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a b s t r a c t

The processability and ultimate quality of coffee (Coffea arabica) are determined by the composition of
the matured fruits. The basis of genetic variation in coffee fruit quality could be explained by studying
color formation during fruit maturation. Transcriptome profiling was conducted on matured fruits of four
C. arabica varieties (orange colored fruits (ORF); purple colored fruits (PF); red colored fruits (RF) and
yellow colored fruits (YF)) to identify key color-regulating genes, biosynthesis pathways and transcrip-
tion factors implicated in fruit color formation. A total of 39,938 genes were identified in the tran-
scriptomes of the four C. arabica varieties. In all, 2745, 781 and 1224 differentially expressed genes (DEGs)
were detected in YF_vs_PF, YF_vs_RF and YF_vs_ORF, respectively, with 1732 DEGs conserved among the
three pairwise groups. Functional annotation of the DEGs led to the detection of 28 and 82 key genes
involved in the biosynthesis of carotenoids and anthocyanins, respectively. Key transcription factors
bHLH, MYB, NAC, MADS, and WRKY implicated in fruit color regulation were detected. The high
expression levels of gene-LOC113688784 (PSY), gene-LOC113730013 (b-CHY), gene-LOC113728842 (CCD7),
gene-LOC113689681 (NCED) and gene-LOC113729473 (ABA2) in YF may have accounted for the yellow
coloration. The differential expression of several anthocyanin and carotenoid-specific genes in the fruits
substantially account for the purple (PF), red (RF), and orange (ORF) colorations. This study provides
important insights into fruit color formation and variations in C. arabica and will help to develop coffee
varieties with specific color and quality traits.

Copyright © 2022 Kunming Institute of Botany, Chinese Academy of Sciences. Publishing services by
Elsevier B.V. on behalf of KeAi Communications Co., Ltd. This is an open access article under the CC BY-

NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Coffee (Coffea arabica L.) is one of the most valued and
exportable commodities in the world; a major source of revenue
and employment in tropical countries (International Coffee
Organization Trade Statistics, 2021). Coffee originated in Africa
and belongs to the Rubiaceae family. The genus, Coffea, comprises
of more than 124 species (Davis et al., 2011). C. arabica and
ui@swfu.edu.cn (R. Shi).
e of Plant Diversity.

tany, Chinese Academy of Sciences.
nse (http://creativecommons.org/li
C. canephora Pierre ex Froehner are the most commercially
important cultivars and account for 70% and 30% of global pro-
duction, respectively (International Coffee Organization Trade
Statistics, 2021). Coffee is predominantly diploid, except for
C. arabica, which is tetraploid due to a recent whole genome
duplication between C. canephora (Robusta) and C. eugenioides in
the Central Ethiopian plateaus (Geleta et al., 2012). There are over
40 C. arabica mutants reported so far, but only a few have traits of
commercial interest. The most desirable traits comprise bean
color, bean size, special flavor, male sterility or low caffeine con-
tent (Sant’Ana et al., 2018).

Coffee quality is a very complex trait influenced by numerous
factors, such as environment and genotype (Cheng et al., 2016).
Color variations in coffee have an impact on the aesthetics, quality,
Publishing services by Elsevier B.V. on behalf of KeAi Communications Co., Ltd. This
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and commercial value of the fruit (S�agio et al., 2013). C. arabica's
purple and yellow color variants account significantly for its de-
mand and use in coffee beverages. Coffee is also high in bioactive
compounds and metabolites that are beneficial to human health,
such as those that nourish the kidneys, boost immunity, and fight
cancer (Neto et al., 2011; Mishra and Slater, 2012; Denoeud et al.,
2014; Knevitt, 2016). To support increased coffee production and
genetic improvement, a better understanding of themolecular basis
of fruit composition is required (Fenilli et al., 2007; Reis et al., 2009;
Neto et al., 2011). Several biochemical studies have been conducted
on the genetic and environmental factors that influence the accu-
mulation of key fruit metabolites and compounds (Cheng et al.,
2016; Sant’Ana et al., 2018). Changes in gene expression during
coffee fruits ripening and coloration, including transcripts that
regulate bean filling, and in response to stress, can be used to
investigate genetic control of these processes (Sant’Ana et al., 2018;
Mekbib et al., 2020). Earlier studies appliedRT-PCRormicroarrays to
study coffee leaves or seedlings (Cheng et al., 2016; Sant’Ana et al.,
2018). More recently, different tissues of Arabica coffee including
flowers, leaves and fruit pericarp have been subjected to tran-
scriptome analysis (Mishra and Slater, 2012; Knevitt, 2016; Mofatto
et al., 2016). A genome-wide study recently reported identification
of key genes regulating the lipid and diterpene contents of Arabica
coffee fruits (Sant’Ana et al., 2018). However, analysis of the genetics
of other essential components of the fruits contributing to coffee
quality was not included in these studies (Mofatto et al., 2016;
Sant’Ana et al., 2018; Tran et al., 2018). Additionally, gaps remain in
knowledge of gene interactions and how expression varies at the
global scale at specific ripening stages and finally determines the
quality and regeneration capability of coffee fruits.

Plant volatiles, strigolactones, and phytohormones such as
abscisic acids are producedwhen carotenoids are degraded (Tanaka
et al., 2008; Wang et al., 2010; Yahia et al., 2017). Furthermore,
carotenoids are widely used in the food and pharmaceutical in-
dustries; for example, lutein and similarly structured carotenoids
can protect retinal cells in the eye from oxidative stress, and several
studies have suggested that supplementing with lutein can help
maintain eye health and reduce the risk of various chronic eye
diseases (Inbaraj et al., 2008; Wang et al., 2010).

Genes that code for carotenoid biosynthesis and degradation
enzymes are expressed in specific patterns in different organs and
at different stages of development. Various transcription factors
finely regulate their expression patterns, but only a few studies
have investigated these regulatory pathways thoroughly
(Riechmann et al., 2000; Dubos et al., 2010; Licausi et al., 2013).
Welsch et al. (2007) showed that the PSY binding factor (AP2/ERF),
RAP2.2, binds to the Arabidopsis thaliana-APETALA2 (AP2) and PDS
promoters. The knockdownmutant was shown to have a decreased
PSY and PDS expression and lowers its carotenoid content by 30%
(Welsch et al., 2007; Zhang et al., 2020). There has also been evi-
dence that a Phytochrome-Interacting Factor (PIF) binds to and
inhibits PSY promoter expression (Li et al., 2010). Similarly, the RIN
(MADS box transcription factor), which interacts with the promoter
of PSY and participates in carotenoid accumulation in tomatoes
(Solanum lycopersicum) fruits, has been identified (Ye et al., 2015).
These transcription factors generally regulate the accumulation of
carotenoids in plants. Zhang et al. (2020) revealed recently in a
transcriptome study that carotenoid degradation genes are key
determinants of carotenoid content of marigold flowers. Flavo-
noids, which are phenolic compounds determine flower, fruit, and
seed color in a variety of plant species (Falcone Ferreyra et al., 2012;
Rashid et al., 2019). Anthocyanins are water-soluble, synthesized in
the cytosol, stored in the vacuole, and encode for the blue, purple,
red, or white colors of flowers and fruits (Ben-Meir et al., 2002; Dai
et al., 2009; Yan and Kerr, 2013). They are also key members of the
323
phenylpropanoid biosynthetic pathway (Malien-Aubert et al.,
2001; Dai et al., 2009). These compounds have three aromatic
rings, which can be replaced with acyl, hydroxyl, methyl, or sugar
depending on the plant species (Ben-Meir et al., 2002). Anthocy-
anin biosynthesis is regulated by structural and regulatory genes
involved in the formation of enzymes and the regulation of specific
enzyme expression (Zhuang et al., 2019). The formation of spots in
petunia flowers is caused by differential expression of anthocyanin
structural genes (Koseki et al., 2005). Important genes participating
in the anthocyanin biosynthetic pathway encode 3-hydroxylase
flavanone, 30-hydroxylase flavonoid, 4-reductase dihydroflavonol
synthase chalcone, isomerase chalcone and 4-hydroxylase cinna-
mate, 4-coumaroyl CoA ligase, S-transference glutathione, S-diox-
ygenase glutathione, ammonia-lyase phenylalanine, and GL-UDP-
flavonoid transmission (Holton and Cornish, 1995; Malien-Aubert
et al., 2001; Tanaka et al., 2008; Kumar and Yadav, 2013; Yan and
Kerr, 2013).

Transcriptome profiling allows for the identification and quan-
tification of transcripts, differentially expressed genes and has been
shown to be effective in detecting molecular differences in various
tissues (Ye et al., 2015; Yuyama et al., 2016; Cheng et al., 2017, 2018).
RNA-Seq has been used to investigate the effects of altitude on
coffee gene expression. RNA-Seq was used to investigate the effects
of temperature on coffee sub-genomes and regulation of coffee
gene expression (Cheng et al., 2018). On an Illumina HiSeq 2000,
researchers compared de novo transcriptome assemblies between
Coffea arabica and C. eugenioides (Yuyama et al., 2016). Using Illu-
mina HiSeq 2000 technology, a transcriptome analysis of Arabica
coffee leaves, flowers, and perisperm development revealed a
similar pattern of gene transcription and diterpenes synthesis
(Ivamoto et al., 2017).

In plants, transcription factors (TFs) regulate gene expression in
a variety of biological processes (Riechmann et al., 2000; Licausi
et al., 2013). In plants, the regulatory mechanisms of several
genes involved in the anthocyanin biosynthetic pathway have been
well studied (Tanaka et al., 2008; Wang et al., 2010; S�agio et al.,
2013). Antirrhinum, for example, has been found to have flower-
specific MYB protein for activation of genes involved in phenyl-
propanoid biosynthesis (Allan et al., 2008; Lloyd et al., 2017; Jian et
al., 2019). PAP1/MYB75, PAP2/MYB90, MYB113, and MYB114 regu-
late the biosynthesis of anthocyanins in Arabidopsis (Takos et al.,
2006; Machemer, 2011; Xu et al., 2018). TTG1 (WD40), GL3/EGL3/
TT8 (bHLH), and PAP1/PAP2/MYB113/MYB114 (MYB) have also been
identified as components of a WBM complex that regulates
anthocyanin biosynthesis (Varaud et al., 2011; Hao et al., 2012;
Ikeda, 2013). In Arabidopsis and Petunia, the role of WRKY TFs in the
co-regulation of anthocyanin via the MBW complex has been
documented (Verweij et al., 2016; Lloyd et al., 2017). In addition,
members of the bZIP TF family are potential regulators of the
anthocyanin pathway in apples (Espley et al., 2007).

Despite extensive knowledge of the molecular mechanisms of
color formation in various plant species, the role of carotenoids and
anthocyanins in Arabica coffee fruit color formation remains un-
known. In this study, we used transcriptome sequencing to identify
key candidate genes for the carotenoid and anthocyanin biosyn-
thetic pathways that underpin color formation of Coffea arabica
fruits.

2. Materials and methods

2.1. Plant materials and growth conditions

The healthy and quality seeds of the different varieties of
Coffea arabica were obtained from the Coffee Research Center,
Institute of Tropical and Subtropical Cash Crops, Yunnan Academy



Fig. 1. Fully matured and ripe fruit samples of four varieties of Coffea arabica used for
transcriptome profiling. (A) Purple colored fruits. (B) Red colored fruits. (C) Orange
colored fruits. (D) Yellow colored fruits.
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of Agricultural Sciences, China. The seeds were planted at the Sci-
entific Research Station of the Institute of Tropical and Subtropical
Cash Crops, Lujiang Town, Baoshan City (24�58017.9300N;
98�52043.2800E), China. The area belongs to the low-latitude quasi-
tropical monsoon rainforest with a dry and hot valley transition
type of climate with little rainfall, large evaporation from the
ground, dry and wet seasons and at 750 m above sea level. The dry
season in the area generally starts from November to May of the
following year, with sufficient sunlight, and large temperature
difference between day and night. The annual average temperature
and rainfall is 21.5 �C and 755.3 mm, respectively.

The four fruit-colored coffee varieties (orange colored fruits
(ORF); purple colored fruits (PF); red colored fruits (RF) and
yellow colored fruits (YF)) were planted in four rows, with
1 m � 2 m spacing � row spacing and each fruit-colored coffee
plant had more than 15 plants. The marginal plants at both ends
of each row were removed during sampling. All relevant agro-
nomic practices were performed throughout the study period.
Five plants were randomly selected, fully mature and uniformly
colored fresh coffee fruits were picked from the first branch in
the middle of the plant. Five fresh fruits were picked for each
sample. The harvested fruits were labeled and put it in a liquid
nitrogen for transfer and storage in �80 �C ultra-low temperature
refrigerator.

2.2. RNA extraction and cDNA library preparation

Orange colored fruits (ORF); purple colored fruits (PF); red
colored fruits (RF) and yellow colored fruits (YF)) of Coffea arabica
varieties were harvested from the upper branches. Total isolated
RNAs from 12 samples (triplicate for each sample) was processed
individually in accordance with Cheng et al. (2018) and Furtado et
al. (2015). Total RNA was evaluated with an Agilent RNA 6000
nano kit and chips through a Bioanalyzer 2100 (Agilent Technolo-
gies, California, USA). A standard 18� Truseq total RNA library
prepared by using an additional Ribo-Zero kit was then conducted.
Samples were sequenced on Illumina HiSeq 4000 platform (2e150
bp paired-end reading).

2.3. Reads mining and RNA-Seq analyses

CLC Genomic Workbench 10.0.1 (CLC Bio, Denmark) was used
to process raw reads as follows: (1) Indexes and adapters were
trimmed. (2) Reads that did not match the PHRED score (0.01) or
length (40 bp) were discarded. (3) The processed reads were
subjected to RNA-Seq analysis (read similarity 0.9, length simi-
larity 0.8). The expression parameter was Transcripts Per Kilobase
Million (TPM) and the reference was a recently published long-
read coffee bean transcriptome (Denoeud et al., 2014; Tran et al.,
2018). This study did not consider outlier expression values,
which are classified by coefficient of variation and standard
deviation.

2.4. Analysis of transcript levels by qRT-PCR

The qRT-PCR protocol was adapted from Rodriguez-Villalo et al.
(2009) and run on a LightCycler 480 instrument with Fast Start
Universal SYBR Green Master Mix (Roche, USA). The Actin 7 gene
was utilized to normalize for transcript levels. The primer se-
quences are presented in Table S1.

2.5. Carotenoid quantification

Total carotenoids were extracted and measured spectrophoto-
metrically according to a previously established procedure (Fraser et
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al., 2008). Concentration in a given sample was estimated relative to
the fresh weight. Data collected were subjected to analysis of vari-
ance in GraphPad Prism statistical software (v.8, GraphPad Software,
San Diego California USA, www.graphpad.com) at P � 0.05.

2.6. Statistical analyses

Transcripts Per Kilobase Million (TPM) (>1) was used to filter
transcripts expressed in each fruit sample. Functional annotations
were performed and the BLAST2GO was used to search for GO
terms and KEGG pathway distribution (Kanehisa and Goto, 2000;
Kanehisa et al., 2016). An online tool, InteractiVenn (Heberle et
al., 2015) was used to create the Venn diagrams. TPM (>500)
was used to filter out highly expressed transcripts. For significant
fruit coloration, the differential gene expression tool for RNA-seq
(CLC) was used. The false discovery rate (FDR) p-value correction
(0.01) and maximum group means (TPM 10) were used to filter
differentially expressed genes (DEGs). Mercator (Lohse et al.,
2015) and Mapman (v.3.6.0) (Usadel et al., 2009) were used to
create the key storage component association with DEGs.
Mapman-annotated storage DEGs and candidate genes from the
targeted analysis were used to build the co-expression network.
The WGCNA's built-in Web MEV package in R (cutoff 0.9)
(Langfelder and Horvath, 2008) and Cytoscape 3.5 (Lopes et al.,
2010) were used to log 2(x) transform gene expression of the
transcripts prior to analysis. Before log2 transformation, tran-
scripts with an expression value of 0 were assigned the value
0.0001.

3. Results

3.1. Fruit samples, RNA sequencing, quality control and functional
annotation

Fruits of four Coffea arabica varieties (orange colored fruits
(ORF); purple colored fruits (PF); red colored fruits (RF) and yellow
colored fruits (YF)) (Fig. 1) were subjected to transcriptome
profiling to identify genes, key biosynthesis pathways and tran-
scription factors responsible for fruit coloration. In total, 12 libraries
(4 varieties of different colors � 3 biological repeats) were
sequenced, yielding average total reads of 55, 706, 891 in RF and 52,
840, 623 in YF (Table 1). From these, 95.07%, 96.61%, 96.56% and
96.32% were clean reads from ORF, PF, RF and YF, respectively
(Table 1). In addition, the error rates, Q30% and GC contents ranged
from 0.02% to 0.03%, 94.21% to 94.70% and 43.70% to 44.08%,
respectively (Table 1), indicating that the transcriptome results
were valid for further downstream analyses.

From the above, 39,938 genes were identified from the 12 li-
braries. The fragments per kilobase of exon per million fragments
mapped (FPKM) distribution and principal components analysis
(PCA) (Fig. 2A, B) revealed different transcriptomes in the four
Coffea arabica varieties. More specifically, the PCA showed that

http://www.graphpad.com


Table 1
Summary of RNA-Seq data and mapping metrics of four fruit samples of Coffea arabica.

Samplea Raw Reads Clean Readsb Clean Base (Gb) Error Rate (%) Q30 (%) GC Content (%)

ORF1 55,129,804 53,308,704 (96.70) 8.00 0.02 94.66 43.85
ORF2 55,161,990 51,742,058 (93.80) 7.76 0.02 94.66 43.82
ORF3 53,420,648 50,583,620 (94.69) 7.59 0.02 94.64 43.99
Average ORF 54,570,814 50,583,620 (95.07) 7.78 0.02 94.65 43.89
PF1 55,278,072 53,420,692 (96.64) 8.01 0.02 94.51 43.93
PF2 54,939,944 53,042,492 (96.55) 7.96 0.02 94.70 43.89
PF3 52,826,986 51,052,692 (96.64) 7.66 0.02 94.59 43.93
Average PF 54,348,334 52,505,292 (96.61) 7.88 0.02 94.60 43.92
RF1 56,274,238 54,411,070 (96.69) 8.16 0.02 94.63 43.82
RF2 54,029,490 52,264,794 (96.73) 7.84 0.02 94.29 43.70
RF3 56,816,946 54,696,622 (96.27) 8.20 0.02 94.65 43.77
Average RF 55,706,891 53,790,829 (96.56) 8.07 0.02 94.52 43.76
YF1 55,316,476 53,071,382 (95.94) 7.96 0.02 94.55 43.98
YF2 52,473,072 50,491,614 (96.22) 7.57 0.02 94.39 44.08
YF3 50,732,320 49,129,920 (96.84) 7.37 0.03 94.21 44.03
Average YF 52,840,623 50,897,639 (96.32) 7.63 0.02 94.38 44.03

a Orange colored fruits (ORF); purple colored fruits (PF); red colored fruits (RF) and yellow colored fruits (YF).
b Those in parenthesis represent proportion of clean reads to total reads expressed in percentage. All analyses were done triplicate.
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transcriptional regulation of ORF, PF, RF and YF are different with
a 45.51% variation accounted for by the first two principal
component axes (Fig. 2B). From the total genes expressed, 29,081
genes were annotated in at least one of the four public databases
(Kyoto Encyclopedia of Genes and Genomes (KEGG), KEGG
orthologous group (KOG), Swiss protein (Swissprot) and Gene
Ontology (GO)) (Fig. 3). These coupled with high correlation
among biological repeats of the same sample (Fig. S1) and thus
further validating our transcriptome results for downstream
analyses.

3.2. Analyses of differentially expressed genes among the four
varieties in pairwise comparisons

We adopted the stringent criteria of log 2 fold change
(log2FC) � 1 and the FDR with adjusted P-value < 0.05 to screen
Fig. 2. (A) Fragments per kilobase of exon per million fragments mapped (FPKM) distribu
analysis of four fruit samples in triplicate based on FPKM. Orange colored fruits (ORF); pur
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for DEGs in pairwise group comparisons. A total of 9877 genes
showed differential expressions among the six pairwise groups
(Fig. 4). We used the hierarchical clustering method for the DEGs
with their FPKMs to heatmap the four varieties. Two major clus-
ters were obtained (Fig. 5). The Cluster 1 consisted of only YFs
whereas Cluster 2 comprised two sub-clusters: PFs as one sub-
cluster and, RFs and ORFs formed another. This together with
the results of K-means clustering (Fig. S2) indicates that YF tran-
scriptome is quite different from that of PF, RF and YF samples. RF
and ORF relatively have a similar transcriptional regulation
compared to PF. Therefore, subsequent comparisons were made
with YF as control relative to the other three fruit samples (PF, RF
and ORF), thus YF_vs_PF, YF_vs_RF and YF_vs_ORF. A total of 2,745,
781 and 1224 DEGs were detected in YF_vs_PF, YF_vs_RF and
YF_vs_ORF, respectively (Fig. S3). By comparing the three list of
DEGs, 1732 DEGs were mutually detected among the three
tion among the four varieties of Coffea arabica in triplicate. (B) Principal components
ple colored fruits (PF); red colored fruits (RF) and yellow colored fruits (YF).



Fig. 3. Total expressed genes and their functional annotation among the four varieties
(orange, purple, red and yellow colored fruits) of Coffea arabica in four public data-
bases. Kyoto Encyclopedia of Genes and Genomes (KEGG), KEGG orthologous group
(KOG), Swiss protein (Swissprot) and Gene Ontology (GO).
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pairwise groups (Fig. S3). These indicate that some genes were
highly conserved among the fruits of the four varieties.

To validate the results of RNA-seq, we selected 12 genes involved
in the carotenoid and anthocyanin biosynthesis pathways to perform
a qRT-PCR analysis. The results from this experimentwere consistent
with the RNA-seq results which confirms the reliability and consis-
tency of our sequencing results (Fig. S4).

In order to identify the enriched pathways involved in fruit
coloration in Coffea arabica, we screened the pathways in each
pairwise group based on the P-value� 0.05. A total of 43 pathways
were enriched among the three pairwise groups (Table S2). These
pathways include ABC transporters; carotenoid biosynthesis;
cutin, suberine and wax biosynthesis; diterpenoid biosynthesis;
nitrogen metabolism; sesquiterpenoid and triterpenoid
Fig. 4. Differentially expressed genes among orange colored fruits (ORF); purple colored fruit
summation of down- and up-regulated genes.
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biosynthesis; phenylpropanoid/flavonoid/flavone and flavonol
biosynthesis and several other metabolic pathways (Table S2).
These results indicate that fruit coloration in C. arabica may be
correlated with fruit quality traits such as flavor, aroma, and sugar
level.

3.3. Targeted analyses of carotenoid biosynthesis associated with
differentially expressed genes among yellow colored, purple, red and
orange colored fruits

It is widely reported in literature that pigmentation in plants are
determined by four classes of compounds namely anthocyanins,
chlorophylls, carotenoids and betalains (Langfelder and Horvath,
2008; Zhao et al., 2017). We illustrated the regulation of carot-
enoid biosynthesis pathway among the four varieties with
YF_vs_PF, YF_vs_RF and YF_vs_ORF (Fig. 6). Thirty-two genes that
encode enzymes in the carotenoid biosynthetic pathway were
detected in the three pairwise group comparisons. These
comprised one phytoene synthase (PSY), one lycopene epsilon-
cyclase (LYCE), four beta-ring hydroxylase (CHXB/E or LUT5), two
beta-carotene isomerase (BCIS), four carotenoid cleavage dioxyge-
nases 7 and 8 (CCD7 and CCD8), three zeaxanthin epoxidase (ZEP),
one violaxanthin de-epoxidase (VDE), two abscisic-aldehyde oxi-
dase (AAO3), six xanthoxin dehydrogenase (ABA2), one 9-cis-
epoxycarotenoid dioxygenase (NCED), five (þ)-abscisic acid 80-hy-
droxylase (CYP7070A) and two abscisate beta-glucosyltransferase
(AOG) (Fig. 6). The PSY (gene-LOC113688784) together with b-CHY
(gene-LOC113730013), CCD7 (gene-LOC113728842), NCED (gene-
LOC113689681) and ABA2 (gene-LOC113729473) were in higher
abundance in YF than either PF, RF or ORF (Fig. 6). The higher
abundance of these genes may have accounted for more enzymatic
activity in the carotenoid biosynthesis and yellow color formation
in YF.

b-Carotene is converted into isomers of which, 9-cis-b-carotene is
reported to be the most abundant product of b-Carotene (Guo et al.,
2008). Two BCIS (gene-LOC113704159 and gene-LOC113704210)
showed higher abundance in either PF, RF or ORF than in YF. Simi-
larly, 1 LYCE (gene-LOC113696970), 2 CHXE (gene-LOC113710427 and
gene-LOC113710429), 3 ZEP (gene-LOC113699006, gene-LOC113701789
and gene-LOC113707477), 1 VDE (gene-LOC113734378), 2 AAO3 (gene-
s (PF); red colored fruits (RF) and yellow colored fruits (YF) of Coffea arabica. Total is the



Fig. 5. Hierarchical clustering heatmap based on fragments per kilobase of exon per million fragments mapped of differentially expressed genes (DEGs) of four Coffea arabica
varieties (orange colored fruits (ORF); purple colored fruits (PF); red colored fruits (RF) and yellow colored fruits (YF)).
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LOC113704288 and gene-LOC113725547) and 4 CYP707A (gene-
LOC113710025, gene-LOC113729282, gene-LOC113722535 and gene-
LOC113731421) had higher transcript abundance in either PF, RF and
ORF relative to YF in order of RF > ORF > PF. These imply that these
genes play key role in red coloration in coffee fruits.
3.4. Targeted analyses of phenylpropanoid/flavonoid/anthocyanin
biosynthesis among the three pairwise groups

In addition to carotenoid biosynthesis, flavonoids are reported
to be major molecules involved in plant pigmentation particularly
anthocyanins (Lai et al., 2014). Phenylpropanoids/flavonoids are
precursors of anthocyanin biosynthesis, therefore we explored
key DEGs involved in phenylpropanoid/flavonoid biosynthesis. A
total of 82 genes which encode for 18 enzymes involved in
phenylpropanoid-flavonoid biosynthesis in various steps prior to
anthocyanin biosynthesis were identified (Fig. S5AeB). Most of
these genes were lowly expressed in YF compared to either PF, RF
or ORF. For instance, among the 4-phenylalanine ammonia-lyase
(PAL) genes (gene-LOC113707625, gene-LOC113720652, gene-
LOC113727571 and gene-LOC113725801), only gene-LOC113727571
had higher expression in YF than in PF while the remaining 3
genes had higher expression in either PF, RF or ORF than YF
(Fig. S5A). These genes may be responsible for color break from
purple to yellow, orange and purple. This is not surprising as the
conversion of phenylalanine to anthocyanins requires a series of
reactions catalyzed by enzymes initiated by ammonia and the
action of PAL plays significant catabolic role in producing nitrogen
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and carbon (Khoo et al., 2017; Cui et al., 2021). Also, two genes
(gene-LOC113706397 and gene-LOC113704221) associated with bi-
functional dihydroflavonol 4-reductase (DFR) which has been
reported to reduce dihydroflavonol to leucoanthocyanidins in
both anthocyanin biosynthesis and proanthocyanidins accumu-
lation were mostly expressed higher in either PF, RF or ORF than
YF.

Anthocyanins are responsible for the red, purple, orange and
blue colors in fruits and vegetables (Khoo et al., 2017), therefore we
mined the expressed anthocyanins-related genes. In all, we
detected five genes linked to enzymes, 3 anthocyanidin 3-O-glu-
cosyltransferase (BZI) and 2 anthocyanidin 3-O-glucoside 600-O-
acyltransferase (3AT)) (Fig. 7). The BZI genes (gene-LOC113691445,
gene-LOC113692937 and gene-LOC113694634) and 3AT genes (gene-
LOC113687539 and gene-LOC113743602) expressed nearly two
times higher in either PF, RF or ORF than YF. Cumulatively, these
genes expressions followed PF > ORF > RF > YF. These suggest
anthocyanin biosynthesis in YF may have been limited during fruit
development as compared to either PF, RF or ORF.
3.5. Transcription factors encoded in the differentially expressed
genes among the three pairwise groups

Transcription factors (TFs) regulate gene expression (Ullah et al.,
2019; Mitsis et al., 2020), thus they are involved in the regulation of
the structural genes of the pathways involved in carotenoid and
anthocyanin accumulation in several fruits and vegetables (Stanley
and Yuan, 2019; Cui et al., 2021). Majority of the TFs detected in this



Fig. 6. A: Schematic diagram of carotenoid biosynthetic pathway and known enzymes (red font) and B: their corresponding differentially expressed genes in the present study in
Coffea arabica (the heatmap gives log2fold change between the yellow (YF) colored fruits relative to purple (PF), red (RF) and orange (ORF) colored fruits. Expression with positive
values in the legend of the heatmap at the right side of the figure means lower expression in YF while negative values means higher expression relative to either PF, RF or ORF (See
heatmap key in B). GGPP: geranylegeranyl diphosphate; PSY: phytoene synthase; LYCE: lycopene epsilon-cyclase [EC:5.5.1.18]; CHXB/E: beta-ring hydroxylase [EC:1.14.15.24] (or
LUT5); BCIS: beta-carotene isomerase, CCD7 and CCD8: carotenoid cleavage dioxygenases 7 and 8, respectively [EC:1.13.11.68e69]; ZEP: zeaxanthin epoxidase [EC:1.14.15.21]; VDE:
violaxanthin de-epoxidase [EC:1.23.5.1]; BCIS: beta-carotene isomerase [EC:5.2.1.14]; AAO3: abscisic-aldehyde oxidase [EC:1.2.3.14]; ABA2: xanthoxin dehydrogenase [EC:1.1.1.288];
NCED: 9-cis-epoxycarotenoid dioxygenase [EC:1.13.11.51]; CYP7070A: (þ)-abscisic acid 80-hydroxylase [EC:1.14.14.137]; and AOG: abscisate beta-glucosyltransferase [EC:2.4.1.263].
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study were bHLH, MYB, AP2/ERF, NAC, MADS, AUX/IAA and WRKY
with varied levels of regulation (Fig. 8). The regulatory mechanisms
underlying transcriptional control of anthocyanin biosynthesis
have widely been elucidated in various fruits and are known to
involve MYB, bHLH and WD40 transcriptional complexes (Lloyd
et al., 2017). However, for carotenoid biosynthesis, reports on the
major transcriptional regulations are largely inconsistent (Ruiz-
Sola and Rodríguez-Concepci�on, 2012; Lu et al., 2018; Stanley and
Yuan, 2019; Zhou et al., 2019). In all, 56 and 43 DEGs encode MYB
and bHLH TFs, respectively (Fig. 8AeG). Most of the MYB and bHLH
regulated genes expressed higher in either PF, RF or ORF than YF
(Fig. 8A, B). This implies that MYB and bHLH TFs may regulate
carotenoid biosynthesis positively in yellow colored fruit with same
trend. A contrary trend was observed for anthocyanins in either PF,
RF or ORF. For example, 4 MYB gene (gene-LOC113728720, gene-
LOC113716527, gene-LOC113716576 and gene-LOC113738429) and 4
bHLH gene (gene-LOC113721953, gene-LOC113733739, gene-
LOC11374297 and gene-LOC113696134) expressed at least two times
higher in either PF, RF or ORF than YF. However, 1 bHLH gene (gene-
LOC113734588) was completely not detected in RF or YF; whereas 1
MYB gene (gene-LOC113703529) was completely absent in YF. The
genes detected with MYB or bHLH TF for the fruit coloration in the
four fruits of C. arabica could further be screened to select candidate
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genes for functional validation to unravel molecular mechanisms
underlying color formation in each of the four varieties.

Again, MYB, bHLH TFs, AP2/ERF, NAC, MADS, AUX/IAA, and
WRKY TFs encode 47,12, 21, 26 and 31 DEGs (Fig. 8CeG). Majority of
these TFs expressed higher in either PF, RF or ORF than in YF
(Fig. 8CeG), indicating that these TFs may positively regulate
structural genes involved in color formation in Coffea arabica. These
results suggest that other TFs such as AP2/ERF, NAC, MADS, AUX/
IAA and WRKY equally warrant further research attention.

3.6. Detection and quantification of carotenoid components among
the four varieties of Coffea arabica

We further profiled quantitatively the various compositions of
carotenoid among the four varieties based on the higher number of
DEGs involved in carotenoid biosynthesis. We performed analysis
of variance (ANOVA) and the means were separated by Duncan
Multiple Range Test at 0.05 probability level. In all, 33 constituents
of carotenoids were detected among the four varieties with
different colors evaluated in this study (Table 2). The predominant
constituents include a-carotene, b-carotene, b-cryptoxanthin,
lutein, lutein dilaurate, lutein dipalmitate, lutein dimyristate, lutein
laurate, lutein palmitate, lutein myristate, zeaxanthin-laurate-



Fig. 7. Schema of last steps of the anthocyanin biosynthesis pathway (A) and their corresponding differentially expressed genes in the present study (B) presented in heatmap based
on the log2fold change of fragments per kilobase of exon per million fragments mapped of differentially expressed genes involved in anthocyanin biosynthesis between yellow
colored fruit against either purple, red or orange color fruit (YF, PF, RF and ORF, respectively) of Coffea arabica. BZI: anthocyanidin 3-O-glucosyltransferase [EC:2.4.1.115] and 3AT:
anthocyanidin 3-O-glucoside 600-O-acyltransferase [EC:2.3.1.215].
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palmitate, zeaxanthin dimyristate, and zeaxanthin palmitate
(Table 2). Among these, lutein dimyristate was the most abundant
in ORF (37.00 ± 0.72 mg/g) and RF (35.63 ± 1.04 mg/g). Lutein myr-
istate was significant in RF (34.20 ± 0.91 mg/g) followed by YF
(31.70 ± 0.69 mg/g), ORF (29.37 ± 0.94 mg/g) and PF (21.13 ± 0.35 mg/
g) whereas lutein was found at least 1.2 times higher in YF than
either in PF, ORF or RF (Table 2). These suggest that carotenoid
pigment (its component lutein esters) play pivotal role in fruit
coloration in YF, RF, ORF and least in PF.

b-carotene is reported to be responsible for orange pigment
whereas a-carotene causes yellow pigment in fruits and vegetables
(Clevidence et al., 2000). The highest amount of a-carotene was
observed in YF while the highest content of b-carotene was in RF,
which correlate well with the colors of the fruits. Antheraxanthin
was detected only in PF while antheraxanthin dipalmitate was
found only in ORF, RF and YF. In sum, the total carotenoid detected
in the current study followed RF (143.13 mg/g) > YF (141.48 mg/
g) > ORF (132.67 mg/g) > PF (95.68 mg/g), respectively. This trend
suggests that carotenoid is the major pigment in YF, RF and ORF
whereas PF coloration is largely determined by anthocyanin.

4. Discussion

Fruit pigmentation is a major quality trait that influences con-
sumer preference and correlates directly with nutritional compo-
sition and health benefit (Yuan et al., 2015; Zhang et al., 2020; Jiang
et al., 2021). As a result, fruit coloration and its pigmentations have
been a major focus of research among scholars (Petropoulos et al.,
2019). To date, anthocyanins, betalains, chlorophylls and caroten-
oids have been reported as the major pigmentations regulating
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coloration in crops (Zhao et al., 2017; Petropoulos et al., 2019). The
present study used fully matured and ripe fruits from four
Coffea arabica varieties (Fig. 1) to conduct transcriptome profiling to
elucidate mechanisms of fruit coloration. We identified key DEGs,
enriched biosynthesis pathways and TFs implicated in fruit color-
ation in coffee.

The KEGG pathway enrichment analysis revealed a number of
enriched pathways (Table S2) which may explain the basis for the
influence of fruit coloration on quality and nutritional value. For
instance, fructose and mannose metabolism; vitamin B6 meta-
bolism, together with valine, leucine and isoleucine degradation
have been documented to regulate nutritional composition ofmany
fruits (Bernstein et al., 2020). From the KEGG pathway, two path-
ways known to regulate fruit coloration were detected: carotenoid
biosynthesis and phenylpropanoid/flavonoid/anthocyanin biosyn-
thesis (Table S2) of which the former was more prominent than the
latter. Carotenoids are known to be responsible for yellow, orange
and red coloration of fruits and vegetables (García-G�omez et al.,
2021); while it has also been reported to form
chlorophyllecarotenoid complexes through its component, b-
carotenoid found to bound either chlorophylls or xanthophylls
leading to absorption of light in the orange or red-light spectrum,
yielding green, purple or blue coloration (Wieruszewski, 2002). On
the carotenoid biosynthetic pathway, we detected 32 DEGs
encoding for 14 known enzymes (Fig. 6). The major precursor on
this biosynthetic pathway is phytoene synthase (PSY) which is a
major regulator of the carotenoid biosynthesis pathway by con-
verting geranylegeranyl diphosphate (GGPP) to phytoene which
further converts into phytofluence and z-carotene by phytoene
desaturase (PDS) (Yuan et al., 2015). According to recent studies, the



Fig. 8. Major transcription factors involved in the regulation of differentially expressed genes in Coffea arabica among the three pairwise groups (yellow colored fruit (YF) relative to
either purple (PF), red (RF) or orange (ORF) color fruit). Heatmap based on log2fold change values between YF_vs_PF, YF_vs_RF and YF_vs_ORF. (A) MYB. (B) bHLH. (C) AP2/ERF. (D)
AUX/IAA. (E) MADS. (F) NAC. (G) WRKY.
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transcriptional control of various genes encoding PSY is another key
contributor to carotenoid production (Welsch et al., 2000; Toledo-
Ortiz et al., 2010; Liu et al., 2015; Fu et al., 2016; Mercadante, 2019;
Wan et al., 2019). De-etiolation of Arabidopsis thaliana seedlings is
associated with a dramatic burst in carotenoid production, which
occurs conterminously with a sharp upregulation of PSY gene
expression and protein levels, as well as a jump in PSY enzyme
activity (Welsch et al., 2000; Toledo-Ortiz et al., 2010; Liu et al.,
2015; Wan et al., 2019). The phytochrome family of photorecep-
tors regulates the PSY gene expression by stimulating the PSY
transcription factors under red (R) and far-red (FR) light. Genes
linked to PSY are reported to be the primary bottlenecks in car-
otenogenesis (Yuan et al., 2015). Specifically, the phytochrome-
interacting factor 1 (PIF1) and other transcription factors of the
PIF family down-regulate the accumulation of carotenoids by
inhibiting the expression of the enzyme that catalyzes the key rate-
330
limiting step in the PSY pathway (Welsch et al., 2000; Toledo-Ortiz
et al., 2010). Thus, the low expression (down-regulation) of 1 PSY
gene (gene-LOC113688784) may partly account for the differential
coloration in the fruits which was expressed in order of
YF > ORF > RF > PF. This however requires functional validation to
deepen our understanding of carotenoid biosynthesis and accu-
mulation in C. arabica (Liu et al., 2015).

Subsequently, lycopene epsilon-cyclase (LYCE) is involved in the
conversion of lycopene to d-carotene, a-carotene and a-cryptox-
anthin. One LYCE gene (gene-LOC113696970) expressed 2.21 times
higher in RF than YF. This corroborates with earlier report that
lycopene is one of the naturally occurring red colored carotenoids
(Boileau et al., 2002). In contrast, naturally occurring b-carotene is
orange in color. In our study, no gene was differentially involved in
the conversion of lycopene/g-carotene to b-carotene; however, two
beta-carotene isomerases (BCIS) (gene-LOC113704159 and gene-



Table 2
Carotenoid components detected among the four fruit samples of Coffea arabica.

Components Carotenoid compounds (mg/g) in each sample

YF PF RF ORF

Lutein dimyristate 31.70 ± 1.34b 22.20 ± 0.91c 35.63 ± 1.04a 37.00 ± 0.72a
Lutein myristate 31.70 ± 0.69b 21.13 ± 0.35c 34.20 ± 0.91a 29.37 ± 0.94b
Lutein 35.27 ± 0.28a 23.33 ± 0.95c 27.67 ± 0.47b 24.60 ± 0.36c
Lutein palmitate 9.50 ± 0.30b 6.92 ± 0.37c 12.10 ± 0.85a 11.87 ± 0.20a
Zeaxanthin dimyristate 6.99 ± 0.07a 3.92 ± 0.25d 5.65 ± 0.16b 4.74 ± 0.07c
b-Carotene 3.71 ± 0.07c 2.48 ± 0.10d 4.27 ± 0.07a 3.98 ± 0 .09b
Lutein laurate 3.79 ± 0.12b 2.21 ± 0.11d 4.42 ± 0.14a 3.16 ± 0.02c
b-Cryptoxanthin 1.38 ± 0.05c 1.68 ± 0.23b 1.45 ± 0.07c 2.34 ± 0.03a
Lutein dipalmitate 1.86 ± 0.20bc 1.32 ± 0.07c 2.72 ± 0 .25a 2.17 ± 0.16ab
Lutein dilaurate 1.78 ± 0.01b 1.27 ± 0.08c 2.67 ± 0.20a 2.01 ± 0.03b
Zeaxanthin palmitate 1.51 ± 0.14b 1.02 ± 0.08c 1.98 ± 0.13a 1.79 ± 0.07ab
a-Carotene 1.94 ± 0.06a 0.75 ± 0.05c 1.68 ± 0.07b 1.71 ± 0.01b
Zeaxanthin-laurate-palmitate 1.79 ± 0.03a 0.82 ± 0.02c 1.39 ± 0.09b 1.08 ± 0.13c
Zeaxanthin 1.81 ± 0.03a 0.75 ± 0.03c 0.73 ± 0.05c 0.96 ± 0.05b
Volaxanthin palmitate 1.00 ± 0.01a 1.00 ± 0.02a 1.00 ± 0.03a 0.90 ± 0.02a
Violaxanthin myristate 0.95 ± 0.06ab 1.07 ± 0.04a 0.99 ± 0.25a 0.84 ± 0.02b
Zeaxanthin-myristate-palmitate 0.98 ± 0.03a 0.51 ± 0.02c 0.86 ± 0.05ab 0.75 ± 0.07b
5,6 epoxy-lutein-caprate-palmitate 0.34 ± 0.03b 0.41 ± 0.02b 0.45 ± 0.03b 0.69 ± 0.07a
a-Cryptoxanthin 0.81 ± 0.02a 0.50 ± 0.01c 0.81 ± 0.03a 0.65 ± 0 .04b
Lutein caprate 0.77 ± 0.02b 0.38 ± 0.02d 0.91 ± 0.03a 0.54 ± 0.02c
Violaxanthin 0.54 ± 0.04a 0.60 ± 0.04a 0.35 ± 0.03b 0.34 ± 0.02b
Neoxanthin 0.41 ± 0.02a 0.34 ± 0.01b 0.21 ± 0.01d 0.26 ± 0.01c
Violaxanthin-myristate-laurate 0.23 ± 0.02ab 0.24 ± 0.01a 0.24 ± 0.02a 0.20 ± 0.00b
Violaxanthin dimyristate 0.21 ± 0.03a 0.20 ± 0.04a 0.20 ± 0.01a 0.17 ± 0.06a
Violaxanthin-myristate-palmitate 0.17 ± 0.02a 0.16 ± 0.01a 0.15 ± 0.01a 0.17 ± 0.01a
Antheraxanthin dipalmitate 0.11 ± 0.04a N/A 0.12 ± 0.06a 0.12 ± 0.03a
Violaxanthin dipalmitate 0.05 ± 0.01c 0.04 ± 0.01d 0.08 ± 0.02b 0.09 ± 0.01a
Lutein oleate 0.03 ± 0.00b 0.02 ± 0.00c 0.06 ± 0.01a 0.06 ± 0.00a
Violaxanthin dibutyrate 0.07 ± 0.00b 0.08 ± 0.00a 0.06 ± 0.00c 0.04 ± 0.00d
Violaxanthin dilaurate 0.04 ± 0.01a 0.03 ± 0.00b 0.04 ± 0.01a 0.04 ± 0.00b
Capsanthin 0.02 ± 0.00a 0.01 ± 0.00b 0.02 ± 0.00a 0.02 ± 0.00a
Violaxanthin laurate 0.02 ± 0.00a 0.02 ± 0.00a 0.02 ± 0.00a 0.01 ± 0.00a
Antheraxanthin N/A 0.27 ± 0.04 N/A N/A

Total 141.48 95.68 143.13 132.67

Yellow, purple, red and orange colored fruits of Coffea arabica are denoted as YF, PF, RF and ORF, respectively. Means ± standard error with a common alphabet in a row
indicate no significant difference with Duncan Multiple Range Test at 0.05 probability level. N/A represents not applicable.
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LOC113704210) were expressed higher in ORF than YF. This is in
consonance with the report that b-carotene occurs as an orange
pigment, while a-carotene is a yellow pigment, which can be found
in fruits and vegetables, but the yellow colored fruits contain low or
trace amounts of b-carotene (Clevidence et al., 2000). The 32 genes
linked to 14 known enzymes in carotenoid biosynthetic pathway
with differential expression among the four fruits could be further
studied for further functional validation.

Another pigment which has received much attention is antho-
cyanin (Stanley and Yuan, 2019). This pigment is synthesized
through the flavonoid pathway which is considered as a branch of
the phenylpropanoid pathway. On this broad and complex
pathway, the biosynthesis of anthocyanins starts with the lysis of
phenylalanine ammonia catalyzed via the enzyme PAL (Zhang et al.,
2014) which was encoded by 3 of 4 DEGs (gene-LOC113707625,
gene-LOC113720652, and gene-LOC113725801) in the present study.
These genes had higher expression in either PF, RF or ORF than YF
which may have contributed to reduction in anthocyanin biosyn-
thesis and accumulation in YF leading to weak anthocyanin color-
ation. This enzyme, PAL and several others (Supplementary Fig. S5)
suggest that anthocyanin is not a major pigment in YF. Specifically,
two enzymes, BZI and 3AT involved in last steps of the anthocyanin
biosynthetic pathway, were linked to 5 genes which were
expressed higher in either PF, RF or ORF than YF.

The study revealed that MYB, bHLH and NAC TFs may regulate
carotenoid biosynthesis negatively (Fig. 8A, B and F). The trend for
MYB agrees with the R2R3-MYB repression of the conversion of a-
and b-branch of carotenoid by negatively modulating the
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expression of CrBCH2 and CrNCED5 in flavedo of Citrus reticulata
(Zhu et al., 2017b). Similarly, when bHLH TF (Solyc02g067380.2.1)
expression was repressed markedly, SlPRE2 downregulated SlPSY1,
SlPDS and SlZDS in the carotenoid biosynthetic pathway in tomato
(Zhu et al., 2017a). The trend observed for NAC TF contrasts the
report that CpNAC1 positively regulates carotenoid biosynthesis
during papaya fruit ripening (Fu et al., 2016). There are numerous
studies on the upregulation of MYB and bHLH TFs on anthocyanins
biosynthesis; however, the actual mechanism in C. arabica is yet to
be unraveled. Therefore, these together with other major TFs
(bHLH, MYB, AP2/ERF, NAC, MADS, AUX/IAA and WRKY) would be
foundational for future studies to elucidate their modulating roles
in fruit coloration in C. arabica via functional genomics such as
CRISPR/Cas9 technology (Zhi et al., 2020).

The composition and concentration of carotenoids determine
the nutritional value and fruit color in most crops. We further
conducted quantitative profiling of carotenoid constituents among
the four fruit samples (Table 2). The major component consisted of
lutein esters (e.g., lutein dimyristate, myristate, palmitate, laurate,
dipalmitate and dilaurate) (Table 2) which have been reported in
several crops (Mercadante, 2019). Lutein esters as pigment like its
sister compound, has primarily been used in food and supplement
manufacturing as a colorant due to its yellow-red color
(Mercadante, 2019). It absorbs blue light which appears yellow at
low concentration and orange-red at high concentrations. This may
account for the higher price of yellow colored coffee fruits than
either red, orange or purple colored fruits. Cumulatively, the total
carotenoids in RF was very close to that of YF indicating that
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difference in anthocyanins may have contributed to color differ-
entiation between red and yellow (Wan et al., 2019). Most of the
key genes involved in anthocyanin biosynthetic pathway expressed
higher in RF relative to YF.

The findings presented in this study offer valuable insights into
the transcriptional regulation of fruit coloration among the four
Coffea arabica varieties. The numerous genes identified in this study
could be further screened for functional validation experiments
such CRISPR/Cas9, overexpression and gene silencing approaches
to elucidate their actual roles in fruit coloration. It is also recom-
mended to conduct metabolome profiling among the four different
varieties to identify metabolites responsible for fruit coloration for
possible functional biomarker development.

5. Conclusion

Differentially expressed genes and key biosynthesis pathways
involved in Coffea arabica fruit color formation were identified
using transcriptome profiling in this study. The DEGs were found to
be involved in the biosynthesis of carotenoids, and anthocyanins/
phenylpropanoid/flavonoids in the KEGG enrichment analyses,
indicating that these biosynthesis pathways are important in
Coffea arabica fruit coloration. These findings shed light on the
formation and variation of fruit color in C. arabica. Further study
into the inherent roles of the candidate genes and TFs identified in
this study may be required to decipher their regulatory mecha-
nisms in C. arabica fruit color formation and variation.
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