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Lipids are among the major chemical compounds present in coffee beans, and they affect the flavor and
aroma of the coffee beverage. Coffee oil is rich in kaurene diterpene compounds, mainly cafestol (CAF)
and kahweol (KAH), which are related to plant defense mechanisms and to nutraceutical and sensorial
beverage characteristics. Despite their importance, the final steps of coffee diterpenes biosynthesis
remain unknown. To understand the molecular basis of coffee diterpenes biosynthesis, we report the
content dynamics of CAF and KAH in several Coffea arabica tissues and the transcriptional analysis of
cytochrome P450 genes (P450). We measured CAF and KAH concentrations in leaves, roots, flower buds,
flowers and fruit tissues at seven developmental stages (30e240 days after flowering - DAF) using HPLC.
Higher CAF levels were detected in flower buds and flowers when compared to fruits. In contrast, KAH
concentration increased along fruit development, peaking at 120 DAF. We did not detect CAF or KAH in
leaves, and higher amounts of KAH than CAF were detected in roots. Using P450 candidate genes from a
coffee EST database, we performed RT-qPCR transcriptional analysis of leaves, flowers and fruits at three
developmental stages (90, 120 and 150 DAF). Three P450 genes (CaCYP76C4, CaCYP82C2 and CaCYP74A1)
had transcriptional patterns similar to CAF concentration and two P450 genes (CaCYP71A25 and
CaCYP701A3) have transcript accumulation similar to KAH concentration. These data warrant further
investigation of these P450s as potential candidate genes involved in the final stages of the CAF and KAH
biosynthetic pathways.

© 2016 Elsevier Masson SAS. All rights reserved.
1. Introduction

Coffee is appreciated worldwide as a beverage due to its aroma,
flavor and stimulant properties. Beverage quality is highly related
to the chemical compounds in coffee beans (Oestreich-Janzen,
2010; Scholz et al., 2016). In addition to caffeine, other important
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components of coffee beans include lipids, sugars, trigonelline,
chlorogenic acids and volatile compounds from the plant secondary
metabolism (Speer and K€olling-Speer, 2006; Oestreich-Janzen,
2010). A complex combination of these chemicals determines
beverage sensory characteristics (Oestreich-Janzen, 2010).

Lipids are mainly found in coffee endosperm, with only a small
amount in the fruit outer layer (wax). They represent nearly 15% of
the total chemical compounds in Coffea arabica and 10% in Coffea
canephora green beans (Speer and K€olling-Speer, 2006; Oestreich-
Janzen, 2010). These compounds occur in beans before and after
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roasting processes (Oestreich-Janzen, 2010), and they are probably
related to tolerance against oxidative stresses caused by tempera-
ture variation, acting as membrane stabilizers (DaMatta and
Ramalho, 2006).

The diterpenes cafestol (CAF) and kahweol (KAH) are the major
components of the unsaponifiable lipid fraction in green and
roasted coffee beans (Kitzberger et al., 2013; Scholz et al., 2016).
They also affect beverage quality (Del Terra et al., 2013). In addition,
they are commonly associated with anti-inflammatory, anticarci-
nogenic and antioxidant properties in human health (Chu et al.,
2011). The industrial potential of these compounds is very high:
there are more than 700 patents related to CAF and more than 400
for KAH (October 2016, Google patents survey), including their use
in pharmaceuticals, cosmetic products (oils and sunscreens) and
soluble coffee flavoring. CAF is also related to volatile phenolic
compounds released by flowers, which could be responsible for
attracting pollinators (Del Terra et al., 2013). However, CAF is also
associated with increased cholesterol levels in the blood plasma
(hyperlipidemia) at high ingestion doses, depending on the filter
process method used to prepare the coffee drink (Naidoo et al.,
2011).

The quantitative analysis of CAF and KAH in C. arabica genotypes
showed significant intra-species variability in their concentrations,
suggesting genetic control of their biosynthesis (Kitzberger et al.,
2013). CAF (C20H28O3) and KAH (C20H26O3) have a 20-carbon
kaurane skeleton, and their biosynthesis begins from two iso-
prenoid pathways (Dudareva et al., 2013): i) the cytosolic mevalo-
nate pathway (MVA) and/or ii) the chloroplastic non-mevalonate
pathway (MEP). Both pathways produce isopentenyl pyrophos-
phate (IPP) and dimethylallyl diphosphate (DMAPP), which are
used as substrates for geranylgeranyl diphosphate (GGPP) synthe-
sis. GGPP is one of the substrates used to generate terpenoid
compounds (Dudareva et al., 2013) and is probably used as a sub-
strate to produce CAF and KAH in coffee plants. Multiple enzymes
and substrates for diterpenoid biosynthesis have been described in
recent years (Wang et al., 2012a; Dudareva et al., 2013). However, to
the best of our knowledge, there is no report identifying genes
involved in the final stages of CAF and KAH synthesis/degradation.

Cytochromes P450 (P450s) can recognize and modify the
kaurane skeleton leading to diterpenes production (Wang et al.,
2012a; Zerbe et al., 2013). P450 genes are also responsible for
several secondary metabolites, phytohormones and plant defense
compounds (Nelson and Werck-Reichhart, 2011; Wang et al.,
2012a; Pateraki et al., 2015).

The chemical compounds present in coffee beans are synthe-
tized during fruit development, which can be partitioned into three
stages: initial perisperm development, replacement of the peri-
sperm by the endosperm and fruit ripening (De Castro and
Marraccini, 2006). Perisperm development is very important for
determining the chemical composition and coffee bean size (De
Castro and Marraccini, 2006). CAF and KAH concentrations have
mainly been evaluated in ripe fruit and in green or toasted coffee
grains (Dias et al., 2010; Kitzberger et al., 2013). Most studies were
performed to discriminate commercial roasted and ground coffees
according to chemical composition (De Souza and Benassi, 2012).
However, there is no study that addresses the accumulation dy-
namics of CAF and KAH during C. arabica fruit development,
particularly during their initial growth stages. This information is
crucial for addressing themolecular basis of diterpenes synthesis in
coffee plants.

In this study, we detail the content dynamics of CAF and KAH
during coffee fruit development, as well as their quantification in
leaves, roots, flower buds and flowers. In addition, we analyzed the
transcriptional profile of seven P450 genes potentially involved in
diterpene biosynthetic pathways.
2. Materials and methods

2.1. Plant material

Leaves, roots, flower buds, flowers and fruits of C. arabica cv.
IAPAR59 were collected from field grown plants at the Agronomic
Institute of Paran�a (IAPAR) in Londrina (Brazil). Fruit samples were
harvested monthly after bloom from 30 to 240 Days After Flower-
ing (DAF). All tissues were immediately frozen in liquid nitrogen
after harvesting. Perisperm and endosperm tissues were separated
from the pulp, ground with liquid N2 and stored at �80�C for
further diterpenes quantification and RNA extraction. We used 9
biological replicates (tissues from one plant as a single biological
replicate) and two technical injections for HPLC quantification
analysis. For RT-qPCR analyses, we used bulked plant material in 3
biological replicates, where each replicate was represented by a
pool of tissues from 3 plants, and we performed three technical
replicates for each biological replicate.

2.2. Cafestol and kahweol quantification by HPLC

To determine CAF and KAH content, we followed the protocol
described by Dias et al. (2010) using a reversed-phase Spherisorb
ODS 1 column (250 mm� 4.6 mm id 5mm) (Waters, Milford, USA).
A Surveyor Plus high-pressure liquid chromatography instrument
(Thermo Scientific, San Jose, USA) was used to determine the
diterpenes concentrations. HPLC grade methyl tert-butyl ether
(Acros Organics, New Jersey, USA), analytical grade potassium hy-
droxide KOH (Quimex, S~ao Paulo, Brazil), HPLC grade acetonitrile
(J.T. Baker, Xalostoc, Mexico), and kahweol and cafestol standards
(Axxora, San Diego, USA) were also used for this analysis. Samples
(0.2 g) were saponified at 80�C for 1 h with 2 mL of 2.5 mol L�1

potassium hydroxide (96% ethanol, v/v). After adding 2 mL of ul-
trapure water, the unsaponifiable fraction was extracted with 2 mL
of methyl terc-butyl ether, and after agitation and centrifugation
(3 min at 3000 rpm), the organic phase was collected. This
extraction procedure was repeated three times. Distilled water
(2 mL) was added, and the extract was evaporated to dryness in a
water bath (70�C). After resuspension in 4.0 mL of the mobile phase
(acetonitrile/water 55:45 v/v), the extract was filtered through a
0.45 mm nylon membrane (Millipore, Billerica, USA) and we used a
flow rate of 0.9 mL min�1. The detection of cafestol and kahweol
was performed at 220 and 290 nm, respectively. An oven temper-
ature of 25�C was applied for 20 min. The identification of the
compounds was based on retention time comparisons and co-
elution with known standards. All samples were submitted for
duplicate extraction and injection. Data were analyzed by two-way
ANOVA and Tukey's test (p < 0.05) using Assistat software (www.
assistat.com).

2.3. Selection of P450 candidate genes

Seven P450 genes (Table 1) were selected from a previous study
(Ivamoto et al., 2015) based in the function of putative orthologs
and in silico expression patterns. The P450 candidate gene se-
quences were selected from the Brazilian Coffee Expressed
Sequenced Project (CafEST) (http://www.lge.ibi.unicamp.br/cafe).

2.4. RNA extraction

The total RNA of C. arabica cv. IAPAR59 mature leaves, flowers
and fruit perisperm at three developmental stages (90, 120 and 150
DAF)was extracted as described by a previous study fromour group
(Geromel et al., 2006). Total RNA samples were purified using the
Pure Link Micro to Midi Total RNA Purification System (Invitrogen,
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Table 1
P450 candidate genes identified and selected by in silico approaches.

Coffee P450 name CafEST C. canephora genome Putative P450 function Reference

CaCYP72A15 Contig16992 Cc05_g08890 triterpene biosynthesis Koo et al., 2011
CaCYP94B1 GW461079 Cc01_g18610 jasmonic acid catabolism Heitz et al., 2012
CaCYP76C4 Contig146 Cc02_g36410 monoterpenoid biosynthesis Boachon et al., 2015
CaCYP74A1 Contig7490 Cc10_g03570 lipoxygenase pathway Zhu et al., 2012
CaCYP82C2 Contig17481 Cc04_g10600 homoterpene biosynthesis Tholl et al., 2011
CaCYP701A3 Contig11456 Cc10_g03710 ent-kaurene oxidase Wang et al., 2012a
CaCYP71A25 Contig14459 Cc04_g11300 monoterpenes hidroxylation Li et al., 2010
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Carlsbad, CA, USA) and treated with DNase (Invitrogen, Carlsbad,
CA, USA). The RNA integrity was verified in 1% agarose gel elec-
trophoresis, and its concentration and purity were determined
using a NanoDrop ND-100 spectrophotometer (Thermo Scientific,
San Jose, USA). The absence of genomic DNA contamination was
confirmed by polymerase chain reaction (PCR) using glyceralde-
hyde 3-phosphate dehydrogenase (GAPDH) primers following the
protocol described by Cruz et al. (2009) with 100 ng of RNA
(Electronic Supplementary Fig. 1). Complementary DNA (cDNA)
was synthesized using SuperScript III Reverse Transcriptase (Invi-
trogen, Carlsbad, CA, USA) according to the manufacturer's in-
structions with a final volume of 20 ml using 5 mg of total RNA. The
final cDNA products were diluted tenfold prior to use in quantita-
tive polymerase chain reaction (RT-qPCR).

2.5. Transcriptional profiles of P450 candidate genes by qPCR

Primers were designed using Primer Express software version
3.0 (Electronic Supplementary Table 1). Primer specificity was
verified using dissociation curve analysis and the amplicon length
verified in 1% agarose gel electrophoresis. Primer efficiency was
calculated using the LinRegPCR software (Ruijter et al., 2009), and
only reactions over 90% efficiency were selected for further anal-
ysis. The transcriptional profile was analyzed by RT-qPCR in a 7500
Fast Real-Time PCR System (Applied Biosystems, Carlsbad, CA, USA)
using SYBR Green PCR Master Mix (Applied Biosystems, Carlsbad,
CA, USA). The reaction mixture contained 12.5 ml of SYBRGreen PCR
Master mix, 10 mM of each primer, 20 ng of cDNA and Milli-Q water
to a total volume of 25 ml. Thermal conditions were 95�C for 10min,
followed by 40 cycles of 95�C for 30 s and 60�C for 60 s. Melting
curves were analyzed to verify the presence of a single product,
with a negative control. All reactions were performed using three
technical and biological replicates. Relative expression was calcu-
lated as (1 þ E)�DDCq, where DCqtarget ¼ Cqtarget gene � CqUBQ and
DDCq ¼ DCqtarget � DCqreference sample, with polyubiquitin gene
(UBQ) as the normalizer gene, as recommended for C. arabica plants
(Cruz et al., 2009). Leaf samples were used for calibration. Data
were analyzed by two-way ANOVA and Tukey's test (p< 0.05) using
the software Assistat (www.assistat.com).

3. Results

3.1. Cafestol and kahweol quantification by HPLC

CAF and KAH profiles were determined by HPLC in the leaves,
roots, flowers buds, flowers and fruits (perisperm and endosperm)
collected monthly from 30 to 240 days after flowering (DAF; Fig. 1).
We did not detect CAF or KAH in C. arabica leaves. CAF and KAH
concentration patterns in roots and flower buds were contrasting:
we observed higher levels of KAH (289 mg/100 g FW) and lower
levels of CAF (16.78 mg/100 g FW) in roots, but a higher amount of
CAF (263.75 mg/100 g FW) than KAH (8.74 mg/100 g FW) in flower
buds. Flowers had the lowest total diterpenes levels (69 mg/100 g
FW), with a predominance of CAF over KAH.
In fruits, there was a continued increase of both diterpenes from

the beginning of their development (30 DAF) up to 120 DAF. After
this phase, total diterpenes concentration started to decline. There
was five times more KAH than CAF in C. arabica fruits at 120 DAF
and 150 DAF.

In the perisperm, KAH concentration (Fig. 2A) increased more
than 12-fold from 30 DAF to 120 DAF (81.77e1009.48 mg/100 g
FW). After this period, there was a prompt decline, with KAH
returning to baseline levels at 210 DAF (14mg/100 g FW) during the
final stages of fruit maturation. Higher levels of KAH were also
detected in the endosperm at 120 DAF (721.37mg/100 g FW), with a
slight but steady decrease at the subsequent sample times, fol-
lowed by an increase at 240 DAF (577.48 mg/100 g FW).

In contrast (Fig. 2B), we did not observe significant differences in
CAF content in the perisperm from 30 DAF to 90 DAF. An increase in
CAF levels was observed only at 120 DAF, with a sharp decline after
this period. In the final stage of fruit development, similarly to the
results for KAH, CAF also returned to basal levels in the perisperm.
Meanwhile, the endosperm showed an increase in CAF levels from
120 DAF (48.7 mg/100 g FW) to 180 DAF (137.59 mg/100 g FW).
After this point, there was a small but significant decrease in the
CAF level in the endosperm at 210 DAF, ending with a similar
content to the value observed in the previous sampling period
(124.24 mg/100 g FW at 240 DAF).

KAH values in endosperm and perisperm were similar to the
amount observed in green coffee beans, in a range of 370 to almost
1000 mg/100 g FW (Kitzberger et al., 2013). However, the values
observed for CAF were below the ones usually observed (Kitzberger
et al., 2013, 2016).
3.2. Transcriptional patterns of P450 candidate genes

Seven P450 candidate genes described as related to secondary
metabolite biosynthesis (Ivamoto et al., 2015, Table 1) were
selected for transcriptional analysis using RT-qPCR in the leaves,
flowers and perisperm at 90, 120 and 150 DAF. These tissues were
chosen for further analysis based on displaying the most con-
trasting CAF and KAH contents. All candidate genes have orthologs
in the C. canephora genome (Denoeud et al., 2014, Table 1).

Three coffee organs (leaves, flowers and fruits) were chosen for
transcriptional profile analysis based on contrasting diterpenes
contents (Fig. 1). In addition, we chose three initial fruit develop-
ment stages (90, 120 and 150 DAF) showing high concentrations of
CAF and KAH, especially at 120 DAF (Fig. 1).

Two genes, CaCYP72A15 and CaCYP94B1, showed no expressive
differences in transcriptional profile in the leaves and neither in
fruit perisperm throughout all sampling times (Fig. 3A and B).
These two P450 genes also showed the lowest transcript levels of
all genes analyzed in this study.

CaCYP76C4 (Fig. 3C) and CaCYP74A1 (Fig. 3D) showed similar
transcriptional profiles. We observed higher transcriptional activity
in flowers compared to leaves, and a gradual increase during fruit
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Fig. 1. Cafestol and kahweol contents in leaves, roots, flower buds, flowers and fruits (30e240 DAF) in mg/100 g FW. Kahweol content is shown in red and cafestol in blue. Samples
are the sum of the perisperm and endosperm. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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perisperm development (from 90 to 150 DAF). There was a signif-
icant difference between these two genes in terms of relative
expression values, where CaCYP74A1 transcripts were approxi-
mately 10 times more abundant than CaCYP76C4.

CaCYP82C2 showed the highest transcript levels in the flowers
compared with all other tissues (Fig. 3E). The peak of transcripts in
fruit tissues occurred at 150 DAF (1354-fold), similar to what was
obtained for CaCYP76C4 and CaCYP74A1.

CaCYP701A3 and CaCYP71A25 showed higher transcriptional
activity in the perisperm than in the leaves and flowers (Fig. 3F and
G). For both genes, transcriptional activity peaked in the perisperm
at 90 DAF. However, CaCYP701A3 showed a gradual decrease in
transcript abundance from 90 to 150 DAF, while no significant
CaCYP71A25 gene expression was observed in the perisperm at
120and 150 DAF in comparison with 90 DAF.
4. Discussion

Coffee is a popular beverage due to its stimulant characteristics
and its flavor. Several metabolites related to those characteristics
are synthetized and transported during perisperm development
(Geromel et al., 2006; De Castro and Marraccini, 2006; Jo€et et al.,
2009). CAF and KAH are relevant components of coffee lipidic
fraction but, despite their importance, very little is known related
to their accumulation during fruit development. Most studies have
quantified CAF and KAH in green and roasted beans at the cherry
stage (Dias et al., 2010; Kitzberger et al., 2013) when fruits are ready
to be harvested (around 240 DAF). In our study, CAf and KAH
concentration in mature fruits (240 DAF) were similar to previous
observations on C. arabica green beans, where diterpenes could be
roughly divided in 20% of CAF and 80% of KAH (Kitzberger et al.,
2013). We also quantified CAF and KAH in several vegetative and
reproductive tisues: roots, leaves, flower buds, flowers, perisperm
and endosperm during fruit development (30e240 DAF) to address
the accumulation of these compounds along the fruit maturation
process. Moreover, five P450 genes had transcriptional profiles
with similar patterns to CAF and KAH content, as observed by HPLC
quantification.

In roots, KAH is present in higher concentration than CAF, with
concentration similar to the observed in perisperm (60 DAF). This is
the first report on the occurrence of CAF and KAH in coffee root
tissues. In Arabidopsis, the synthesis in roots of the semi volatile
diterpene rhizathelene is involved in plant herbivory against root-
feeding insects (Vaughan et al., 2013). In rice, diterpenoid phyto-
alexins are produced in the roots in response toMagnaporthe oryzae
attack (Yamamura et al., 2015). Altogether, these results raises
questions on the importance of CAF and KAH accumulation in
coffee root, where we can speculate their participation in herbivore
defense or microbial interactions.

CAF levels were higher in flower buds and flower organs than in
fruit tissues except at 120 DAF. The presence of high levels of CAF in
flower buds and flowers might be attributed to pollinators floral
attractiveness (Farr�e-Armengol et al., 2015). This hypothesis is
based on a previous study showing the grindelic acid accumulation
profile, an important diterpenoid compound also produced in high
levels by flowers from Grindelia robusta plants (Zerbe et al., 2015).

KAH content was lower in floral buds and flower tissues but
considerably higher than CAF during the fruit developmental
stages, peaking at 120 DAF. Interestingly, KAH was the main diter-
pene observed during fruit maturation but had very low level in
flower and flower buds. Therefore, it is possible that this diterpene
is not related to attraction of insects. Based on our CAF and KAH
profiles among organs and tissues, we can also speculate that CAF is
synthetized firstly, and then catalyzed into KAH, but this hypothesis
needs to be further investigated.

Both CAF and KAH had their highest concentration at 120 DAF
(Fig. 1) in fruits (perisperm and endosperm), which may suggests
that diterpenes are mostly synthetized in intermediary rather than
in the initial or final stages of fruit development. Perisperm was
previously described as an important tissue contributing to the
chemical composition of coffee beans (De Castro and Marraccini,
2006; Jo€et et al., 2009) and it showed a higher content of CAF and
KAH than endosperm. Interestingly, the perisperm undergoes
intense cell division and expansion around 120 DAF, which is
responsible for defining the final coffee grain size (De Castro and
Marraccini, 2006). We observed that the contents of these diter-
penes began to decrease in perisperm after 120 DAF and are present
in endosperm from this period until the end of fruit maturation
(240 DAF). During 120 to 240 DAF the perisperm is replaced by the
endosperm in coffee fruits (De Castro and Marraccini, 2006). The
decrease of CAF and KAH in the perisperm may be due to the
disappearance of this tissue and translocation of those compounds



Fig. 2. Quantification of kahweol (A) and cafestol (B) content during fruit development in perisperm (green line) and endosperm (orange line) by HPLC. Fruits do not have any
endosperm tissue prior to 120 DAF. Error bars represent range for replicate HPLC quantifications. Lower-case letters, from a to i, represent significant differences in the mean relative
CAF and KAH values using two-way ANOVA and Tukey's test (p < 0.05). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version
of this article.)
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to the endosperm, similarly to what was observed in sucrose
(Geromel et al., 2006) and chlorogenic acids (Jo€et et al., 2009)
accumulation patterns.

Several studies have been describing the initial steps of diter-
penes biosynthesis (Wang et al., 2012a; Zerbe et al., 2013; Mafu
et al., 2016), where the precursor substrate is the isopentenyl
diphosphate (IPP) molecule formed by MVA (6 steps) and MEP (7
steps) isoprenoid metabolic pathway (Dudareva et al., 2013). IPP is
used as substrate to generate geranylgeranyl diphosphate (GGPP),
thereafter a copalyl diphosphate synthase (CPS) catalyze the
cyclization of GGPP to ent-copalyl diphosphate (ent-CPP), which is
converted to ent-kaurene by kaurene synthase (KS) in several
plants (Wang et al., 2012a; Zerbe et al., 2013; Mafu et al., 2016).
Since CAF and KAH are probable derivatives of ent-kaurene, and
there are several reports attributing to P450s the stereospecific
hydroxylation and oxidation of hydroxyl groups that leads to the
synthesis of several diterpenes (Zerbe et al., 2013; Pateraki et al.,
2015), we hypothesized that the transcriptional evaluation of
selected P450 candidate genes could give us insights on the final
steps from ent-kaurene to CAF and KAH biosynthesis. Therefore, to
identify the best P450s candidate genes possibly related to the final
steps of CAF and KAH formationwe combined our biochemical data
with the P450s transcriptional profile obtained from a previous in
silico analysis (Ivamoto et al., 2015). Based on CAF and KAH con-
centrations, we selected five contrasting samples for diterpenes
accumulation (leaves, flowers and perisperm at 90, 120 and 150
DAF) and five P450s candidate genes for the transcriptional analysis
by RT-qPCR.

CaCYP72A15 and CaCYP94B1 showed no expressive differences
in their transcriptional profile among coffee tissues. Several



Fig. 3. Transcriptional profiles of C. arabica P450 candidate genes in leaves, flowers, and in the perisperm at three developmental stages (90e150 DAF). A: CaCYP72A15. B:
CaCYP94B1. C: CaCYP76C4. D: CaCYP74A1. E: CaCYP82C2. F: CaCYP701A3. G: CaCYP71A25. Error bars represent range for replicate RT-qPCR reactions. Lower-case letters, from a to d,
indicate significant differences in the mean relative expression values using two-way ANOVA and Tukey's test (p < 0.05).
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CYP72As are involved in triterpenoid biosynthesis in plants from
the order Fabales, but less than 25% of this gene family has been
characterized biochemically (Prall et al., 2016). CaCYP94B1 was re-
ported to be involved in the biosynthesis of the phytohormone
jasmonoyl-L-isoleucine (JA-Ile) and in plant development in rice
(Koo et al., 2011). In Arabidopsis, this P450 subfamily catalyzes two
successive oxidation steps of plant hormone JA-Ile turnover (Heitz
et al., 2012). CYP94B3 performed efficiently the initial hydroxylation
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of JA-Ile to 12OH-JA-Ile, with little conversion to 12COOH-JA-Ile,
whereas CYP94C1 catalyzed preferentially carboxy-derivative for-
mation (Heitz et al., 2012). Therefore, CaCYP94B1 is more likely to
be involved in jasmonate-turnover mechanisms rather than CAF
and KAH biosynthesis.

In this study, CaCYP76C4was highly expressed in flowers, where
CAF was also detected in large amounts. The CYP76 subfamilies are
involved in diterpenoid biosynthesis described in rice (Wang et al.,
2012b). OsCYP76M8 are able to catalyze C7-hydroxylation of ent-
kaurene to produce 7a-hydroxyl-ent-isokaurene and three CYP76
(OsCYP76M5, OsCYP76M6 and OsCYP76M8) were described to be
involved in the first step of ent-sandaracopimaradiene catalysis into
oryzalexins A-D (Wang et al., 2012b), which are diterpenoid phy-
toalexins. The preferential expression in flowers of several CYP76
genes has also been reported in Arabidopsis (H€ofer et al., 2014). As
CAF is a volatile diterpene, this gene deserves further investigation
as a candidate for CAF production.

The high expression of CaCYP74A1 in coffee flowers compared
with other tissues also suggest that this gene is related to CAF
synthesis. P450s in the CYP74A subfamily have also been reported
to be allene oxide synthase (AOS), which commits 13-hydroperoxy
linolenic acid (13-HPOT) to the formation of plant defense hor-
mone, jasmonic acid and hydroperoxide lyase (HPL), which con-
verts 13-HPOT into 6-carbon aldehydes and 12-carbon u-ketofatty
acids (Guttikonda et al., 2010). In grape, they were also described as
hydroperoxide lyase (Zhu et al., 2012) and being related to plant
defense hormone biosynthesis (jasmonic acid) and volatile
compounds.

CaCYP82C2 also showed remarkable expression in flowers
compared with the other organs and tissues. The CYP82 subfamily
is described in Arabidopsis to be involved in homoterpene
biosynthesis, with emissions from flowers and from vegetative
tissues upon herbivore feeding (Tholl et al., 2011). In our case,
CaCYP82C2 was 14,000-fold more expressed in flowers than in
leaves. Although these values seemed unusual, there are studies
showing similar transcriptional profiles in Brassica napus and Cur-
curbita maxima (Pant et al., 2008). This gene was also expressed in
the perisperm, in contrast to CaCYP76C4 and CaCYP74A1, particu-
larly at 150 DAF. These three genes warrant further investigation as
putative genes involved in CAF and KAH biosynthesis, as they were
not expressed in leaves.

CaCYP701A3 and CaCYP71A25, showed higher transcriptional
values in the perisperm than in the flowers and leaves. CaCYP701A3
was identified as the ent-kaurene oxidase (KO) enzyme. KO has
already been established as responsible for three catalysis reactions
in the early stages of gibberellin (GA) biosynthesis in rice (Wang
et al., 2012a). The substrates described as GA precursor com-
pounds, geranylgeranyl diphosphate (GGPP), ent-copalil diphos-
phate (CDP), ent-kaurene and ent-kaurenoic acid, are also used in
themiddle steps of ent-kaurene diterpene biosynthesis (Mafu et al.,
2016).

In contrast to CaCYP701A3, the CaCYP71A25 gene was not
expressed during the late stages of fruit development. Described as
the largest P450 subfamily, the CYP71 genes are associated with
several functions (Nelson and Werck-Reichhart, 2011). In tomato,
high expression of LsCYP71A2, a gene related to the hydroxylation
of monoterpenes, was detected during the early stages of tomato
fruit development (Li et al., 2010). This gene is also involved in fruit
development and uses isoprenoid substrates (Li et al., 2010). As the
P450s of the CYP71 subfamily are described as promiscuous en-
zymes, CaCYP71A25 could be involved in CAF and KAH formation
rather than monoterpenes, as observed in tomato. Based on the
higher concentration of KAH in fruits when compared to flowers,
CaCYP71A25 might be involved in the middle steps of KAH
biosynthesis, rather to CAF formation.
Overall, this study is a starting point to improve our knowledge
of diterpenes accumulation pattern in coffee organs and tissues.
The identification of KAH and CAF in the flowers and roots indicates
that they are also important in plant interaction with other or-
ganisms. This report is the first to combine biochemical and tran-
scriptional analysis to identify candidate genes involved in the
middle steps of CAF and KAH biosynthesis. The results allowed us to
identify five genes possibly related to the production of these
diterpenes: CaCYP71A25, CaCYP701A3, CaCYP76C4, CaCYP82C2 and
CaCYP74A1. These genes presented similar transcriptional patterns
to the CAF and KAH accumulation in coffee organs and tissues.

5. Conclusion

Our study is the first to point out the importance of perisperm
development in the accumulation of CAF and KAH in coffee seeds.
We also report five P450 candidate genes with transcriptional ac-
tivity patterns closely related to the accumulation of CAF and KAH
in different organs and tissues. Since P450s is a multigene family
with hundreds of paralogs, we think that our results pave out
further studies to test the role of specific P450s in the CAF and KAH
accumulation/degradation processes.
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