene expression for the four categories considered are
shown above the corresponding distribution.

Metabolic functions and regulatory processes potentially affected
by the divergent mobilization of the two sub-genomes

The question of the functional consequences of the
homeologue transcriptional biases observed towards one par-
ental sub-genome, i.e. the potential recruitment of biologically
relevant transcriptional modules specific to a parental species,
was addressed using MapMan enrichment analyses performed
on groups of E*- and C*biased genes at different develop-
mental stages, as well as on genes displaying conserved bias
throughout seed development (Supplementary data Table S1).

Enriched functions associated with genes displaying C* bias
throughout seed development included major functions re-
lated to the biosynthesis of amino acids (shikimate, glutamate
and aspartate) and sugars (raffinose and trehalose), as well as
photosynthesis-related processes (chlorophyll breakdown and
interconversion, xanthophyll biosynthesis) and serine-type
peptidase activities. Enriched functions associated with genes
displaying C* bias at specific stages pointed to phytohormones
and the biosynthesis of auxin. It is worth noting that most
of these functions were also detected to be significantly en-
riched when analyses were performed on the sub-groups of
C-biased genes that display C up expression dominance at
ST5 and ST6-ST7 (Supplementary data Table S1). Concerning
phytohormones, enriched functions were related to auxin
biosynthesis at ST5 (both indole-3-pyruvic acid and indole-
3-acetamide biosynthetic pathways) as well as conjugation/
degradation of jasmonate (ST5 and ST6-ST7). Significant en-
richment was detected at ST5 for photosynthesis-related pro-
cesses such as linear electron flow activity, photosystem II
components, chlorophyll breakdown and interconversion, and
carotenoid biosynthesis.

The main enriched functions associated with genes displaying
E* bias throughout seed development, each represented by sev-
eral terms, concerned RNA processing and solute transport,
while several other specific terms were associated with stress
response, such as urease (involved in amino acid catabolism
and nitrogen recycling), the plastid NADH dehydrogenase-like
complex (involved in cyclic electron flow around photosystem

I), PLD-a (phospholipase D; which catalyses the hydrolysis
of phospholipids to phosphatidic acid, and is involved in
stress signalling) as well as plasma membrane protein cold-
responsive protein kinase which senses changes in membrane
rigidity and permeability (Liu et al., 2017). Some of these func-
tions, such as those related to urease and solute transport, were
also observed to be significantly enriched when analyses were
performed on the subgroups of E*-biased genes that display E
up expression dominance at ST3—ST4 and ST5 (Supplementary
data Table S1).

Caffeine metabolism

A detailed comparison of gene expression among the three
coffee species and a study of homeologue expression bias in
C. arabica were conducted at the level of metabolic pathways
focusing first on caffeine biosynthesis (Fig. 5). Caffeine is a
purine alkaloid synthesized from xanthosine as initial sub-
strate (Ashihara et al., 2008). Xanthosine is the main product of
purine nucleotide catabolism and, in higher plants, predomin-
antly derives from guanosine deamination through the activity
of a specific guanosine deaminase (GSDA; Dahncke and Witte,
2013; Baccolini and Witte, 2019). Subsequently, the caffeine
biosynthetic pathway is a four-step sequence involving one
nucleosidase and three methylation reactions, for which the
three specific genes and enzymes XMT, MXMT and DXMT
N-methyl transferases (NMTs) have been characterized in either
Arabica or Robusta coffee (Ogawa et al., 2001; Mizuno et al.,
2003; McCarthy and McCarthy, 2007). In our transcriptome
survey, the known caffeine biosynthetic genes (GSDA, XMTI,
MXMT]I and DXMTI) exhibited similar expression patterns in
developing seeds of the three species, i.e. a large expression
peak was observed at ST4 at the beginning of the storage phase
in the endosperm, followed by a sharp decrease in transcript
levels at later stages (Fig. 5). At early stages, expression levels
were significantly and recurrently higher in C. canephora than
in C. eugenioides, with the largest differences (up to 4-fold at
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stage 4) observed for xanthosine methyltransferase (XM7T1) and between those of the parental species, and the differences in

caffeine synthase (DXMTI). With the exception of MXMT]I,
overall transcript levels for C. arabica genes were intermediate

expression levels measured in the three species reflect the dif-
ferences observed at the metabolite level for caffeine content
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in mature seeds. In addition, a marked homeologue expres-
sion bias was observed for GSDA, XMTI and DXMTI genes,
with overall expression primarily associated with that of the
C* homeologue (Fig. 5). Indeed, the C* homeologue of XMT1
was 20-fold more expressed than its E* counterpart at early
stages (ST3-ST4), whereas the C* homeologue of the key caf-
feine synthase DXMT1 gene was 6-fold more expressed than
the E* homeologue at ST4, and up to 250-fold at ST3. For those
two key caffeine biosynthetic enzymes, the difference in gene
expression observed between the parental species was smaller
than that noted between C* and E* homeologues, suggesting the
quasi-silencing of the E* homeologue and the specific expres-
sion of the C* homeologue in C. arabica seeds.

Chlorogenic acid metabolism

A detailed pathway analysis of gene expression patterns and
homeologue expression was also performed for phenylpropanoid
genes involved in CGA biosynthesis (Fig. 6). The three first
steps of S-caffeoylquinic acid (5-CQA) biosynthesis involve
the well-characterized enzymes of the ‘core phenylpropanoid
pathway’, namely phenylalanine ammonia lyase (PAL), trans-
cinnamate 4-hydroxylase (C4H) and 4-coumarate-CoA ligase
(4CL). Subsequently, the main route involves two supplementary
enzymatic steps: esterification of quinic acid on p-coumaroyl-
CoA by C3’H (p-coumaroyl CoA 3-hydroxylase; Mahesh e? al.,
2007), and hydroxylation of p-coumaroyl quinate by HQT
(hydroxycinnamoyl-CoA quinate hydroxycinnamoyl transferase;
Niggeweg et al., 2004; Lallemand et al., 2012). An alternative
route may require C3H, as recently described in the arabidopsis
model plant (Barros et al., 2019), for direct hydroxylation of
p-coumaric acid into caffeic acid, followed by 4CL and HQT
enzymatic steps. Our study illustrates the tight co-ordination of
gene expression of most of the key enzymes involved in the bio-
synthesis of CGA in early seed development, including PALA,
C4H, 4CLI1, C3’HI and C3H (Fig. 6), with the timing of expres-
sion patterns being very similar for all those genes in the three
species. Potentially involved in 5-caffeoylquinic acid (5-FQA)
biosynthesis, COMTI and CCoAOMTI genes also revealed very
similar expression profiles. Finally, HQT, which is involved in
both 5-CQA and 5-FQA biosynthesis as well as 3,5-diCQA syn-
thesis (Lallemand er al., 2012), displayed a bimodal expression
pattern with maximal expression at stages 3 and 6 and could be
linked to CGA remobilization during the late maturation stage.
Although the final concentration of CGA varies in a spectacular
way in the mature seeds of the three coffee species, it is worth
noting that the expression level of each of these CGA biosyn-
thetic genes was quantitatively equivalent in the three species.
The few differences observed were for PAL4, whose highest ex-
pression level was observed in seeds of C. canephora, and for
4CLI, whose expression was maximal in both C. canephora
and C. arabica. In C. arabica, gene expression was balanced
between the two parental homeologues for the vast majority
of genes studied. Exceptions concerned PALI, in which the C*
homeologue was twice as highly expressed as E*, and HQOT, with
the E* homeologue displaying up to 3-fold higher expression than
its C* counterpart. In addition, the parental origin of the dom-
inant homeologue differed between PALI and HQOT genes. The
absence of any difference in gene expression between parental
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species and/or homeologues has also been observed for key genes
involved in quinic acid synthesis and CGA remobilization, such
as ODH (quinate dehydrogenase, Cc03g0247; Guo et al., 2014),
F5HI1 and CCRI genes (ferulate 5-hydroxylase, Cc07g10360;
and cinnamoyl-CoA reductase, Cc04g05040, respectively) (data
not shown). At the level of gene and homeologue regulation, our
results offer no clear molecular explanation for the differences
observed in CGA biosynthesis between the three coffee species.

DISCUSSION

Allopolyploidization is a biological process that has played a
major role in plant speciation and evolution. In particular, it is a
widespread phenomenon known to generate novel phenotypes
by merging evolutionarily distinct parental genomes and regula-
tory networks into a single nucleus (Nieto Feliner et al., 2020).
The evolution and fate of duplicated gene loci in allopolyploid
plants has become the subject of intensive study (Qiu et al.,
2020). However, the mechanisms involved in the new gene ex-
pression patterns observed in allopolyploids as well as their ef-
fects on phenotype such as metabolic pathways are still poorly
understood. In the present study, we considered C. arabica
coffee beans as a model to study both the gene regulatory pat-
terns associated with allopolyploidy and the gene expression
profiles related to specific physiological/chemical traits.

For the majority of genes (around 70 %) expressed in the
coffee bean, no significant difference in the level of total gene
expression was observed between C. arabica and its two par-
ental species, C. canephora and C. eugenioides. Among the
genes whose expression levels differ in the three species, the
majority were genes with non-additive regulation. In fact, most
of the differentially expressed genes showed an expression
level dominance characterized by a total gene expression level
in C. arabica similar to that of one of its parents. However, in
contrast to the observations made in leaves from interspecific
hybrids between C. canephora and C. eugenioides (Combes
et al., 2015), the cases of dominance in C. arabica seed were
equally concerned with up- and downregulation, and their dir-
ection was balanced between the two parents. The absence of
biased expression level dominance suggests balanced differ-
ences in the effects of the two parental trans-regulatory fac-
tors in C. arabica seeds. Furthermore, the non-additive gene
regulation observed in C. arabica seeds appears to be devel-
opmentally sensitive. Indeed, an increase in dominance situ-
ations was observed during development and in particular at
the later stages of maturation (i.e. comparison between stages
ST5 and ST6-ST7) for which the same combination of tree
accessions was compared, which excludes the possibility that
the differences observed were the result of differences between
accessions.

In allopolyploids, two homeologues of a gene can contribute
equally or unequally to total gene expression, the latter case
reflecting a homeologue expression bias (HEB). In C. arabica
seed, about two-thirds of the genes analysed showed a balanced
contribution of homeologues. This proportion of HEB is
quite close to that previously estimated for C. arabica leaves
(Combes et al., 2013). Moreover, whether in seeds or in leaves,
the HEBs observed in C. arabica concern both the C* and E*
sub-genomes, with neither sub-genome being preferentially
expressed overall. Contrasting situations have been reported
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in other allopolyploid species. For example, in Brachypodium
hybridum, similar proportions (approx. 60 %) of genes showed
balanced homeologue expression in root and leaf tissues
(Takahagi et al., 2018). In Tragopogon miscellus, the propor-
tions of genes showing HEB were shown to vary between leaf
and inflorescence, with a slight bias towards the sub-genome
T. pratensis in both organs (Buggs et al., 2010; Boatwright
et al., 2018; Shan et al., 2020). In hexaploid wheat, Triticum
aestivum, balanced homeologue expression also varies between
organs (approx. 63 % in the stigma to approx. 79 % in roots;
Ramirez-Gonzalez et al., 2018). Recent data (Khan et al., 2022)
suggested that sub-genome biases are characteristic features of
the Brassica napus seed throughout development, and that such
bias might not be universal across the embryo, endosperm and
seed coat of the developing seed.

It is interesting to note that in C. arabica seed, the propor-
tion of genes exhibiting HEB increased from 32 % to 42.0 %
during maturation. This shift in the frequency of genes exhib-
iting HEB during seed development has already been observed
in other plants such as cotton and wheat (Hovav er al., 2015;
Xiang et al., 2019). Furthermore, in a study targeting vitamin
E biosynthesis genes in developing hexaploid oat seeds, the
homeologues were predominantly expressed almost equally;
however, expression bias was observed in some genes, some of
which appeared to be key points in the regulation of vitamin E
synthesis (Gutierrez-Gonzalez and Garvin, 2016).

Further analysis of the expression of homeologues pro-
vided information on how they are regulated in C. arabica
seeds. In particular, strong conservation of the relative ex-
pression level of homeologues was observed for genes whose
total expression level changes during seed maturation. Both
homeologues appeared to be either over- or under-co-regulated
by trans-regulatory factors and without bias towards either
sub-genome. In addition, for the same set of genes, the rela-
tive expression levels of homeologues estimated in C. arabica
seed were highly correlated with those estimated in leaves of
C. arabica and interspecific hybrids between C. canephora and
C. eugenioides, suggesting a strong parental legacy. In fact,
gene expression in allopolyploids is thought to be due to many
controlling factors acting separately or in concert. One of these
factors is parental legacy, or the extent to which differences in
gene expression between duplicate copies in an allopolyploid
are the legacy of expression differences inherited from the pro-
genitor diploid species (Yoo et al., 2013; Buggs et al., 2014).
As already suggested based on observations in leaves (Combes
et al., 2013), C. arabica homeologues are most probably regu-
lated by intertwined mechanisms of cis- and trans-elements
from both parents. In particular, the low sequence divergence
between the two parental genomes is hypothesized to facilitate
cross-talk between the parental copies of trans-elements.

The strong relationship we observed between expression
level dominance and HEB in C. arabica seed is fully consistent
with this interpretation. In agreement with previous studies
that investigated both homeologous and total gene expression
in allopolyploids (Yoo et al., 2013; Cox et al., 2014; Combes
et al., 2015), the present data confirmed that biased expression
level dominance toward one homeologue was mainly caused
by up- or downregulation of the other homeologue. Since HEB
and expression level dominance result from modulation of
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cis- and/or trans-regulatory elements, one can assume that these
mechanisms are directly related to the evolutionary history of
the parental species and to the evolution of cis- and/or trans-
regulations of gene expression. In this context, the observed
increase in the proportion of genes displaying HEB and in the
divergence of the relative expression level of homeologues
during C. arabica seed maturation is hypothesized to be the re-
sult of potentially adaptive divergence between the two parental
species during the late stages of seed maturation.

We also investigated the functional consequences of tran-
scriptional biases of observed homeologues towards a par-
ental sub-genome, i.e. the potential recruitment of biologically
relevant transcriptional modules specific to a parental species.
Functional enrichment analysis performed on genes displaying
either E* or C* bias was a way to identify processes potentially
associated with physiological traits close to those observed
in one parental species, such as seed desiccation tolerance in
C. eugenioides. Indeed, enrichment analysis of E*-biased genes
pointed to key terms associated with stress response, including
small heat shock proteins targeted to mitochondria (sHSP-M)
and two key stress-related factors, PLDa and cold-responsive
protein kinase (CRPK), associated with the fluidity of the plasma
membrane. CRPK1 is a plasma membrane protein kinase that
has been shown to sense changes in membrane rigidity and per-
meability during cold stress in arabidopsis (Liu ef al., 2017).
Phospholipase D activity is involved in the production of phos-
phatidic acid, a negatively charged phospholipid whose small
head group influences membrane conformation, and PLDaol
has been recently identified as a key modulator of seed des-
iccation sensitivity in arabidopsis (Chen et al., 2018). Finally,
sHSP-M has been recently shown to interact with a factor re-
quired for cytochrome ¢ maturation, and to be involved in the
fine-tuning of respiratory electron transfer chain activity during
the development and germination of arabidopsis seed (Ma
et al., 2019). Since membrane lipids have been reported to be
a main site of damage in desiccation-sensitive coffee seeds and
as the lack of co-ordinated repression of metabolism and mito-
chondrial respiration during drying is thought to play a predom-
inant role in the oxidative burst that triggers lipid oxidation and
membrane disruption (Dussert et al., 2006; Stavrinides et al.,
2020), genes associated with these functions are interesting
candidates to be functionally tested for their potential pivotal
role in acquisition of partial desiccation tolerance in C. arabica
and C. eugenioides seeds. Concerning C*-biased genes, signifi-
cant enrichment was detected for several terms associated with
biosynthetic pathways of the phytohormone auxin, a key modu-
lator of cell division and elongation as well as cellular metab-
olism during seed development and maturation (Cao et al.,
2020; Winnicki, 2020; Verma et al., 2021). While many quan-
titative trait loci for seed size have been identified in various
plants as being associated with genes involved in auxin bio-
synthesis, transport and signalling (Cao et al., 2020), the role
of C* auxin biosynthetic homeologues in the size of C. arabica
seeds, which are bigger than the seeds of C. eugenioides, re-
mains to be elucidated. Enriched functions associated with
C?-biased genes also revealed terms associated with energy me-
tabolism, including mitochondrial oxidative phosphorylation,
and many plastid-related processes such as chlorophyll metab-
olism, linear electron flow activity, photosystem II component
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and carotenoid biosynthesis. These functions, which are as-
sociated with the active cell metabolism encountered during
early seed maturation, were also recently identified as being
specifically repressed during late maturation of DT seeds of
C. eugenioides and C. arabica, compared with desiccation-
sensitive C. canephora seeds (Stavrinides et al., 2020). For
these genes, the low expression levels observed during late
maturation stages in C. arabica, intermediate between both ex-
tant parental progenitors, relies on that of the C* sub-genome.
A comparative transcriptomic study of seeds in C. arabica and
parental species C. eugenioides and C. canephora has revealed
a common transcriptional programme between the three spe-
cies, but also, in some cases, divergences in gene regulation
between C. canephora on the one hand and C. eugenioides and
C. arabica on the other (Stavrinides et al., 2020).

With the aim of characterizing the allopolyploid phenotype
in relation to parental divergence, parental and homeologous
gene expression was also detailed for specific biosynthetic path-
ways. The purine alkaloid caffeine content in C. arabica seeds
is intermediate between those observed in parental species, and
additive inheritance for this chemical trait has been observed in
interspecific hybrids (Barre et al., 1998). Our study is the first
comprehensive transcriptional study of caffeine biosynthetic
genes including total gene expression profiles throughout seed
development in the three species, as well as the relative con-
tributions of homeologue genes in C. arabica. Differences in
caffeine biosynthetic gene expression between C. arabica and
C. canephora have already been reported (Koshiro et al., 2006;
Perrois et al., 2015). Our work not only confirms these differ-
ences but demonstrates that for three genes, namely GSDA,
XMT and DXMT, the expression levels observed in C. arabica
seeds are intermediate between those observed in the two par-
ental species, the highest expression levels being observed in
C. canephora seeds. These variations in gene expression mirror
the difference observed in caffeine content of mature seeds of
the three species, suggesting that tight transcriptional control of
caffeine biosynthetic genes during early endosperm develop-
ment plays a major role in regulating the accumulation of this
metabolite. HEB was noted for those three genes, with the pre-
dominant expression of the C* homeologue version. Concerning
XMT and DXMT genes, we noted the quasi-silencing of E*
homeologues and specific recruitment of the C* homeologues,
with potentially major consequences for caffeine biosynthesis
related to functional divergences of the encoded enzymes.
Indeed, the two homeologous versions of DXMT have already
been cloned and their recombinant proteins functionally char-
acterized in Escherichia coli (Mizuno et al., 2003; Uefuji et al.,
2003). Significant differences in their catalytic properties have
been demonstrated, including their affinity for the substrate,
theobromine, which has been shown to be 7-fold higher in the
C* version of DXMT (CCS1, AB086414, XM027206542),
with its K value being 157 um (Mizuno et al., 2003), com-
pared with the E*-encoded enzyme (CaDXMT1, AB084125,
XMO027217280) whose K value was around 1200 um (Uefuji
etal.,2003).

In contrast to the caffeine biosynthetic pathway, our results
provide no clear molecular explanation for the differences in
CGA biosynthesis observed between the three coffee species at
the level of gene and homeologue regulation. Only faint HEB
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was detected for PALI and HQT. Such a discrepancy between
the regulation of CGA-related gene expression and CGA accu-
mulation suggests that major regulatory processes exist at the
post-transcriptional level for this important seed chemical trait.

Conclusions

Neither sub-genome is preferentially expressed overall in
C. arabica seeds, and total gene expression levels result from
the expression of both homeologues with interoperability of
parental regulatory networks. Furthermore, the HEB observed
in one-third of the genes in C. arabica seeds appears to be a
legacy of differences in gene expression inherited from the dip-
loid progenitor species. Thus, we hypothesize that gene expres-
sion profiles in C. arabica depend on cis and/or trans functional
divergences that occurred during the evolutionary history of its
parental species. Functional enrichment analysis performed on
genes exhibiting HEB enabled us to identify processes poten-
tially associated with physiological traits. The expression pro-
files of the genes involved in caffeine biosynthesis appear to be
consistent with the differences in the caffeine content of ma-
ture seeds of C. arabica and its parental species, suggesting
that tight transcriptional control of caffeine biosynthetic genes
during early endosperm development plays a major role in
regulating the accumulation of this metabolite. We suggest that
pre-existing transcriptional divergences between parental spe-
cies play an important role in establishing phenotypic novelty
in an allopolyploid species such as C. arabica.
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