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In a few important plant families and genera, including Arecaceae, Fabaceae and the genus Coffea, the main seed
storage polysaccharide is not starch but cell wall galactomannans. Such seeds are albuminous with a persistent
copious living endosperm that accumulates galactomannans. However, our understanding of the regulation of
endosperm maturation, cell wall formation and galactomannan biosynthesis in albuminous seeds remains very
limited. To gain insights into these processes, a large RNA-seq dataset was produced (14 coffee species x 5
endosperm developmental stages) and scrutinized using gene coexpression network analysis. The network
revealed tight transcriptional coordination of the core galactomannan biosynthetic machinery with nucleotide
sugar synthesis and transport, arabinogalactan protein and cellulose synthesis, and regulation of the trans-Golgi
network. The orchestration of galactomannan and oil accumulation during endosperm maturation appeared to be
exerted by the transcription factors FUS3, WRINKLED1, SHINE2 and DREB2D. The latter was the only coex-
pression partner of galactomannan biosynthetic genes. Numerous key genes of galactomannan accumulation
were significantly upregulated in coffee somatic embryos overexpressing DREB2D, which showed increased
production of UDP-galactose and diversion towards raffinose family oligosaccharides. Further, most genes of the
galactomannan coexpression module were identified as DREB2D target genes by DAP-seq analysis.

1. Introduction substituted with an a-1,6-linked galactosyl residue (Scheller and Ulv-

skov, 2010). Seeds that store mannans in their cell walls are all albu-

Plants store polysaccharides, oil and proteins in seeds to support the
emergent young plant after germination until photosynthesis is fully
established. Starch is by far the most common polysaccharide stored in
seeds, where it is deposited intracellularly in specialised organelles
called the amyloplasts (Aguirre et al., 2018). However, in species of
certain genera and families, the main seed polysaccharide reserves are
hemicelluloses that accumulate in cell walls, mostly mannans and
xyloglucans (Delmer et al., 2024). The linear backbone of mannans
consists of p-1,4-linked mannose residues with variable degrees of side
substitutions. In seeds, the most common form of storage mannans is
galactomannans, in which a varying proportion of mannosyl residues is

minous seeds with a persistent cellularised living endosperm at the
mature stage. The endosperm of albuminous seeds which store mannans
may represent almost the entire seed mass and volume, as is the case in
species of the monocot family Arecaceae (palms) and of the dicot genus
Coffea (Joet et al., 2009; Dussert et al., 2013). The family Fabaceae is
also known to contain numerous species which produce seeds with a
persistent endosperm that accumulates mannans (Buckeridge, 2010).
Among these species, seeds of the annual guar (Cyamopsis tetragonoloba)
or the carob tree (Ceratonia siliqua) are exploited for extraction of gal-
actomannans, which are widely used in the food, pharmaceutical, and
cosmetic industries (Singh et al., 2018; Sharma et al., 2022).

Abbreviations: CWP, cell wall polysaccharides; DAP-Seq, DNA affinity purification sequencing; GMB, galactomannan biosynthesis.
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The mechanisms by which galactomannans are synthesized and
stored in endosperm cell walls during maturation of albuminous seeds
remain largely unresolved. However, three key galactomannan biosyn-
thetic enzymes have been identified and characterised, using guar and
two other Fabaceae species, fenugreek (Trigonella foenum-graecum) and
senna (Senna occidentalis), as model systems. Two enzymes are Golgi-
located, the mannan synthase (MANS), a CELLULOSE SYNTHASE-LIKE
A (CSLA) enzyme that produces the B-1,4-linked mannan backbone
(Dhugga et al., 2004), and the mannan a-galactosyltransferase (MAGT,
previously known as galactomannan o-galactosyltransferase GMGT),
which catalyses the transfer of galactosyl residues from UDP-galactose
to the mannan backbone to assemble the galactosyl side chains
(Edwards et al., 1999). The post-depositional modulation of the degree
of galactose substitution is then operated by the cell wall-located
a-galactosidase (AGAL) (Edwards et al., 1992; Joersbo et al., 2001). In
addition to these three essential enzymes, another key factor may be
needed for seed storage mannan synthesis, the MANNAN-SYNTHESIS
RELATED (MSR) protein (Wang et al., 2013), which appeared to be an
indispensable cofactor for coffee MANS1 mannan biosynthetic activity
when heterologously expressed in Pichia pastoris (Voiniciuc et al., 2019).
Additional insight comes from the progress in deciphering gal-
actoglucomannan biosynthesis in Arabidopsis (Voiniciuc, 2022; Yoshimi
et al., 2025). Among the nine CSLA proteins of Arabidopsis, CSLA2,
CSLA3, CSLA7 and CSLA9 were demonstrated to elongate glucomannans
with varying preference for Glc incorporation (Liepman et al., 2005;
Goubet et al., 2009). By contrast to fenugreek MAGT, which accepts only
homomannan oligosaccharides (Edwards et al., 1999), the Arabidopsis
MUCILAGE-RELATED10 (AtMUCI10) encodes a strict glucomannan
a-galactosyltransferase (Voiniciuc et al., 2015). Finally, in addition to
carbohydrate substitutions, (gluco)mannans can be O-acetylated by
specific members of the TRICHOME-BIREFRINGENCE-LIKE (TBL) fam-
ily, namely mannan O-acetyltransfearases AtMOAT1-4 (Zhong et al.,
2018). These findings represent the most recent advances in our un-
derstanding of mannan synthesis, highlighting that our knowledge of
galactomannan accumulation in albuminous seeds remains scarce. In
particular, the transcriptional regulation of this pathway remains largely
unknown. More generally, our knowledge of the control of primary wall
synthesis is extremely limited (Boerjan et al., 2024), in contrast to the
considerable progress made in understanding how the synthesis of sec-
ondary wall components is regulated through MYB46 activity (Zhong
et al., 2007).

This knowledge gap on storage mannan accumulation resembles that
concerning the transcriptional orchestration of albuminous seed devel-
opment and maturation, in comparison with our extended knowledge on
that of dicot exalbuminous seeds (Fatihi et al., 2016; Alizadeh et al.,
2021) and of cereal endosperm (Grimault et al., 2015; Zhang et al.,
2016a; Song et al., 2024). LEC1-ABI3/FUS3/LEC2 (LAFL) proteins are
well-characterised master regulators of seed maturation in exalbumi-
nous seeds (Fatihi et al., 2016; Alizadeh et al., 2021). In particular, LEC2
and FUS3 activate the AP2/EREB transcription factor WRINKLED1
(WRI1) (Baud et al., 2007; Wang and Perry, 2013), which is thought to
play a ubiquitous role in fatty acid synthesis in plants (Ma et al., 2013;
Marchive et al., 2014). The role of the LAFL regulators and WRI1 in
albuminous seeds is very poorly documented (Miray et al., 2021).
However, in a previous work, we found that ABI3 and FUS3 transcrip-
tion peaked at the filling stage in the developing C. arabica endosperm
(Dussert et al., 2018). WRI1 expression coincides with that of fatty acid
biosynthetic genes in the developing oil-rich endosperm of albuminous
oil palm seeds (Dussert et al., 2013) and Ricinus communis (castor bean)
seeds (Yang et al., 2019). Although other examples of transcriptome
analyses of restricted developmental series have certainly been carried
out, to our knowledge, a comprehensive analysis of the transcriptional
orchestration of endosperm maturation in a dicot albuminous seed
species has not yet been produced.

The endosperm of the coffee seed represents almost the entire seed
mass and its main reserves are galactomannans and oil (Joét et al.,
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2009), making the coffee seed an interesting model to gain insights into
galactomannan accumulation and endosperm maturation in dicot
albuminous species through gene coexpression analysis. Several
comprehensive reviews have detailed the advantages of this approach to
investigate seed developmental processes (e.g. Righetti et al., 2015;
Garg et al., 2017), infer gene function and prioritize candidate genes (e.
g. Usadel et al., 2009; Li et al., 2015). It is worth noting that the two
pioneer studies that used coexpression analysis in plant biology enabled
the discovery of key players of cellulose and secondary wall biosynthesis
in Arabidopsis (Brown et al., 2005; Persson et al., 2005). Since then, the
successful use of gene coexpression network analysis to examine cell
wall and oil biosynthesis in plants of major importance in both agri-
culture and forestry has been reported by numerous authors (e.g.
Mochida et al., 2011; Voiniciuc et al., 2015; Guerin et al., 2016; Cui
et al., 2021; Quan et al., 2021). When designing a coexpression study,
the challenge is to obtain large but continuous variation in gene
expression levels. In the present work, we took advantage of the
conserved transcriptional programme of the developing endosperm in
fourteen closely related Coffea species which differ in the gal-
actomannan and oil contents of their seeds. Using a large RNA-seq
dataset (69 transcriptomes), we built a gene coexpression network of
the coffee endosperm, investigated whether LAFL regulators and WRI1
may orchestrate endosperm maturation, analysed coexpression modules
to identify novel players and key processes associated with the deposi-
tion of cell wall storage polysaccharides and searched for the specific set
of regulators for cell wall thickening and galactomannan biosynthesis.
Coexpression network analysis identified the AP2/ERF transcription
factor DREB2D as a candidate for galactomannan biosynthesis regula-
tion. Its function was then investigated through overexpression in coffee
somatic embryos and DNA affinity purification sequencing (DAP-seq)
analysis.

2. Material and methods
2.1. Seed material

Seeds from fourteen coffee species conserved in the field genebank of
the Coffea Biological Resources Center (BRC Coffea, maintained by IRD
and CIRAD on Reunion Island) were used for transcriptome and chem-
ical analyses. The fourteen Coffea species were C. arabica (ARA),
C. brevipes (BRE), C. canephora (CAN), C. sp. ‘Congo’ (CON), C. dewevrei
(DEW), C. eugenioides (EUG), C. heterocalyx (HET), C. liberica (LIB),
C. mauritiana (MAUR), C. pocsii (POC), C. pseudozanguebariae (PSEU),
C. salvatrix (SAL), C. sessiliflora (SES), C. stenophylla (STE). Seeds at five
different maturation stages known to span the development of the
endosperm (ST3 to ST7, Joét et al., 2009) were collected from three trees
(of three distinct genotypes) per species. As the seed development stage
varies considerably among the fourteen species studied, i.e. from ca.
3-12 months (Dussert et al., 2000), the developmental stages were based
on marked anatomical and morphological seed and fruit traits that are
shared across coffee species, as defined and described previously in
C. arabica (Joét et al., 2009; Dussert et al., 2018). Briefly, stage 3 co-
incides with the rapid growth of the aqueous endosperm tissue which
progressively replaces the perisperm in the locule (endosperm occu-
pying half of the locule); at stage 4, the remaining perisperm resembles a
thin green pellicle surrounding a soft milky endosperm; stage 5 is the
peak of reserve deposition and corresponds to endosperm hardening due
to massive deposition of galactomannans in the cell walls; stage 6 co-
incides with fruit veraison, while stage 7 corresponds to mature cherry
fruits with red pericarp. After being cross sectioned, the seed was
separated from the pericarp and immediately frozen in liquid nitrogen
and stored at —80 °C. The endosperm was separated from the perisperm
and the embryo while frozen. To minimise the genotypic effect, for each
combination of species x development stage, endosperms from the three
different accessions collected were evenly pooled prior to grinding and
extraction of RNA, lipids, sugars and cell wall polysaccharides (CWP).
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2.2. Production of transgenic coffee somatic embryos overexpressing the
DREB2D gene

Coffee DREB2D cDNA (Genbank accession number XM_027236031),
which was used as a template for PCR amplification, was cloned into the
plant overexpression vector pMDC32, transgene expression being driven
by a double sequence of the cauliflower mosaic virus 35S promoter.
Coffee embryogenic calli (C. arabica cv. Caturra) were genetically
transformed using recombinant Agrobacterium tumefaciens strain
LBA1119 containing the recombinant plasmid, as previously described
(Ribas et al., 2011). Somatic embryos regenerated from each hygrom-
ycin resistant callus (independent transgenic lines) were tested for
transformation by PCR amplification of the selection gene HPTII.

2.3. Transcriptome analysis

For each of the 69 combinations of species x development stage (it
was impossible to sample seeds at stage 3 in C. sp. Congo), endosperms
were ground to a fine powder in an analytical grinder (IKA A10, Staufen,
Germany) and total RNA was extracted from 70 mg of the powder using
the Qiagen RNeasy Lipid Tissue Kit (Qiagen, Stanford, CA). Similar RNA
extraction procedures were followed for transgenic somatic embryos.
cDNA libraries were constructed using the TruSeq™ Stranded mRNA
Sample Preparation Kit (Illumina, USA), then 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 Cuta-
dapt (quality score > Q30 and removal of reads shorter than 60 bp or
longer than 140 bp), a minimum of 13 million reads per library were
obtained (average of 27.4 million reads per library; Supplementary
Table S1). The entire dataset has been deposited at the European
Nucleotide Archive (ENA) under project numbers PRJEB32533 and
PRJEB79959. Owing to the very low genetic divergence between the
Coffea species (average of 1.3 % gene sequence variation (Cenci et al.,
2012)), the trimmed reads of each library were mapped to the
C. canephora coding transcriptome DNA reference sequence (25,574
CDS) (Denoeud et al., 2014) using BWA MEM (Li, 2013) with the default
parameters, resulting in 60.9-76.3 % of mapped reads, independent of
the species (Supplementary Table S1). The percentage of mapped reads
did not differ significantly among the fourteen coffee species (Fy,13 =
1.49; P = 0.149). Reads were counted using IDXstats in SAMtools (Li
et al., 2009) and read counts were then normalized (RPKM). Principal
component analysis of the whole transcriptome dataset showed
grouping of samples at stages 3 and 4 in almost all species, grouping of
samples of stages 6 and 7 in a second group, with stage 5 endosperms
between the two groups, indicating a conserved transcriptional
sequence of endosperm development in the genus Coffea, with major
distinct switches governing endosperm growth, reserve deposition, and
late maturation (Supplementary Fig. S1).

Genes with extremely low expression (<20 counts in total across the
69 tanscriptomes) were not used for subsequent analyses. The R-based
DESeq2 software package (Love et al., 2014) was used to normalize
RNAseq expression values for somatic embryos and to identify genes
displaying significantly different expression levels between the controls
and DREB2D-overexpressing lines, using four biological replications in
both control and DREB2D+ somatic embryos (Supplementary Table S2),
and a padj cutoff of 0.01. Mapman4 gene ontology annotation
(Schwacke et al., 2019) was performed using Mercator (Lohse et al.,
2014). The significance of functional term enrichment in each category
of candidates was based on a FDR-adjusted hypergeometric distribution
of Mapman BIN categories, using 23,797 genes with annotated BIN
categories as a reference.

Transgenic C. arabica lines were also tested for overexpression of
DREB2D and downstream putative target genes using qPCR analysis as
described in Joét et al. (2014). The set of primers that enabled ampli-
fication of target genes is detailed in Supplementary Table S3. The level
of expression of each gene was normalized to the geometric mean of
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expression levels of three validated coffee reference genes (Cc08g05690
Ubiquitin UBQ10, Cc00g15790 40S ribosomal protein S24, and
Cc00g17460 14-3-3 protein; Cruz et al., 2009).

2.4. Coexpression analysis

Gene coexpression network analysis was performed using the pro-
cedure previously described in Guerin et al. (2016) after logarithmic
transformation of read counts. The strategy used to build the coex-
pression network of galactomannan biosynthesis during coffee seed
maturation combined both the guide-gene approach and the
non-targeted approach, as defined by Aoki et al. (2007). The network
was indeed constructed in the vicinity of a set of galactomannan
biosynthetic guide genes, but their partners may belong to the whole
coffee genome. The six guide genes used were MANS1, MAGT1, VTCI
and UGE1-3 genes, all described in a previous transcriptome analysis
(Joeét et al., 2014). These genes encode the enzymes required to produce
the nucleotide sugar building blocks GDP-mannose and UDP-galactose
(GDP-Man pyrophosphorylase, also known as VITAMIN C DEFEC-
TIVE1, VTC1, and UDP-glucose 4-epimerase, UGE, respectively), to
assemble the mannan backbone (mannan synthase, MANS), and to
introduce the galactosyl side chains (galactosyltransferase, MAGT).
During the first round of network construction, all positive connections
between guide genes and their partners (the genes to which they are
linked, hereafter termed P1) were computed. During the second round of
network construction, partners of P1 were identified (P2) and then links
between P2 were generated. Linear regressions were computed using
in-house scripts. Two rounds of coexpression analysis using a |R|
threshold of 0.85 provided a tractable number of nodes (180) and edges
(4878) for network construction. Gene interactions were visualized
using the open source software Cytoscape (Shannon et al., 2003) and an
organic layout. The Markov Cluster (MCL) algorithm (Enright et al.,
2002) was used for module detection with an inflation of 3.5. Genes of
the galactomannan biosynthesis (GMB) coexpression network were
manually curated, taking into account recent relevant literature and
Mapman annotation using Mercator software to retrieve Mapman
functional categories (Lohse et al., 2014). Gene names were allocated
based on the best Arabidopsis matches.

2.5. Determination of lipid and sugar contents and monosaccharide
composition of cell wall material

Total lipids were extracted from 300-mg samples of freeze-dried
endosperm powder using a modified Folch method (Laffargue et al.,
2007). Sugars were extracted and measured by high-performance anion
exchange chromatography coupled with pulsed amperometric detection
(Dionex Chromatography Co., Sunnyvale, CA, USA) as detailed else-
where (Dussert et al., 2006). The CWP content of the endosperm was
measured using the defatted alcohol-insoluble residue method
(Redgwell et al., 2003; Joét et al., 2014). Lipids, sugars and CWPs were
all analysed in triplicate (from three different extractions) using a
completely random experimental design (Supplementary Tables S4 and
S5).

2.6. Recombinant DREB2D protein purification and electrophoretic
mobility shift assay (EMSA)

The CDS for DREB2D was amplified from ¢cDNA of C. arabica seeds
using a primer pair containing restriction sites (5‘-ATCAGGATCC-
GAAGCTGACCGTAGTG-3’, and 5-ATATCTCGAGTCAGTTCCAGGGG-
TAGTTG-3"). The PCR product was cloned into the bacterial expression
vector pET28(a) in frame with the N-terminal 6xHis tag by restriction
digest. Recombinant proteins were produced in Escherichia coli DE3
(BL21) cells. Transformed cells were grown overnight at 37 °C, with 180
rpm shaking, in LB medium containing kanamycin (30 mg 1~1). Cultures
were then diluted 1:100 in fresh 2 x YT media supplemented with
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kanamycin, and grown to an ODg of 0.8, before chilling on ice. After
induction by 0.1 mM isopropylthio-f-galactoside and overnight culture
at 16 °C, bacteria were pelleted by centrifugation and lysed by soni-
cation in Buffer A (50 mM phosphate buffer at pH 8, 50 mM glycine, 500
mM NacCl, 5 % glycerol, 10 mM imidazole) supplemented with a pro-
tease inhibitor cocktail (Promega) and 0.2 mg ml~! lysozyme. Cellular
debris was pelleted by centrifugation at 17000 xg for 15 min at 4 °C, and
the supernatant recovered and used to purify polyhistidine-tagged
fusion proteins by incubation with nickel-nitrilotriacetic acid agarose
resin (Qiagen) for 1 h at 4 °C. Soluble, tagged proteins were purified by
washing the resin with Buffer B (the same as Buffer A, with 20 mM
imidazole), and then eluted in Buffer C (the same as Buffer A, with 100
mM imidazole). Proteins were dialysed in Buffer D (50 mM Hepes buffer
pH 7, 100 mM NacCl, 1 % glycerol, 1 mM DTT) with Amicon filtration
units (10 KDa cutoff). The concentration of proteins was measured with
Bradford reagent (Sigma-Aldrich) according to the manufacturer’s in-
structions. Proteins were aliquoted, flash-frozen in liquid nitrogen and
stored at —20 °C.

Oligonucleotide probes were designed based on the literature to
obtain a core DREB recognition site (CCGAC), or with mutation to the
DRE element (Feng et al., 2019). Probes were synthesized (Thermo
Fisher) as single strands (Supplementary Table S6) and were hybridized
by mixing the forward and reverse strand in equimolar amounts, heating
to 95 °C and then slowly cooling to room temperature. The DRE forward
single strand was tagged with AlexaFluor 488 on the 5’ end to serve as
labelled probe for the gel shift assays. Test solutions consisted of com-
binations of DRE fluorescent probe (at 200 or 100 ng per lane) and test
probes with or without DREB2D. These solutions were mixed and
incubated for 25 min before adding loading dye (TBE buffer, 80 %
glycerol, 0.2 % bromophenol blue) and migrating in native gels (10 %
polyacrylamide, 0.5 X TBE, ran at 100 V). The resulting gels were
visualized using a Typhoon FLA 9500 imager (Amersham Biosciences)
using the default settings for AlexaFluor488.

2.7. DNA affinity purification sequencing (DAP-seq) and analysis

Coffea canephora genomic DNA libraries were prepared for amp-DAP
experiments and amplified using the NEBNext Ultra Il DNA Library Prep
Kit for Illumina (New England BioLabs, UK). The Halo-DREB2D fusion
protein was obtained by coupled in vitro transcription/translation for 2 h
at 27 °C using the TNT SP6 High-Yield Wheat Germ Protein Expression
System (Promega, WI, USA). Halo-DREB2D synthesis was verified by
Western blot using Anti-HaloTag® Monoclonal Antibodies (Promega).
Halo-DREB2D purification and DNA affinity binding were performed
following the detailed protocol described by Bartlett et al. (2017) and
optimized by Hutin et al. (2023). Briefly, Halo-DREB2D proteins were
immobilised on 20 pl of ChromoTek Halo-Trap Agarose Magnetic Beads
for 1 h under agitation on a rotating wheel at 4 °C using 130 pl of cold
DAP buffer (PBS supplemented with protease inhibitors (Roche), Non-
idet P-40 (0.005 % v/v), and 1 mM TCEP (tris(2-carboxyéthyl) phos-
phine). Agarose beads complexed with Halo-DREB2D were then
immobilised on a prechilled magnetic rack, washed 6 times with cold
DAP buffer, resuspended in 100 pl of DAP buffer and incubated with 50
ng of gDNA librairies for 90 min at 4 °C on a rotating wheel. Beads were
washed 10 times with 100 pl of DAP buffer, resuspended in 30 pl of
elution buffer (Qiagen) and the bound DNA was eluted from the beads
by heating at 98 °C for 10 min. A final DNA amplification step was
carried out using the KAPA HiFi Real-Time PCR Library Amplification
Kit (Kapa Biosystems, Boston, USA). Amp-DAP DNA libraries were pu-
rified with Agencourt AMPure XP beads (Beckman Coulter, Miami, FL)
and sequenced on an Illumina NovaSeq 6000 on the MGX platform
(Montpellier Genomix). The input gDNA libraries and Halo-DREB2D
amp-DAP experiments were produced and sequenced in triplicate.

Read quality was analysed with FastQC (v0.11.9) and screening for
contamination was performed using FastQ Screen (v0.15.1). The reads
were then aligned with BWA (v0.7.17-r1188) with the -q 30 option on
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the Coffea canephora genome (Denoeud et al., 2014). The duplicate reads
were removed using SAMtools (v1.17). After quality filtering, a mini-
mum of 80 million paired-end reads per library was obtained. Peaks for
each replicate were called for separately by comparing their alignment
file with that of the control input DNA using MACS2 (v2.7.1) with option
fe-cutoff 3 (Zhang et al., 2008). Peaks identified on individual replicates
were compared using bedtools (v2.31.0) ‘multiinter’ function while the
peak annotation was carried out using bedtools “closest” function to
assign peaks to genes based on their proximity to the transcription start
site (TSS), with a threshold of 2 kb or 4 kb upstream of the TSS. The
MEME tool from MEME Suite (v5.5.5) was used to analyse the bound
regions to identify enriched DNA sequence motifs, and Tomtom and
RSAT tools were used to compare the detected motifs with databases
(Bailey et al., 2015; Santana-Garcia et al., 2022).

3. Results

3.1. Endosperm lipid and cell wall polysaccharide contents vary
considerably between coffee species

Based on a previous study showing that the seed lipid content varies
greatly between Coffea species (Dussert et al., 2001), we hypothesized
that the cell wall polysaccharide (CWP) content may also vary, assuming
that oil and CWP were the two major storage reserves in all coffee
species. The 14 coffee species studied here displayed considerable
variability in the cell wall polysaccharide (CWP) content of their seeds
(Fig. 1A), which ranged from 47.5 % dry matter (DM) in C. salvatrix to
81.1 % DM in C. mauritiana. The total lipid content of mature seeds also
varied considerably from 10.8 % DM in C. mauritiana to 29.6 % DM in
C. pseudozanguebariae (Fig. 1B). The cell wall polysaccharides (CWP)
and lipid contents were highly negatively correlated (R = 0.79,
Fig. 1C), indicating that CWP and lipids collectively represent most of
the mature endosperm reserves in all coffee species.

3.2. The galactomannan biosynthesis guided gene coexpression network
reveals novel players and key processes associated with cell wall storage
polysaccharide deposition

Two rounds of guided coexpression analysis using six key genes of
galactomannan biosynthesis as guide genes (MANS1, MAGT1, VTC1 and
UGE1-3), the complete RNA-seq dataset (stages 3-7) and a |R| threshold
of 0.85, yielded two distinct networks of very contrasted sizes (Fig. 2A).
The three UGE guide genes formed a very small network of six genes,
while MANS1, MAGT1 and VTC1 formed a second large network of 174
genes, hereafter referred to as the galactomannan biosynthesis (GMB)
network (Supplementary Table S7). The Markov clustering algorithm
identified three modules in the GMB network. Modules 1, 2 and 3 con-
tained 121, 43 and 11 genes, respectively. The three guide genes
(MANSI1, VTC1, and MAGTI) all belong to module 2, the core gal-
actomannan biosynthesis module. Module 2 also includes MSRI
(Cc00g16710), a key cofactor reported to be indispensable for coffee
MANSI1 mannan synthase activity (Voiniciuc et al., 2019) (Fig. 3).

Among the 174 genes of the GMB network, 124 genes (71 %) were
assigned to functional groups and subgroups based on high amino acid
sequence homology with proteins that have already been functionally
characterised in model plants (Supplementary Table S7). It should be
noted that no other members of the MANS and MAGT gene families were
found in the GMB network, which was expected given that only MANSI
and MAGT1 were significantly expressed during endosperm develop-
ment (Supplementary Table S8). The GMB network showed highly sig-
nificant enrichment (FDR<0.0001) in the functional terms cell wall, cell
wall precursor synthesis, cellulose synthesis, pectin synthesis and cell
wall proteins (Fig. 2B). In all, the cell wall-related genes represented 29
% of the coexpression network annotated genes (36 genes). Among
them, the coexpression network contains four genes that encode com-
ponents of the cellulose synthase complex (CSC), i.e. CESA1, CESA2,
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Fig. 1. Distribution of cell wall polysaccharides and lipid contents (% DM)
in mature seeds of 14 Coffea species. Distribution of seed cell wall poly-
saccharide (A) and oil (B) contents in the 14 Coffea species studied. (C) Nega-
tive correlation between cell wall polysaccharide and oil contents. The 14
Coffea species are C. arabica (ARA), C. brevipes (BRE), C. canephora (CAN), C. sp.
Congo (CON), C. dewevrei (DEW), C. eugenioides (EUG), C. heterocalyx (HET),
C. liberica (LIB), C. mauritiana (MAUR), C. pocsii (POC), C. pseudozanguebariae
(PSEU), C. salvatrix (SAL), C. sessiliflora (SES), C. stenophylla (STE).
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CESA3, CESA6, and three key proteins of CSC secretory vesicles, KOR1,
TRANVIA, and STELLO (Zhang et al., 2016b) (Fig. 3). TRANVIA (TVA)
was recently described as a component of secretory compartments
which promotes the delivery of cellulose synthase complexes to the
plasma membrane through the trans-Golgi network (Vellosillo et al.,
2021). The GMB network therefore provides a unique resource for
identifying candidate genes associated with galactomannan accumula-
tion, which functional role could be the subject of more in-depth studies
in the future.

The network also includes COBRA-like protein 1 (CBL1) and
Chitinase-like protein 2 (CTL2), both of which are involved in in-
teractions between cellulose microfibrils and hemicellulose
(Sanchez-Rodriguez et al., 2012; Aniento et al., 2022) (Fig. 3). More-
over, the presence of seven genes involved in the synthesis of cell wall
proteins such as arabinogalactan proteins (AGPs), is also worth noting,
as well as that of seven genes encoding well-characterised enzymes
devoted to pectin synthesis and modification (CGR2, CGR3, PGLR,
PME34, PME36, API, GAUT9) (Fig. 3). Finally, the GMB network also
contains six genes dedicated to the biosynthesis and transport of
nucleotide sugars (GMD2, PPM, RGP1, UAFT, URGT6, UUATI),
including key players of the GDP-Man pathway, such as the phospho-
mannomutase (PPM), which catalyses the interconversion of man-6P to
man-1P and is essential for the biosynthesis of GDP-man, or URGT®6,
which transports UDP-gal into the Golgi lumen (Rautengarten et al.,
2014) (Fig. 3). By contrast, KONJAC1 and 2, which regulate VTC1 ac-
tivity for GDP-man biosynthesis (Sawake et al., 2015), were not
retrieved in the GMB network.

Another functional class overrepresented in the GMB network is
cellular transport (17 genes), with numerous genes involved in vesicle-
mediated transport via the trans-Golgi-network, including KEA4, a
Golgi-located cation/proton exchanger which suports Golgi function in
cell-wall biosynthesis (Wang et al., 2019), SCAMP4, and several
RAB-GTPases which play a major role in the regulation of membrane
tethering and fusion in the trans-Golgi network and in the secretory
pathway of cell wall polysaccharides (Lunn et al., 2013) (Fig. 3). Finally,
key players in central carbon metabolism are also present in the GMB
network, including SWEET3, CIF1, SUSY1, which are involved in su-
crose import and cleavage, as well as the glycolytic enzymes HXK-5 and
PGLYM-p (Fig. 3).

Together with AGAL1 and Trichome birefringence-like TBL38
(Cc02g14650), which is involved in O-acetylation of cell wall polymers
during their deposition in Arabidopsis (Sun et al., 2020), the three UGE
genes formed a small network of six genes that was not connected to the
main GMB network (Fig. 2A). However, together with TBL38 and
AGALI1, UGE genes joined the GMB network when the ST3-ST5 RNA-seq
dataset (42 transcriptomes) was used to build the network
(Supplementary Fig. S2; Supplementary Table S9). Developmental
stages ST3 to ST5 corresponded to the period of cell wall galactomannan
deposition and oil biosynthesis (Joét et al., 2009, 2014). This ST3-ST5
network contains all the guide genes used for coexpression analysis, i.
e. MANS1, MAGT1, VTC1, UGE1, UGE2, UGE3, key players of CWP
synthesis, such as TVA and MSR1, other enzymes which catalyse
mannan backbone modifications, such as the mannan endo-1,
4-beta-mannosidases MAN2 and MAN6 (Cc05g07220 and
Cc06g00320, respectively), and the galactinol synthase GolS1b
(Cc02g35340) involved in the conversion of UDP-galactose into raffi-
nose family oligosaccharides (Fig. 3).

3.3. Gene coexpression analysis identifies FUS3 and WRI1 as pivotal
regulators of coffee endosperm maturation

The GMB network includes seven transcription factors (TFs), namely,
three TFs of the B3 superfamily (FUS3 and auxin response factors ARF4
and ARF8), three TFs of the AP2/ERF superfamily (including WRI1,
SHINE2 and DREB2D) and one GATA TF (Fig. 2A; Supplementary
Table S10). Since FUS3 and WRI1 are well-characterised master
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Fig. 2. Gene coexpression analysis of galactomannan biosynthesis. A. Gene coexpression analysis was performed using the whole transcriptome dataset, six
galactomannan-related guide genes (AGAL1, MAGT1, MANS1, VTC1, UGE1, UGE2, UGE3), and an |R| threshold of 0.85. The three UGE guide genes formed a very
small network of six genes (on the left), while MANSI, MAGT1 and VTC1 formed a large network comprising 174 genes, the galactomannan biosynthesis (GMB)
network (on the right). The three modules detected in the GMB network using the Markov clustering algorithm are represented by different symbols (modules 1, 2
and 3 are represented by respectively, circles, squares and triangles). The most relevant functional groups of the GMB network genes are shown in colour: cell wall
polysaccharide and protein synthesis, vesicle-mediated transport, central carbon metabolism, and transcription factors. B. False discovery rate (FDR) of the functional
terms that showed significant enrichment in genes of the GMB network. C. Pie charts of functions assigned to the top 200 coexpression partners of FUS3, WRI1 and
DREB2D. Significantly enriched functions are indicated by bold stars and the number of genes involved is given in brackets next to the name of the functional
category. The number of genes in the different functional subclasses is given in the coloured boxes. FA, fatty acid biosynthetic genes; PS, photosynthesis-related

genes; CWP, cell wall polysaccharides.

regulators of seed maturation and oil accumulation in model plants, we
investigated the functions of their respective top 200 most positively
connected genes according to the value of the Pearson coefficient in
coexpression analysis. The top 200 coexpression partners of both FUS3
and WRII displayed a significant enrichment for lipid and cell wall
related functions, including fatty acid synthesis, cellulose synthesis and
cell wall proteins (Fig. 2C). Genes involved in glycolysis and tricarbox-
ylic acid (TCA) cycle were also significantly overrepresented among the
top 200 partners of WRII. Although significantly expressed during
endosperm development (Supplementary Fig. S3), the two seed master
regulators LEL1 (LEC1-like) and ABI3 were not present in the GMB
coexpression network. The expression profile of LEL1 was very similar in
all the coffee species, but with a transcription peak at ST3 prior to that of
galactomannan biosynthesis genes (Supplementary Fig. S3). ABI3 did
not display a shared uniform transcriptional profile among the fourteen

coffee species studied and therefore had no coexpression partners, even
atan |R| threshold as low as 0.7 (Supplementary Fig. S3; Supplementary
Table S10).

3.4. The AP2/ERF transcription factor DREB2D is a central node of the
core galactomannan biosynthesis module

DREB2D (Cc10g02270) belongs to Module 2 of the GMB network and
was the only TF that was a direct partner (first round of coexpression
analysis) of the guide genes MANSI, MAGT1 and VTCI (Fig. 2A).
Phylogenetic analysis of DREB2D together with Arabidopsis thaliana
members of DEHYDRATION-RESPONSIVE ELEMENT BINDING (DREB)
subfamily A-2 of the APETALA2/ethylene-responsive factor (AP2/ERF)
family identified DREB2D as a close relative to AtDREB2D (AT1G75490)
and AtDREB2G (AT5G18450) (Supplementary Fig. S4). It is worth
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mentioning that TVA and MSR1 were also direct coexpression partners
of DREB2D in Module 2, with a Pearson coefficient of 0.90 and 0.93,
respectively. Moreover, genes involved in the metabolism of cell wall
polysaccharides and cellulose synthesis were significantly enriched in
the top 200 coexpression partners of DREB2D (Fig. 2C). Finally, DREB2D
was the only TF primarily connected to GMB guide genes, MSR1, TBL38,
and MANG in the coexpression network built using ST3-ST5 RNA-seq
data (Supplementary Fig. S2). Gene coexpression network analysis using
galactomannan biosynthetic genes as guide genes therefore provides
evidence that DREB2D is a major candidate for direct transcriptional
regulation of CWP biosynthesis and accumulation.

3.5. Overexpression of DREB2D in C. arabica somatic embryos alters
soluble sugar composition

Transgenic C. arabica somatic embryos overexpressing the DREB2D
cDNA sequence under the control of the constitutive 35S promoter of the
Cauliflower mosaic virus were regenerated using Agrobacterium-medi-
ated transformation. Real-time RT-PCR analysis showed a 6- to 250-fold
increase in the expression of the DREB2D transgene in the eight inde-
pendent transformed lines tested compared to control lines (Fig. 4A;
Supplementary Table S11). The CWP content of DREB2D+ somatic
embryos and controls did not differ significantly (Fig. 4B). No significant
differences in the monosaccharide composition of CWPs was observed
between control and DREB2D+ lines (Fig. 4C), either for mannose

content or the major residues, namely arabinose, glucose, galactose and
xylose, which together account for more than 80 % of total CWP
monosaccharides. By contrast, soluble sugar profiling revealed that
DREB2D overexpression altered the soluble sugar content, with a sig-
nificant increase in raffinose and stachyose contents and a significant
decrease in the inositol content (Fig. 4D). Raffinose increased dramati-
cally, with accumulation levels more than 20 times higher in DREB2D+
lines (1.2 & 0.5 %DM) than in controls (<0.1 %DM).

3.6. DREB2D modulates the expression of genes related to cell wall
metabolism

An Illumina-based RNAseq experiment was then conducted using six
DREB2D+ lines and four control lines (Supplementary Table S2).
Deseq2 analysis revealed 881 differentially expressed genes (DEGs,
Padj<0.01), including 532 up-regulated and 349 down-regulated genes
in DREB2D+ somatic embryos (Supplementary Table S12). Among the
significantly upregulated genes were several key genes of CWP biosyn-
thesis and modification, including those encoding UGE1, UGE2, UGE3,
AGAL1, MSR1, TRANVIA, PPM, TBL38, TBL42 and three mannan endo-
1,4-beta-mannosidases (Fig. 5A; Supplementary Table S12). Of the 532
up-regulated genes, 110 genes showed a more than 4 times transcrip-
tional induction in DREB2D+ transgenic lines compared to control
embryos. Mapman enrichment analysis showed that this top 110 gene
subset is significantly enriched in cell wall metabolism and sugar



S. Dussert et al.

£ 350
o) Control
W — 300 - . g
n o DREBZD+
O O 250 - - ]
&5 =2
g: 200 Da
(3] L =
Qg 15 =
@S 10} o 10
W= g0 E
& i
0 @ 3 & s e o1 oo2 b3 o4 08 06 o7 D8 :
Control lines DREB2D+ lines
c 40 12
=
£ 10
= 30
] 8
=
[
E 20 ]
£ 1 I i
5 10
0 0 | T | B 0 st
Ara Gal Xyl Gle Rha Fuc GalA GlcA Man
D CWP monosaccharides
.
=
8
B
-
g
] 4
o
[¥]
o

Suc : Fru Glc Man Raf Sta Ino Sorb
Soluble sugars

Fig. 4. Influence of DREB2D overexpression on the cell wall poly-
saccharide content and composition, and the soluble sugar contents of
C. arabica somatic embryos. A. DREBD2 expression level as measured by
Real-time RT-PCR in six control and eight DREBD2+ lines. B. Cell wall poly-
saccharide (CWP) content in control and DREBD2+ somatic embryos. C.
Monosaccharide composition of CWP in control and DREBD2+ somatic em-
bryos. D. Soluble sugar contents in control and DREBD2+ somatic embryos.
Ara, arabinose; Fru, fructose; Fuc, fucose; Gal, galactose; GlcA, glucuronic acid;
GalA, galacturonic acid; Gle, glucose; Ino, myo-inositol; Man, mannose; Raf,
raffinose; Rha, rhamnose; Sorb, sorbitol; Sta, stachyose; Suc, sucrose; Xyl,
xylose. The effect of DREB2D overexpression was tested using one-way ANOVA.
Significant effects are indicated with an asterisk for P < 0.01.

metabolism functions (Fig. 5B). In addition, several late maturation
functions were significantly enriched, including ABA metabolism, late
embryogenesis abundant (LEA) proteins and abiotic stress response
(Supplementary Table S13). In particular, nine genes encoding LEA
proteins, as well as nine genes encoding small heat shock proteins
(sHSP) were detected among up-regulated DEG in DREB2D+ somatic
embryos (Supplementary Table S12).

Putative DREB2D target genes were also scrutinized using linear
regression, based on the assumption of a quantitative relationship be-
tween the expression level of DREB2D and that of genes downstream of
DREB2D. Correlations found between DREB2D and target gene expres-
sion levels revealed 38 candidate genes with a R? higher than 0.9
(FDR<0.01) (Supplementary Table S14). This subset of 38 candidate
target genes contains key genes of CWP synthesis and modification,
including UGE1, UGE2, TBL38, AGALI, and the cellulose synthase-like
CSLC4 (Cc01g05870), whose orthologue is involved in xyloglucan syn-
thesis in Arabidopsis (Kim et al., 2020) (Fig. 5C). Finally, the subset of
genes quantitatively co-expressed with DREB2D in transformed somatic
embryos include proteins typical of the seed maturation programme
such as the LEA dehydrin Dh4 (Cc06g20920), the oil-body associated
protein OBAP2B (Cc02g16040) and the lipid-droplet associated protein
LDAP3 (Cc03g10150) (Fig. 5C).

Interpretation of functional enrichment of genes down-regulated in
DREB2D-+ lines is less straightforward because the cellular context of
somatic embryos is very different from that of the endosperm, and these
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genes may not play any role during seed development. However, alpha-
mannosidase genes (Cc04g05900, Cc09g07970), as well as several genes
involved in pectin modifications such as polygalacturonases
(Cc03g13740, Cc09g05370) and rhamnogalacturonate lyase
(Cc10g08340), were significantly down-regulated in somatic embryos
that overexpressed DREB2D. Furthermore, Mapman-based enrichment
analysis significantly highlighted many processes that co-occur in plas-
tids, including synthesis of thiamine, salicylic acid precursors, mono-
terpenes and carotenoids (Supplementary Table S13). In addition, many
genes encoding components of the photosynthetic electron transfer
chain were also detected among down-regulated genes. It is worth
noting that visible differences in pigmentation were observed between
DREB2D+ and control somatic embryos, most probably related to lower
carotenoid and chlorophyll contents in DREB2D+- lines (Supplementary
Fig. S5). These results suggest a role for DREB2D in the structural and
functional changes in plastids associated with seed maturation. Another
striking observation was the presence of all the key genes for caffeine
biosynthesis (XMT, MXMT and DXMT) in the set of genes down-
regulated in DREB2D+ lines. Since these genes are well-known
markers of perisperm and early endosperm developmental stages
(Denoeud et al., 2014), this result suggests that DREB2D may also act as
a broad repressor of key processes of early endosperm development,
thereby facilitating and synchronising entry into the maturation phase.

3.7. DREB2D binds the promoter of genes of the GMB coexpression
network

DREB2D belongs to a class of TF proteins known to bind to C-repeat
or dehydration response elements (CRT/DRE) in gene promoters (Jiang
et al., 1996). An electrophoretic mobility shift assay (EMSA) was
therefore performed to test CcDREB2D binding to artificial DRE ele-
ments in vitro (Fig. 6A). Binding of the DREB2D-His recombinant protein
to the core DRE element (CCGAC) provided evidence for a retarded band
in the gel, and for the absence of competition for binding using a test
probe containing a mutated DRE element. DREB2D appeared able to
bind both DRE (TACCGAC) and CRT (TGCCGAC) elements. DNA affinity
purification sequencing (DAP-seq) assays were then conducted to
identify the target genes of DREB2D and to refine the putative motifs
bound by DREB2D. Significant DREB2D-binding peaks (fold-enrichment
>3 and FDR<0.05) common to the three DAP-seq replicates were found
in the 2 kb promoter region of 3421 genes (Supplementary Table S15).
This is illustrated in Fig. 6B with Cc05g12390 which encodes TRANVIA.
GO-enrichment analysis performed on DREB2D target genes revealed
significant enrichement in galactose metabolic processes, cellular
glucose homeostasis and glucose binding (Supplementary Table S16).
Moreover, many genes of the GMB coexpression network (32.2 %) were
identified as DREB2D target genes by DAP-seq analysis (Fig. 3, Supple-
mentary Table S7). These genes are involved in all the different pro-
cesses of CWP biosynthesis, including sucrose cleavage (SUSY),
nucleotide sugar metabolism and transport (GMD2, UAFT), gal-
actomannan synthesis (MSR, MAGT), cellulose synthesis (CESAI,
CESA3, CESA6, KOR1), pectin synthesis and modification (GAUT9,
PME36, PMEI36), secretory vesicle trafficking (TVA, SCAMP4, RAB5a,
RABD2a) and cell wall protein synthesis (AGP18, FLA17). MEME anal-
ysis of 2 kb promoter sequences of the DREB2D target genes resulting
from DAP-seq analysis identified two highly significant (p = 6E-113 and
1E-15, respectively) C-repeat motifs potentially bound by DREB2D,
hereafter referred as to DREB2D-BS1 and -BS2 (Fig. 6C). Neither motif
contained a distinct CCGAC core motif of DRE cis-acting elements.
However, the second motif is very similar to that bound by AtDREB2D,
with significant Tomtom motif-motif similarity (FDR = 1.75E-06). The
elements were then searched for in the proximal upstream region (2 kb)
of eight selected genes of the GMB network representative of the
different processes of CWP synthesis. All eight promoters contained
either DREB2D-BS1 or DREB2D-BS2, or both motifs (Fig. 6C). For
instance, DREB2D-BS1 was retrieved in the proximal upstream region of
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UGE1, but not DREB2D-BS2, MAGT]1 displays the opposite case, and
both motifs were identified at the same locations in the promoter of
MANSI.

4. Discussion

4.1. Transcriptional orchestration of synthesis, secretion and post-
depositional modifications of galactomannans in the maturing endosperm

Thanks to the considerable variation in the endosperm gal-
actomannan content observed between coffee species, we chose to use
the interspecific genetic variability to build the gene coexpression
network of endosperm maturation. The advantage of the mixed strategy
(Guerin et al., 2016) used here to build a gene coexpression network,
compared with a strict guide-gene approach (Joét et al., 2014), is being
able to reveal novel key players of a biosynthetic pathway without prior
information. Our gene coexpression network analysis first identified
MSR1 in the core GMB module that contains the three guide genes

MANS1, VTC1, and MAGTI. Gene coexpression network analysis also
provided evidence for concerted transcriptional regulation, along with
galactomannan biosynthesis, of sucrose import and cleavage activities
(SWEET3, SUSY1), as well as of glycolytic activity (HXK-5, PGLYM-p),
nucleotide sugar metabolism for the synthesis of GDP-man and UDP-gal
(PPM, VTC1, UGE1, UGE2, UGE3), and their import into Golgi (URGT6).

In addition to the upstream transcriptional control of central carbon
metabolism and nucleotide sugar synthesis and transport which provide
galactomannan building blocks, gene coexpression network analysis
also revealed the tight orchestration of the multiple players involved in
the functioning of Golgi and the trans-Golgi network, as well as the post-
Golgi secretory pathway to the extracellular space. For instance, the
GMB network included SCAMP4, one of the secretory carrier membrane
proteins used as conventional markers for secretory vesicles, of which
SCAMP2 is involved in the vesicular trafficking of pectin (Toyooka et al.,
2009), plus key proteins STELLO and TRANVIA which play major roles
in the assembly and delivery of CSCs. Similarly, RAB-GTPases, of which
several members are present in the GMB network, play specialised roles
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in the transport of the different types of polysaccharides (cellulose,
hemicellulose, pectin) from Golgi to the cell surface (Lunn et al., 2013).
Furthermore, the GMB network includes the ECA4 component of the
TPLATE adaptor complex, a major module for clathrin-mediated endo-
cytosis (Gadeyne et al., 2014), for which evidence of a direct role in the
recognition of cellulose synthase complexes for their internalization was
recently put forward (Sanchez-Rodriguez et al., 2018). This is important
since glycosyltransferases such as MANS and MAGT, require retrograde
transport from secretory vesicles and late Golgi cisternae (trans) to
earlier cisternae (cis) to maintain their steady-state spatial distribution
across the Golgi stack (Zabotina et al., 2021). Finally, the GMB network
revealed numerous receptor-like protein kinases which may help regu-
late CWP biosynthesis, since several receptor-like kinases have been
shown to specifically control cellulose synthesis (Hématy et al., 2007) or
to mitigate secondary cell wall thickening (Huang et al., 2018).

Coexpression analysis also highlighted the concerted regulation of
galactomannan synthesis and post-depositional modifications, including
the degree of galactose substitution (AGALI), mannan remodelling
(MAN2 and MAN®6) through transglycosylation (Prakash et al., 2012;
Jacobson et al., 2025; Kikuchi et al., 2025) and acetylation (TBL38).
Within the TBL family (DUF 231), TBL38 does not belong to subgroup II,
whose members, including AXY4, are mannan O-acetyltransferases
(MOATSs) in Arabidopsis (Zhong et al., 2018). Rather, TBL38 belongs to
subgroup IX, which includes PMR5, a functional acetyltransferase that
mediates pectin acetylation (Chiniquy et al., 2019). The GMB network
also includes three GDSL esterase genes close to the rice DARX1 protein,
a Golgi-located enzyme that deacetylates the side chain of arabinoxylans
and dynamically participates in acetylation/deacetylation of cell wall
polymers during development (Zhang et al., 2017, 2019), acetylation of
xylans being critical for interaction with cellulose fibrils in cell walls
(Grantham et al., 2017).

4.2. Intertwining of the transcriptional control exerted on the specific
biosynthetic machineries of the different cell wall polysaccharides

The pathway-guided gene coexpression network revealed tight
transcriptional coordination of the galactomannan biosynthesis ma-
chinery with those of the other components of coffee endosperm CWP, i.
e. arabinogalactan proteins, cellulose, and, to a lesser extent, pectic
polysaccharides (Redgwell and Fischer, 2006; Li et al., 2021). Two
different sets of CESA complexes are mobilised for primary cell wall
synthesis during cell expansion and secondary cell wall thickening,
respectively (McFarlane et al., 2014). It is worth noting that the CESA
genes which are connected to galactomannan biosynthetic genes,
CESA1, CESA3, and CESA6-like genes (CESA2 and CESA6), are those
encoding the three subunits that constitute the CSC recruited for the
synthesis of the primary cell wall (Desprez et al., 2007; Persson et al.,
2007). Moreover, the GMB network contains several genes involved in
the metabolism of pectin, which mainly accumulates in primary walls.
Collectively, these results thus suggest that storage of polysaccharides in
the coffee endosperm only takes place in primary walls and corroborate
previous immunohistological observations of coffee endosperm cell
walls showing that the f-1,4-mannan-specific monoclonal antibody
BGM C6 labels cross the entire wall cross section (Sutherland et al.,
2004).

While the biosynthetic machinery of the different cell wall poly-
saccharides is highly coordinated at the transcriptional level, how coffee
endosperm cells control the synthesis of large amounts of gal-
actomannans in comparison with cellulose and pectin remains to be
determined. The recruitment of three distinct UGE genes (UGE1, UGE2,
UGE3) may help shift partitioning of most of the pool of UDP-Glu
resulting from SUSY activity towards the synthesis of the gal-
actomannan building block UDP-gal rather than cellulose, particularly
in a cellular context where fatty acid synthesis also requires large sup-
plies of sugar. In Arabidopsis, different coexpressed UGE genes act
synergistically for CWP synthesis (Rosti et al., 2007; Seifert et al., 2002).
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Moreover, transporters of specific nucleotide sugars in the Golgi appa-
ratus usually work unidirectionnally, and are key rate-limiting control
points towards different types of CWP (Kleczkowski and Igamberdiev,
2020), as shown with UDP-gal transporters (Rautengarten et al., 2014;
Abedi et al., 2016).

4.3. DREB2D, a secondary TF that plays a critical role in rewiring
nucleotide sugar metabolism to galactomannan precursor synthesis

The present study provides considerable experimental evidence that
DREB2D is a key TF for cell wall synthesis in the coffee endosperm: (i) it
is the only TF of module 2 of the GMB network that groups numerous
genes of the core galactomannan biosynthetic machinery, (ii) DREB2D is
the only TF that is a direct partner of the guide genes MANS1, MAGT1,
and VTCI, (iii) somatic embryos overexpressing DREB2D display sig-
nificant up-regulation of numerous key genes of CWP biosynthesis and
modification, including those encoding UGE1, UGE2, UGE3, AGALL,
MSR1, TRANVIA, PPM, TBL38, TBL42 and mannan endo-1,4-beta-
mannosidases, (iv) DAP-seq analysis of DREB2D target genes identi-
fied many genes of the GMB coexpression network involved in sucrose
cleavage, nucleotide sugar metabolism and transport, galactomannan
synthesis, cellulose synthesis, pectin synthesis and modification, secre-
tory vesicle trafficking and cell wall protein synthesis. Therefore,
although gene coexpression network analysis is not sufficient to estab-
lish regulatory relationships, the present work illustrates the potential of
this approach is to identify novel candidate regulators. DREB2D belongs
to a TF family that is usually involved in abiotic stress tolerance
(Agarwal et al., 2017). In Arabidopsis, overexpression of DREB2D
partially rescues the desiccation sensitivity of the abi3-5 mutant
(Gonzalez-Morales et al., 2016). In coffee, DREB2G is significantly
upregulated during seed desiccation tolerance acquisition at the late
maturation stage and DREB2G overexpression in somatic embryos trig-
gers heat-shock proteins accumulation (Dussert et al., 2018). However, a
recent study showed that PrDREB2D regulates the linolenate accumu-
lation in oily Paeonia rockii albuminous seeds, by directly activating the
expression of PDAT2, which codes for a phospholipid:diacylglycerol
acyltransferase (Yang et al., 2024). PDAT plays a key role in the
enrichment of seed oil in polyunsaturated fatty acids (Dahlqvist et al.,
2000). As for the coffee DREB2D, the Arabidposis closest relative of
PrDREB2D is AtDREB2D, indicating that the function of members of
DREB subfamily A-2 of the AP2/ERF family is not restricted to abiotic
stress tolerance but may also be involved in storage reserve accumula-
tion during albuminous seed maturation. This important recent finding
in tree peony (Yang et al., 2024) prompted us to investigate whether
coffee DREB2D could also play a role in the high polyunsaturated fatty
acid content of coffee endosperm oil (Joét et al., 2009). Interestingly,
Cc06g11860, which codes for PDAT, and Cc06g11620, Cc07g12310 and
Cc03g00040, which encode diacylglycerol acyltransferases, were iden-
tified as DREB2D target genes by DAP-seq analysis (Supplementary
Table S16), suggesting DREB2D could also be involved in the regulation
of triacylglycerol assembly in the coffee endosperm.

Because the three key genes VTC1, MANS1 and MAGT1 were not up-
regulated in DREB2D+ somatic embryos, additional cellular/molecular
factors may be required to fully activate the galactomannan biosynthetic
machinery and trigger their accumulation. In this respect, it is worth
mentioning that PrDREB2D exerts its regulation of linoleate accumula-
tion in the tree peony endosperm by recruiting the cofactor ABA-
response element binding factor PrABF2b (Yang et al., 2024). Simi-
larly, the functional interaction between the TFs HaDREB2 and
HaHSFA9 synergistically trans-activates target sHSP genes during sun-
flower seed development (Diaz-Martin et al., 2005). When overex-
pressed in tobacco, HaDREB2 alone does not up-regulate sHSP genes,
whereas, when co-expressed with HaHSFA9, it increases sHSP accu-
mulation and improves seed longevity (Almoguera et al., 2009). Inter-
estingly, HSFA9 was identified in our ST3-ST5 coexpression network and
may be an interesting candidate for further investigation of
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galactomannan biosynthesis in coffee. Finally, although it takes several
years to obtain coffee plants that produce seeds starting from trans-
formed somatic embryos, characterizing the seed transcriptome and
polysaccharide composition of plants recovered from DREB2D+ somatic
embryos will certainly provide additional information on gal-
actomannan accumulation in albuminous seeds.

In the absence of functional galactomannan machinery in somatic
embryos overexpressing DREB2D, the dramatic up-regulation of UGE
genes presumably led to increased production of UDP-galactose and its
diversion to other pathways such as the biosynthesis of raffinose family
oligosaccharides. Indeed, raffinose and stachyose contents were found
to be significantly increased in DREB2D+ lines. These results corrobo-
rate our previous findings in C. arabica seeds in which raffinose and
stachyose were identified as a transient storage form that buffers excess
UDP-galactose before it is remobilised and supplies auxiliary sources of
building blocks for galactomannan synthesis (Joét et al., 2014). Since
GolS1, which catalyses the first reaction of the raffinose family oligo-
saccharide pathway, uses UDP-gal and myo-inositol as a substrate, this
could be a simple explanation for the smaller amounts of myo-inositol
detected in DREB2D+ lines. Our results therefore point to a major role
for DREB2D in controlling UDP-gal homeostasis during galactomannan
accumulation in the coffee endosperm.

4.4. Mobilisation of an original set of master regulators for coffee
endosperm maturation

LEC1-ABI3/FUS3/LEC2 (LAFL) proteins are well-characterised key
regulators of embryo maturation, including oil and protein accumula-
tion, in exalbuminous seeds (Fatihi et al., 2016; Alizadeh et al., 2021).
Among these four so-called master regulators of seed development, only
FUS3 was retrieved in the GMB network of the coffee endosperm and the
functions of its coexpression partners in the network suggest it plays a
central role in oil and CWP accumulation. It should be noted that there is
no orthologue of AtLEC2 in the coffee genome. The function of FUS3 and
ABI3 relatives has been suggested to be conserved in the dead endo-
sperm of cereal caryopsis, but not that of LEC2 (Grimault et al., 2015).
For instance, FUS3 displayed a conserved functionality in the barley
endosperm for the control of storage protein accumulation, as shown by
complementation of the loss-of-function fus3 mutant in Arabidopsis
(Moreno-Risueno et al., 2008). FUS3 is significantly expressed in the
transient endosperm of Arabidopsis seeds, which also stores oil, though
ten-fold less than that stored in the embryo (Barthole et al., 2014). In
Arabidopsis, FUS3 controls the synthesis of storage lipids, either by
directly activating fatty acid biosynthetic genes or indirectly through the
activation of WRI1 (Wang and Perry, 2013).

WRI1 appeared to be a key regulatory hub in the GMB network of the
coffee endosperm. WRI1 directly activates genes involved in late
glycolysis and fatty acid synthesis during Arabidopsis seed maturation
(Baud et al., 2007). WRI1 is thought to play a ubiquitous role in oil
synthesis in plants (Ma et al., 2013). In the present work, we observed
that numerous coexpression partners of WRI1 are involved in fatty acid
synthesis, glycolysis and in the TCA cycle, suggesting it may play a
similar role in the coffee endosperm. Transcript profiling showed it is
expressed concomitantly with fatty acid biosynthetic genes in the oily
endosperm of oil palm (Dussert et al., 2013), Paeonia ostia (Yuan et al.,
2022) and castor bean (Yang et al., 2019). The ability of the oil palm
endosperm-specific WRI1-2 to trigger fatty acid synthesis has already
been validated using transient expression in tobacco leaves (Dussert
et al., 2013) and castor WRI1 shown to complement Arabidopsis wril
mutants (Yang et al., 2019).

Our results thus suggest a conserved role for FUS3 and WRI1 as
master TFs for storage compound accumulation in the cellular endo-
sperm of coffee seeds. It is worth noting that WRI1 not only functions
downstream of LEC2 (Baud et al., 2007) but also of FUS3 in Arabidopsis
(Yamamoto et al., 2010). In addition to the canonical role of FUS3 and
WRI1, the massive orientation of the carbon flow towards

12

Plant Physiology and Biochemistry 229 (2025) 110771

galactomannans may have been assisted by the selection of a particular
assemblage of TFs during plant evolution. The identification of SHINE2
(SHN2) in the GMB network is particularly striking in this context.
Indeed, members of the SHINE clade of AP2 domain transcription factors
were first shown to activate wax biosynthesis and to alter cuticle
properties in Arabidopsis (Aharoni et al., 2004). However, they were
later also described as key regulators of cellulose and hemicellulose
biosynthesis pathways in rice and tobacco (Ambavaram et al., 2011; Liu
et al., 2017). When ectopically expressed in these species, Arabidopsis
and poplar SHN2 were shown to coordinate the up-regulation of cellu-
lose and other primary cell wall compound biosynthesis, as well as the
down-regulation of lignin biosynthesis and many secondary NAC and
MYB TFs that trigger secondary wall biosynthesis (Zhong and Ye, 2015).
Microscopy and chemical analyses of sclerenchyma cells of rice leaves
overexpressing AtSHNZ2 further revealed a marked increase in cell wall
thickness (around 45 %) compared to the wild type, mainly due to the
increased deposition of cellulose and hemicelluloses in place of lignin
(Ambavaram et al., 2011). Given that the gene regulatory network
associated with SHN2, with both activator and repressor functions, ap-
pears to be highly conserved in both monocot and dicot plants, and that
the present coffee galactomannan-guided co-expression network mimics
large parts of this transcriptional repertoire, it is tempting to attribute a
similar role to SHN2 in triggering the peculiar primary cell wall thick-
ening programme of coffee endosperm parenchyma cells, in particular
through the recruitment of secondary TFs specialised in the activation of
galactomannan biosynthetic genes.
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