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Abstract

Key message A seed maturation protein gene (CaSMP) from Coffea arabica is expressed in the endosperm of yellow/
green fruits. The CaSMP promoter drives reporter expression in the seeds of immature tomato fruits.

Abstract In this report, an expressed sequence tag-based approach was used to identify a seed-specific candidate gene for
promoter isolation in Coffea arabica. The tissue-specific expression of the cognate gene (CaSMP), which encodes a yet
uncharacterized coffee seed maturation protein, was validated by RT-qPCR. Additional expression analysis during coffee fruit
development revealed higher levels of CaSMP transcript accumulation in the yellow/green phenological stage. Moreover,
CaSMP was preferentially expressed in the endosperm and was down-regulated during water imbibition of the seeds. The
presence of regulatory cis-elements known to be involved in seed- and endosperm-specific expression was observed in the
CaSMP 5'-upstream region amplified by genome walking (GW). Additional histochemical analysis of transgenic tomato (cv.
Micro-Tom) lines harboring the GW-amplified fragment (~ 1.4 kb) fused to uidA reporter gene confirmed promoter activity
in the ovule of immature tomato fruits, while no activity was observed in the seeds of ripening fruits and in the other organs/
tissues examined. These results indicate that the CaSMP promoter can be used to drive transgene expression in coffee beans
and tomato seeds, thus representing a promising biotechnological tool.
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Introduction

Coffee is one of the most important agricultural com-
modities in the world, being widely cultivated in tropical
countries for both internal consumption and export. Cof-
Communicated by Marcelo Menossi. fee trees belong to the genus Coffea, within the Rubiaceae
family, which comprises more than 100 species. The most
cultivated species in Brazil and worldwide is C. arabica,
an autogamous allotetraploid with very narrow genetic
diversity (Anthony et al. 2002; Maluf et al. 2005), a feature
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elite materials. In this regard, among the tools often required
to generate genetically modified coffee plants, the availabil-
ity of promoters with desired expression patterns is of para-
mount importance (Mishra and Slater 2012).

Promoters are crucial to fine-tune the transcriptional
control of the inserted transgenes. Among the promoters
employed in biotechnology, tissue-specific promoters rep-
resent a valuable tool since they allow confined transgene
expression (reviewed in Hernandez-Garcia and Finer 2014),
and avoid the constitutive expression that is usually achieved
by conventional promoters such as, for example, the 35S
promoter of Cauliflower mosaic virus (CaMV). In coffee,
most studies evaluating organ/tissue-specific promoters
have focused on seed- and fruit-specific genes (Marraccini
et al. 1999; Cotta et al. 2014). Other examples include the
promoter regions of genes involved in stress and defense
responses (Brandalise et al. 2009; Severino et al. 2012;
Petitot et al. 2013; Nobres et al. 2016; Alves et al. 2017),
in light-regulated carbon fixation (Marraccini et al. 2003)
and in caffeine biosynthesis (Satyanarayana et al. 2005). In
practice, however, the 35S promoter is still the preferred
choice for the construction of expression cassettes employed
in coffee biotechnology (Mishra and Slater 2012).

Despite representing a desirable strategy, the achieve-
ment of restricted transgene expression in coffee requires
a larger number of promoters with appropriate features of
organ/tissue specificity. In this respect, the availability of a
wide range of seed-specific promoters is of special interest,
since they represent ideal tools for bioengineering important
traits in coffee beans such as cup quality and pest resistance.
Although promoters from genes showing specific expres-
sion in seeds have been identified in C. arabica (Marraccini
et al. 1999; Cotta et al. 2014) and C. canephora (Hinniger
et al. 2006; Kumar et al. 2007), adding novel seed-specific
promoters to the existing repertoire of coffee promoters is
strategic for the advancement of coffee biotechnology. The
biotechnological application of such promoters will expand
our possibilities to drive transgene expression in a specific
seed tissue or at a particular developmental stage of seed
development.

Apart from coffee, seed-specific promoters have been
cloned in model and cultivated plant species. Major exam-
ples include the promoter regions of genes encoding seed
storage proteins from dicotyledonous and monocotyledon-
ous species (reviewed in Hernandez-Garcia and Finer 2014).
According to Fauteux and Stromvik (2009), the regulatory
motifs implicated in seed-specific expression are gener-
ally located in the promoter-proximal region lying within
500 base pairs upstream of the transcriptional start site.
Experimentally validated seed- and endosperm-specific
cis-regulatory elements include the RY motif (CATGCA;
Dickinson et al. 1988), the so-called G- (CACGTG; Ezcurra
et al. 1999) and E-boxes (CANNTG:; Stalberg et al. 1996),
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the prolamin-box (TGTAAAGT; Forde et al. 1985) and the
Skn-1 motif (GTCAT; Washida et al. 1999). Mutational
analyses have demonstrated that these elements are redun-
dant and operate in a combinatorial manner to confer seed-
specific expression (Chandrasekharan et al. 2003).

In this study, with the aim to increase the number of tis-
sue-specific promoters for application in coffee biotechnol-
ogy, we employed an expressed sequence tag (EST)-based
approach to identify a coffee gene with fruit/seed-specific
expression for promoter isolation. In a first step, the tissue-
specific expression of the selected gene (referred hereaf-
ter to as CaSMP) that encodes a yet uncharacterized seed
maturation protein (SMP) from C. arabica was validated
using different coffee organs/tissues. Upon confirmation
of its seed specificity, the spatial and temporal expression
patterns driven by the CaSMP 5'-flanking region (~ 1.4 kb)
were examined in transgenic tomato (Solanum lycopersi-
cum cv. Micro-Tom) plants. We anticipate that the cloned
promoter represents an additional tool for directing seed-
specific expression.

Materials and methods
Plant material

The samples from five different coffee organs/tissues (root,
stem, leaf, flower and pool of fruits at different stages of
development) used for gene validation were harvested as
described (Barsalobres-Cavallari et al. 2009). Whole fruits
of C. arabica cv. Obata IAC 1669-20 at different stages of
development and ripening, as defined by the phenologi-
cal scale proposed by Pezzopane et al. (2003), were har-
vested from different branches of 10 randomly selected
mature coffee trees (15 years) grown under field condi-
tions at the experimental station of Instituto Agronémico
de Campinas (Campinas, SP, Brazil). Investigated fruit
stages were: (1) pinhead; (2) expansion; (3) green; (4) yel-
low/green; (5) green/cherry and (6) cherry. Fruit tissues
(pulp and endosperm) from C. arabica cv. Catuai Vermelho
were kindly provided by Dr. Douglas S. Domingues from
UNESP—RIio Claro. These fruits were collected at 90, 180
and 240 days after flowering (DAF) from six mature trees
(10 years) kept under field conditions. Coffee seeds from C.
arabica cv. Catuai Vermelho were provided by Dr. Edivaldo
Amaral from UNESP—Botucatu. These seeds were submit-
ted to imbibition in the dark and sampled at different time
points (0, 1, 6, 12, 24, 48 and 72 h). All material collected
was stored at — 80 °C until used.

All stable transformation assays were performed using
tomato plants (Solanum lycopersicum cv. Micro-Tom) grown
in a greenhouse under environmental conditions. Wild-type
(WT) and a transgenic tomato cv. Micro-Tom line bearing
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the DRS synthetic auxin response promoter fused to the
B-glucuronidase (GUS) reporter (Ulmasov et al. 1997) were
used as negative and positive controls, respectively. Fruits
were collected at different developmental stages ranging
from 10 to 50 DAF.

In silico selection of the coffee EST candidate

The EST candidate (CA00-XX-FR2-061-H09-JE) used in
this study was selected from the Brazilian Coffee Genome
Database (http://www.lge.ibi.unicamp.br/cafe/; Vieira et al.
2006) during in silico searches for the identification of fruit-
specific or fruit-abundant ESTs. The selected EST, deposited
in GenBank under the accession number GW467278, was
exclusively found in a C. arabica library (FR2) prepared
from flower buds, pinhead fruits and fruits at different devel-
opmental stages (Vieira et al. 2006).

Phylogenetic analysis

A phylogenetic analysis was performed including the pre-
dicted protein encoded by the identified EST, its homolog
protein from C. canephora, three seed maturation proteins
identified in S. lycopersicum (Cao and Li 2015) and 51 well-
characterized late embryogenesis abundant (LEA) proteins
from Arabidopsis thaliana (Hundertmark and Hincha 2008)
(listed in Table S1). The deduced amino acid (aa) sequences
were aligned using the Muscle algorithm (Edgar 2004) with
default parameters as implemented in molecular evolution-
ary genetics analysis (MEGA), version 7.0 (Kumar et al.
2016). Model testing was performed using the tool “Find
best DNA/protein models (ML)” in MEGA 7.0. All avail-
able models were tested with four categories in rate varia-
tion. The best model was configured with PhyML through
the SeaView user interface (Gouy et al. 2010) to obtain the
maximum likelihood tree. The accuracy of branching was
obtained by the approximate likelihood ratio test method.
The nodes supported by a-LRT < 50% were hidden.

Expression analysis by RT-qPCR

Frozen coffee organ/tissue samples were ground in liquid
nitrogen for total RNA extraction using the NucleoSpin
RNA Plant kit according to the manufacturer’s instructions
(Macherey-Nagel). One microgram of the extracted RNA
samples was treated with RNase-free DNase [ (Promega)
and then reverse-transcribed (RT) using the High-Capacity
cDNA Reverse Transcription kit following the manufactur-
er’s instructions (Invitrogen).

Relative expression analysis was carried out using a
StepOnePlus Real-Time PCR System (Applied Biosys-
tems). Specific primers for the amplification of the CaSMP
gene (5'-CGTCTGTCATGCAATCTGCT-3' and 5'-AAT

GTTGACGCCCTGTTCTC-3") were designed based on
the nucleotide sequence of the starting EST using Primer
Express 2.0 software (Applied Biosystems). Each reaction
sample contained 270 ng of cDNA, 1.0 pl of each primer
(~200 ng) and 5 pl of the SYBR Green Master Mix (Applied
Biosystems) to a total volume of 10 pl. The cycling condi-
tions were as follows: 10 min at 95 °C, followed by 40 cycles
each of 15 s at 95 °C, 1 min at 60 °C. Each reaction was per-
formed in triplicate. Relative expression levels were calcu-
lated using the 2742 method (Livak and Schmittgen 2001).
A coffee polyubiquitin coding gene (5'-AAAAGGAATCCA
CCCTCCAC-3" and 5'-ACCCTCCTTGTCCTGGATCT-3’)
was used as endogenous control (Barsalobres-Cavallari
et al. 2009). Amplification efficiencies were derived from
the amplification plots using the program LinRegPCR, and
a value of two was used in the calculations. The Relative
Expression Software Tool (REST) software was employed
to analyze the relative expression data, which was tested
for significance by the Taylor test. Differences with p val-
ues < 0.05 were considered statistically significant.

Amplification by genome walking (GW) and analysis
of the CaSMP promoter

The 5'-flanking region of the target gene was amplified using
genomic DNA extracted from coffee leaves and the Genom-
eWalker Universal kit (Clontech) essentially as described
by the manufacturer. For this, the following primers were
employed in the first and second rounds of PCR: GSP1 (5'-
AGAACCCTGTTTTCAGCGGCTTGCATGGC-3') and
AP1 (5'-GTAATACGACTCACTATAGGGC-3"); GSP2
(5'-CCCTTGTGGCGTTCTTGGCTGGTCTTGG-3') and
AP2 (5'-ACTATAGGGCACGCGTGGT-3'). The major GW
amplification product (1400 bp) was gel-purified, cloned into
pGEM-Teasy (Promega) and sequenced using the BigDye
Terminator v3.1 Cycle Sequencing kit (Applied Biosys-
tems). The presence of putative cis-regulatory elements
within the CaSMP promoter was determined using the Plant-
care (Lescot et al 2002; http://bioinformatics.psb.ugent.be/
webtools/plantcare/html/), PLACE (http://www.dna.affrc.go.
jp/PLACE/) and PlantPAN 2.0 (http://plantpan2.itps.ncku.
edu.tw/) databases.

Construction of the CaSMP promoter expression
cassette

To perform the functional analysis of the investigated pro-
moter in stably transformed tomato plants, an expression cas-
sette was constructed using the binary vector pBI121 (Chen
et al. 2003). For this, the GW-amplified fragment (~ 1400 bp
from the start codon), initially inserted into pGEM-Teasy,
was re-amplified by PCR using primers CaSMP-HindIII
(5'-CCCAAGCTTGAAAGAAGTATCTACAACTCAGAA
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GTTG-3") and CaSMP-BamHI (5'-CCGGATCCCTTGAT
TTCTTCTCTTTT-3"), which contain HindIIl and BamHI
recognition sites (underlined), respectively, and then cloned
into a HindIll- and BamHI-digested pBI121. The resulting
expression cassette containing the GUS reporter gene under
the control of the CaSMP promoter (CaSMP:GUS) was veri-
fied by sequencing, and the recombinant binary vector intro-
duced into Agrobacterium tumefaciens LBA4404 strain for
subsequent transformation of tomato.

Transformation of tomato cv. Micro-Tom
and molecular analysis

Stable transformation of tomato plants cv. Micro-Tom was
carried out essentially as described previously (Pino et al.
2010). For this, cotyledons were isolated from 8-day-old
tomato seedlings and used as explants. After the removal
of the proximal and distal portions, the collected cotyle-
dons were divided transversely into two parts. The result-
ing explants were placed on Petri dishes (20 per dish) con-
taining solid MS medium (Murashige and Skoog 1962)
supplemented with 4 ml/1 of vitamin B5 (250x), 30 g/l of
sucrose, 7 g/l of agar, 0.4 pM of naphthalene acetic acid
(NAA) and 100 puM of acetosyringone. For transformation,
A. tumefaciens LBA4404 was inoculated into 3 ml of liquid
Luria—Bertani (LB) medium supplemented with rifampicin
(50 mg/1) and kanamycin (100 mg/l). After incubation at
28 °C for 48 h (120 rpm), 500 ul of this pre-culture were
transferred to 50 ml of fresh LB media containing the same
antibiotics and incubated overnight at 28 °C. The bacterial
suspension was centrifuged (2000g for 15 min) and the pel-
let was resuspended in 50 ml of MS medium supplemented
with 30 g/l of sucrose and B5 vitamins to a final ODg, .., of
0.2-0.3. Ten minutes before explants transformation, sterile
acetosyringone was added to the bacterial suspension to a
final concentration of 100 uM. Two drops of this Agrobac-
terium suspension were applied per explants using a micro-
pipette. After 10 min, Agrobacterium was removed and the
dishes were incubated in the dark for 2 days. After that, the
explants were transferred to new dishes containing solid MS
medium supplemented with 4 ml/l of vitamin B5 (250%),
30 g/l of sucrose, 7 g/l of agar, 1 mg/1 of zeatin, 300 mg/I of
Timentin and 100 mg/Il of kanamycin, and kept in a growth
room at 25 + 1 °C and 16 h photoperiod. To allow root elon-
gation, well-developed shoots (2-4 mm) were separated
from the explants and transferred to flasks containing fresh
MS medium supplemented with kanamycin (100 mg/1) and
Timentin (300 mg/l). After 15 days, the regenerated plantlets
were acclimated in a greenhouse. Transgenic plants were
allowed to self-pollinate.

T-DNA integration in the regenerated and acclimated T,
tomato lines was confirmed by PCR using genomic DNA
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extracted from leaves and primers complementary to the
CaSMP promoter and to the GUS coding region (5'-GTC
TGCCAGTTCAGTTCGTTGTTC-3'), respectively. Only
self-pollinated T, progenies were employed in subsequent
assays.

Histochemical analysis

Promoter activity was assessed by histochemical GUS
staining essentially as described by Jefferson et al. (1987).
Different organs/tissues (root, stem, leaf, flower and fruits
at different stages of development) were collected from
representative transgenic tomato cv. Micro-Tom lines
(n=4). Southern blot analysis revealed that these lines
harbored single- (n=3) or double-copy (n=1) insertions
of the transgene (data not shown).

For GUS staining, the sampled organs/tissues were
incubated at 37 °C for 16 h in a reaction buffer containing
100 mM of Na,PO,-H,0, 0.5 mM of K Fe(CN)4-3H,0,
10 mM of Na,EDTA-2H,0, 0.1% of Triton X-100, 1 mM
of X-Gluc (5-bromo-4-chloro-3-indolyl-p-p-glucuronide;
50 mg/ml), with an additional supplement of 20% metha-
nol (v/v). Thereafter, samples were immersed in ethanol
70% for 24 h for complete chlorophyll removal. After this
period, the stained samples were photographed.

Results

Identification of the EST candidate and validation
of its organ/tissue-specific expression

Aiming to discover novel organ/tissue-specific promot-
ers for use in coffee biotechnology, we searched for fruit-
specific gene candidates within a set of coffee ESTs with
categorized organ/tissue expression profiles. As a result,
an EST (CA00-XX-FR2-061-H09-JE; 664 bp) predicted
to be exclusively present in a library (FR2) made from
floral buds, pinhead fruits, and fruits at developmental
stages 1 and 2 (Vieira et al. 2006) was identified. To vali-
date this predicted in silico expression profile, the organ/
tissue-specific expression of the selected EST candidate
was examined using RT-qPCR. As can be seen in Fig. 1,
the corresponding transcripts were exclusively detected in
a sample composed of a pool of coffee fruits at different
developmental stages, while no transcripts were detected
in the other coffee organs/tissues investigated, thus con-
firming restricted EST expression in coffee fruit tissues.
Overall, these results corroborate the corresponding gene
as a good tissue-specific candidate for promoter isolation.
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the LEA protein family (Hundertmark and Hincha 2008).
The so-called SMPs (also known as LEA D-34) contain the
Pfam conserved domain PF04927 (Bateman et al. 2002),
which is present in two copies within the putative polypep-
tide. BLAST searches revealed aa identity of 55% with the
LEA D-34 proteins of Cucumis melo and Cucumis sati-
vus, respectively, suggesting that the cognate gene (termed
CaSMP) encodes a putative SMP specifically expressed in
coffee fruit tissues.

Noteworthy, additional searches in the C. canephora
genome (http://coffee-genome.org/) allowed the identifi-
cation of a gene (Cc04_g16680) sharing 98% nucleotide
identity with the C. arabica EST sequence. Likewise, the
encoded product (274 aa in length) shares 97% aa sequence
identity with the predicted peptide encoded by the C. ara-
bica EST ORF. This orthologous gene (CcSMP), located on
chromosome 4 of C. canephora, contains three exons and
two introns. RNA-Seq expression data derived from different
organs/tissues libraries available at the Coffee Genome Hub
(http://coffee-genome.org/coffeacanephora) indicate moder-
ate expression of this gene in stamens.

To confirm the phylogenetic relationship of CaSMP
with other members of the LEA family, a phylogenetic
tree was constructed using the deduced aa sequences of 51
LEA proteins from A. thaliana (Hundertmark and Hincha
2008) and three SMPs from tomato (Cao and Li 2015).
The homologue of CaSMP from C. canephora was also
included. The presence of nine distinct LEA groups was
observed in the generated tree (Fig. 2), which is consistent
with the results previously described by Hundertmark and

WP
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o

AtSMPS

Sismp,
of ~Atsup,

SMP

Fig.2 Unrooted phylogenetic tree showing the relationship among
CaSMP (depicted with a black diamond), its homolog from Coffea
canephora, three seed maturation proteins from tomato and different
LEA proteins identified in A. thaliana. Values are reported only for
nodes with a-LRT > 50%

Hincha (2008). In general, based on their Pfam domains
and other features, plant LEA can be classified into eight
different groups (LEA1, LEA2, LEA3, LEA4, LEAS,
LEAG, dehydrin and SMP). In the generated tree, an addi-
tional group encompassing the AtM proteins, which are
exclusively present in Brassicaceae species (Hundert-
mark and Hincha 2008), was also observed. As expected,
CaSMP was included in the group that encompasses SMPs
(Fig. 2), being closely related to two SMPs from Arabi-
dopsis (At3g22490 and At3g22500) and one from tomato
(SISMP2/SILEA?21; Solyc09g082110.2). Interestingly, the
corresponding Arabidopsis genes are described as display-
ing seed-specific expression (Illing et al. 2005).
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Expression analysis of CaSMP in coffee fruits
and seeds

To gain insights into the transcriptional regulation of
CaSMP, a detailed analysis of its spatiotemporal expression
was undertaken using entire coffee fruits harvested at differ-
ent developmental stages and coffee seeds at different imbi-
bition times. The results obtained using entire coffee fruits
(C. arabica cv. Obatd) revealed the presence of CaSMP
transcripts in all developmental stages examined (Fig. 3).
Noteworthy, the lowest level of transcript accumulation was
detected during fruit expansion (stage 2), while peak accu-
mulation was observed at stage 4 (yellow/green). A gradual
decrease in transcript levels was observed thereafter [rip-
ening stages 5 (green/cherry) and 6 (cherry), respectively],
but this reduction was not statistically significant compared
to the pinhead stage used as calibrator. The yellow/green
phenological stage, when the fruit pericarp turns yellow,

coincides with the final stage of endosperm development
(Salmona et al. 2008; Joét et al. 2009).

CaSMP expression was further evaluated in the pulp
and endosperm separated from coffee fruits (C. arabica cv.
Catuai Vermelho) harvested at different stages of develop-
ment (90, 180, and 240 DAF). The results obtained revealed
a low expression of CaSMP in the pulp of all fruit stages
examined (Fig. 4). Relatively low CaSMP transcript levels
were also found in the endosperm at 90 and 180 DAF, but
a significant increase was detected at 240 DAF, reaching
a maximum at this latter developmental stage (Fig. 4). It
should be emphasized that Obata and Catuai Vermelho are
late and intermediate maturation cultivars, respectively, a
feature that, associated with punctual environmental effects,
could explain the observed differences in gene expression
timing of CaSMP (Gaspari-Pezzopane et al. 2012). Never-
theless, taken together, these results indicate that CaSMP is
preferentially expressed in the endosperm.

Fig.3 Relative expression of 1.8 -
CaSMP in coffee (C. arabica cv. c
Obata) fruits at different stages o 1.6 1 T
of development: (1) pinhead; (2) a3 14 - T
expansion; (3) green; (4) yel- g
low/green; (5) green/cherry and m 1.2 - T
(6) cherry. The relative expres- o 1A 1
sion in stage 1 was arbitrarily =
set to 1 and used as calibrator. ® 0.8 - T
Average data with standard &) 0.6 4 * l -
errors from three replicates a -
is presented (¥*p <0.05). Data S 04 -
analysis was performed using %
REST software O 0.2 A
0
Q’bb ) \o(\ o O \6 @
oS & o O O d
Y \\oé &
1 )
Fig.4 Relative expression 3.5 -
of CaSMP in the pulp and *
endosperm of coffee fruits (C. c 3 4 T
arabica cv. Catuai Vermelho) -g @Pulp
harvested at different sampling 8 2.5 1 OEndos
times: 90, 180 and 240 DAF. 5 perm
The relative expression in pulp o 2
samples at 90 DAF was arbitrar- S
ily set to 1 and used as calibra- w 1.5 -
tor. Average data with standard E
errors from three replicates Q 11 % ® T
is presented (*p <0.05). Data S I N I
analysis was performed using ({g 0.5 4 i = *
O
REST software 0 %
90 180 240
-0.5 -
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Additional expression analysis performed using coffee
seeds at different imbibition times revealed no substantial
variation in CaSMP expression from O to 24 h post-imbi-
bition (Fig. 5). On the other hand, a significant decrease in
CaSMP transcript accumulation was observed after 48 and
72 h of imbibition, with the lowest expression level observed
after 72 h. These results suggest that CaSMP expression
is down-regulated during seed imbibition. Consistent with
this, a decreased expression of two SMP genes from Bras-
sica was observed during seed germination on water (Soeda
et al. 2005).

Amplification and analysis of the CaSMP promoter
region

As a subsequent step towards functional analysis of the CaSMP
promoter, a primer-assisted GW approach was employed to
amplify its 5'-flanking region. The nucleotide sequence of the

GW-amplified fragment (~ 1.4 kb) was determined (Supple-
mentary Figure S1) and then subjected to a search for cis-
regulatory elements using specific databases. As shown in
Table 1, this analysis enabled the identification of regulatory
elements known to be involved in seed-specific (numerous
E-box motifs) and endosperm-specific (one prolamin-box and
6 Skn-1-motifs) gene expression, which were also retrieved in
the promoter region of a bean-specific dehydrin gene (CcDH?2)
from C. canephora. The CaSMP promoter region also har-
bored regulatory sequences required for hormone regulation,
such as the abscisic acid (ABA)-responsive (ABRE) and the
gibberellic acid (GA)-responsive (GARE) elements, and two
motifs involved in heat stress (HSE) and low temperature
(LTR) responsiveness, respectively (Table 1). Both GA and
ABA have been implicated in the control of the germination
process in coffee (Silva et al. 2005, 2008) and in the regulation
of LEA genes in coffee and other species (Hinniger et al. 2006;
Hundertmark and Hincha 2008; Pedrosa et al. 2015). On the

HH
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R 04 -
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0.2 A
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0 1

6 12 24 48 72
Time after imbibtion (h)

Table 1 Main cis-regulatory elements found in the CaSMP 5'-upstream region (1.4 kb)

Element Sequence Position (strand)* Function References
ABRE GACATGTGGC — 984 (+) Abscisic acid-responsive element Guiltinan et al. (1990)
GARE AAACAGA — 1300 (-) Gibberellin-responsive element Skriver et al. (1991)
Prolamin-box TGTAAAG — 546 (+) Endosperm-specific expression Forde et al. (1985)
E-box CANNTG Numerous Seed-specific expression Stalberg et al. (1996)
LTR-motif CCGAAA — 1033 (+) Response to low temperature Dunn et al. (1998)
Skn-1-motif GTCAT —-34(+) Endosperm-specific expression Washida et al. (1999)

— 188 (-)

- 228 (-)

—-529 (+)

— 640 (+)

— 1203 (+)
HSE AAAAAATTTC - 1115 (+) Heat stress responsiveness Pastuglia et al. (1997)

*Positions of the regulatory elements relative to the start codon (A + 1)
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other hand, the HSE and LTR elements are generally retrieved
in the promoter regions of LEA genes from other plant species
(Hundertmark and Hincha 2008; Pedrosa et al. 2015). Further-
more, different putative MYB recognition binding sites and a
predicted “TATA box” motif were found. These results con-
firm the presence within the investigated promoter region of
regulatory elements potentially involved in the tissue-specific
control of CaSMP and suggest its regulation by ABA and GA,
hormones typically associated with the regulation of genes
encoding LEAs (Arenas-Mena et al. 1999).

Functional analysis of the CaSMP promoter
in tomato cv. Micro-Tom

To investigate the transcriptional and spatiotemporal activi-
ties of the CaSMP promoter, a CaSMP:GUS expression
cassette was stably transformed into tomato cv. Micro-Tom
using an Agrobacterium-mediated method (Pino et al. 2010).
Of note, tomato has been considered an excellent model sys-
tem to investigate promoters specifically active in reproduc-
tive organs (Sorkina et al. 2011). Analysis of GUS activity
in four independent transgenic Micro-Tom lines revealed
consistent GUS staining in the ovules of immature fruits
(Fig. 6; immature fruits; left panel). In contrast, reporter
activity was undetectable in different vegetative organs/
tissues and in flowers. Likewise, GUS staining was promi-
nent in the ovules of immature fruits from control plants
carrying the DR5:GUS cassette (Fig. 6; right panel). In
these plants, however, a low basal reporter activity was also
detected in the other organs/tissues analyzed, while in flow-
ers, GUS staining was only evident in the peduncle (Fig. 6;
right panel). DRS is a synthetic auxin-responsive promoter
that drives basal GUS expression in regions associated with
auxin accumulation (Ulmasov et al. 1997). No staining was
observed in non-transgenic Micro-Tom plants used as nega-
tive control (data not shown).

To gain complementary information about the CaSMP
promoter activity in fruits, GUS expression was evaluated
in transgenic tomato fruits at different stages of develop-
ment and ripening (from 10 to 50 DAF). As shown in Fig. 7,
GUS activity was clearly evident in the ovule of immature
green fruits (between 20 and 30 DAF) and undetectable in
the seeds of mature red fruits. Overall, our results indicate
that the CaSMP promoter is specifically active in the ovule
of immature tomato fruits and does not promote expression
in any vegetative organs/tissues.

Discussion
Seed-specific promoters represent useful tools to fine-tune

the expression of transgenes in the seeds aiming at differ-
ent biotechnological applications. In coffee, such promoters
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CaSMP-GUS DR5:GUS

| Root

Stem

Young leaf

| Old leaf

Flower

Immature fruit

Mature fruit

Fig.6 Histochemical analysis of GUS activity in different organs/tis-
sues of tomato (cv. Micro-Tom) transformed with the expression cas-
sette CaSMP:GUS. The observed expression patterns were compared
with those obtained in tomato (cv. Micro-Tom) plants carrying the
DR5:GUS expression cassette. Images of a representative transgenic
tomato line were used

are particularly interesting to improve grain quality and to
engineer resistance to biotic factors. Currently available cof-
fee promoters showing seed specificity include the 11S seed
storage protein (Marraccini et al. 1999) and the non-specific
lipid-transfer protein (Cotta et al. 2014) gene promoters
from C. arabica and the dehydrin gene promoter from C.
canephora (Hinniger et al. 2006).

Here we employed an EST-based approach to identify
a novel seed-specific promoter from C. arabica. The cog-
nate gene (CaSMP) codes for a not yet characterized coffee
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10 DAF

40 DAF

Fig. 7 Histochemical analysis of GUS activity in transgenic tomato
(cv. Micro-Tom) fruits at different developmental stages recorded as
DAF. Images of a representative CaSMP:GUS transgenic tomato line
used

SMP-like protein belonging to the LEA family. SMPs, first
described as LEA D-34 in cotton seeds (Baker et al. 1988),
are atypical LEA proteins having an amphipathic structure
and a high content of hydrophobic residues. Although poorly
characterized, SMPs usually accumulate in seeds at the final
stage of maturation (Chatelain et al. 2012) and have been
proposed to play a role in the acquisition of desiccation tol-
erance and longevity (Soeda et al. 2005; Boudet et al. 2006;
Chatelain et al. 2012).

Our data demonstrate that CaSMP was predominantly
expressed during the intermediate stages of coffee fruit
development and, despite a residual expression in the
pulp, was significantly accumulated in the endosperm at
240 DAF. This is consistent with the presence of different

conserved motifs related to endosperm-specific expression
in the CaSMP promoter region. It should be emphasized
that a delay between transcript and protein accumulation
has been observed for different LEAs from Medicago trun-
catula, including a SMP, suggesting that SMP abundance
during seed maturation is under post-transcriptional regula-
tion (Verdier et al. 2013; Leprince et al. 2017). Additional
expression analysis revealed that CaSMP transcript accu-
mulation during seed imbibition was low, compared to the
control, and was significantly down-regulated after 48 h.
This is fully consistent with previous studies showing the
down-regulation of SMP expression in imbibed seeds and
during seed germination (Arenas-Mena et al. 1999; Soeda
et al. 2005).

Based on gene expression clustering, Salmona et al.
(2008) reported the existence of three major phenological
gene clusters in developing coffee seeds that oppose the late
maturation stages to the early and intermediate stages. Inter-
estingly, CaSMP showed an expression pattern similar to the
genes grouped in the so-called C-III3 cluster, which com-
prises marker genes of the developing endosperm. In this
respect, SMPs are often reported as preferentially expressed
in the endosperm and embryonic axes of the seed. In rice,
for example, a genomic survey of endosperm-specific genes
identified at least three genes encoding SMPs (Nie et al.
2013). In a proteomic study employing M. truncatula seeds,
a high content of the SMP D-34.1I isoform was observed in
the seed embryonic axis (Chatelain et al. 2012). Of note,
CaSMP is closely related to the Atrab28 protein from Arabi-
dopsis (named AtSMP2 in the phylogenetic tree), which is
abundant in the provascular tissues of mature embryos and
in the seed coat outer tegument (Arenas-Mena et al. 1999).
Taking into account that developing coffee seeds do not
undergo desiccation upon maturation, and that water con-
tent at the end of endosperm development is relatively high
(~50%) compared to orthodox seeds (Eira et al. 2006), a
more general role for CaSMP in coffee seed stress tolerance
could be envisaged. This hypothesis is consistent with previ-
ous studies highlighting the protective role of these proteins
in seeds during stress (Boucher et al. 2010; Amara et al.
2013), but further experimentation is needed to unravel this
point.

In line with its specific expression in coffee seeds, inspec-
tion of the amplified CaSMP 5'-upstream region revealed the
presence of cis-regulatory elements typically found in the
promoters of seed-specific genes. Among them, the E-box
has been shown to function in mediating high expression
levels in seeds (Chandrasekharan et al. 2003; Kim et al.
2005). In this regard, validation of the cloned promoter frag-
ment in transgenic tomato Micro-Tom lines corroborated
promoter activity in the ovules of immature fruits, while
no activity was observed in ripening fruits and in the other
organs/tissues analyzed. Furthermore, GUS staining was
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apparently restricted to the seed coat and was not detectable
in the endosperm, a feature that requires further examina-
tion. Also noteworthy is the fact that the cloned promoter
was not able to completely reproduce the temporal expres-
sion pattern of the endogenous CaSMP gene, a feature that
could be attributed to the lack of additional cis-regulatory
elements within the cloned promoter or the absence of a
Coffea-specific transcription factor in tomato seeds.

In summary, through its seed-specific expression pat-
tern, the CaSMP promoter may be a suitable tool to direct
transgene expression at a specific stage of coffee seed devel-
opment, which is especially attractive for targeting pathways
involved, for example, in caffeine biosynthesis and cup qual-
ity. Moreover, the successful validation of CaSMP promoter
activity using Micro-Tom indicates that it might be poten-
tially useful for a wide application in plant biotechnology.
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