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Abstract The effects of water deficit on photochemical
parameters and expression of several candidate genes were
investigated in drought-tolerant clone 73 of Coffea canephora
submitted to slowly imposed water limitation. Under irriga-
tion, this clone showed low values of stomatal conductance
(gs) and of CO, assimilation rates (4) suggesting that it had a
great efficiency in controlling stomatal closure and transpira-
tion. After water withdrawal, this clone reached a —3.0 MPa
after 15 days without irrigation and showed a slow decrease in
the pre-dawn leaf water potential. Under drought, the suppres-
sion of 4 was accompanied by maintenance of photochemical
quenching (gp) and internal to ambient CO, concentration
(Ci/Ca) ratios as well as by a decrease of non-photochemical
quenching (gy). This is confirmed by the transport rate/CO,
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assimilation (ETR/A) rates that suggested the participation of
an alternative electron sink protecting the photosynthetic
apparatus against photoinhibition. At the transcriptomic level,
high up-regulation of genes encoding for a dehydrin (CcDH3),
an ascorbate peroxidase (CcAPX1), a prephenate-dehydrogenase
like protein (CcPDHI) and a non-symbiotic haemoglobin
(CcNSHI) was also observed upon drought suggesting a strong
induction of antioxidant and osmoprotection systems in this
clone. High expression levels of gene-encoding ABA receptors
(CcPYL3 and CcPYL7) under water limitation were also ob-
served suggesting the involvement of the ABA signaling path-
way in response to drought. All these results where compared to
those previously obtained for drought-tolerant clones 14 and
120. Our results demonstrated the existence of different mecha-
nisms amongst the drought-tolerant coffee clones regarding
water deficit.

Keywords Candidate gene - Coffea canephora - Drought -
Gene expression - Real-time quantitative PCR - Water
potential

Abbreviations
CG Candidate gene
qPCR  Quantitative polymerase chain reaction

Introduction

In many developing countries, the economy but also the
grower’s incomes depend on coffee production. In the context
of the recognized changes of global climate, coffee growth
and yields are expected to be greatly and negatively affected
by water limitation (DaMatta and Ramalho 2006; DaMatta
et al. 2010). Models already predicted that coffee-growing
geographical regions will be affected as a consequence of
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global warming (Assad et al. 2004). The most adverse effects
of drought are earlier leaf senescence and shoot die-back
that can lead to fruit and flower premature abortion, affecting
directly coffee yields and eventually causing plant death in the
case of severe stress condition (Waller et al. 2007). Water
deficits occurring during the reproduction phase are also
known to increase the percentage of bean defects (Silva
et al. 2005). We have recently shown that the biochemical
composition of beans was also modified by drought occurring
during the quiescent phase of coffee development (Vinecky
et al. 2010). In such a context, the creation of new varieties
better adapted to drought is an important issue.

Genetic variability regarding drought tolerance exists with-
in the Coffea genus, mainly in C. canephora species. Guinean
genotypes are considered the most tolerant to drought and
genotypes from the SG1 Congolese group are more tolerant
to drought than those from the SG2 Congolese group
(Montagnon and Leroy 1993). To cope with drought, leaf
folding and inclination are the strategies commonly observed
for drought-tolerant genotypes. Leaf abscission is then reduced,
favouring a rapid recovery of vegetation.

During the last decade, several clones of C. canephora
presenting drought tolerance and other agronomic traits were
characterized (Ferrdo et al. 2000) and regrouped into SG1
group of C. canephora (Lambot et al. 2008). Differences in
root depth, plant-hydraulic conductance and stomatal control of
water use, but not osmotic or elastic adjustments, should largely
explain the differences in relative tolerance to drought observed
between drought-tolerant (D”) and drought-susceptible (D)
clones of C. canephora (Pinheiro et al. 2005). This could be
related to enhanced activity of antioxidant enzymes in this
species like superoxide dismutase (SOD), ascorbate peroxidase
(APX), catalase, guaiacol peroxidase, glutathione reductase
and dehydroascorbate reductase, for example (Lima et al.
2002; Pinheiro et al. 2004). However no significant differences
of activities were observed regarding Reactive Oxygen Species
(ROS) detoxifying enzymes between D' and D® of C.
canephora (Pinheiro et al. 2005). Regarding sugar me-
tabolism, Praxedes et al. (2006) showed maintenance of
sucrose phosphate synthase activity with the decrease of
predawn leaf water potential (¥,4) for the D' clone 120
but not for the D° clones. According to DaMatta et al.
(2003), the better crop yield of D' clones compared to D°
ones, is mainly associated with the maintenance of leaf area
and tissue-water potential that are consequences of reduced
stomatal conductance (g;). Such observations suggest the
existence of different biological mechanisms conferring
drought tolerance in C. canephora.

At the gene expression level, drought also reduced drasti-
cally the leaf expression of RBCS/ gene encoding the
ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco)
in plants of C. canephora and C. arabica grown in greenhouse
and field condition, respectively (Marraccini et al. 2011).
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During the same work, significant differences for the rate of
decrease in the predawn leaf water potential (RDPWP)
were observed between drought-tolerant clones, as the Wpd
of —3.0 MPa for the stressed (NI) condition in the greenhouse
was reached within 12 days for clones 14 and 120 and 15 days
for clone 73. Using the Brazilian Coffee Genome project
(Vieira et al. 2006; Mondego et al. 2011) as a source of nucleic
database, we recently reported the identification of more than
forty candidate genes (CGs) presenting differential expression
profiles in leaves of D" clones (14 and 120) and D® clone 22 of
C. canephora var. conilon grown in greenhouse with or with-
out water limitation (Marraccini et al. 2012). These CGs were
separated in two classes: (i) genes with increased expression
under drought, for example like CcGRPI, CcHSP1, CcDH3
and CcAPXI encoding a glycine-rich proteins, heat shock
proteins, dehydrins and ascorbate peroxydase, respectively
and (ii) genes with decreased expression under drought, like
those coding for proteins involved in the photosynthetic
reaction (e.g. CcRBCSI, CcCABI, CcPSBO, CcPSBP and
CcPSBQ), for example.

The present work (i) analyses the characteristics of D"
clone 73 of C. canephora and (ii) compares the physiological
parameters and CG expression profiles in this clone with
those previously obtained for the D' clones 14 and 120.

Results

Physiological Responses of the Drought-Tolerant Clone 73
of C. Canephora

Leaf ¥4 close to zero confirmed the unstressed condition of
irrigated plants (data not shown). Under irrigation, D" clone 73
values of internal to ambient CO, concentration ratio (C/C,,),
maximum photochemical efficiency (F,/F.,), quantum yield of
PSII electron transport (Ppgyy), non-photochemical quenching
(gn), photochemical quenching (gp) were equal to those of DT
clones 14 and 120 (Fig. 1). The same was observed for Pg
(fraction of PPF absorbed in PSII antennae and neither used in
photochemistry nor dissipated thermally) and electron transport
rate/CO, assimilation rates (ETR/A). The only differences be-
tween these clones concerned the values of CO, assimilation
(A4) and stomatal conductance (g,) which were smaller for the
clone 73 than the two others. When established for clone 73,
drought led to decreases in both g5 and 4, 76 % and 90 %,
compared to 80 % and 73 % for clone 14 and 72 % and 86 %
for clone 120, respectively. For the clone 73, the g reduction
was not accompanied by a decrease in the Ci/Ca ratios, like
observed for clones 14 and 120.

Regarding the maximum photochemical efficiency of
PSII (evaluated by the F,/F,, ratio), similar values were
observed under irrigated (I) and non-irrigated (NI) condi-
tions for D" clone 73. These values were also close to that
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Fig. 1 Effects of drought on physiological parameters. Results of CO,
assimilation rate (4), stomatal conductance (gy), internal to ambient
CO, concentration ratio (C;/C,), maximum photochemical efficiency
of PSII (F/Fp), quantum yield of PSII electron transport (®psp),
photochemical (gp) and Stern-Volmer non-photochemical (¢x) quench-
ing coefficients, the fraction of PPF absorbed in PSII antennae and
neither used in photochemistry (Pg) and electron transport rate/CO,
assimilation rates (ETR/A) are presented for clones 14, 73 and 120 of C.

considered as an optimum (0.80), therefore indicating that no
photoinhibitory damage occurred. The reduction of 4 under
drought was not accompanied by a reduction of gp while
decreases were observed for gy and @pgyy. It is worth noting
that Pg did not increased significantly under NI condition for
clone 73 while the contrary was observed for D" clones 14
and 120. In addition, the electron transport/CO, assimilation
rate (ETR/A) was significantly higher for clone 73 than for
the two other clones.

Expression Profiles of Candidate Genes

The CGs previously identified to present differential expres-
sion under drought in leaves of the D' (14 and 120) and D®
(22) clones of C. canephora (Marraccini et al. 2012) were
tested in D' clone 73. Differential expression relative to
drought was analyzed in leaves of this clone by qPCR experi-
ments using the ubiquitin-encoding gene (CcUBQ10) as en-
dogenous control. These CGs were classified according to
their response to drought as shown in the following sections.

canephora with (white isobars) or without (grey isobars) irrigation.
Different small letters denote significant differences among means of
the two genotypes in irrigated conditions. Different capital letters
represent significant differences among means of the three genotypes
submitted to drought-stress by the Newman-Keuls test at P<0.05 (clone
effect). Means for drought-stressed plants marked with an asterisk differ
from those for control plants by F test at P<0.05 (treatment effect). Each
value represents the means + SD of five replicates

Genes with Reduced Expression Under Drought

Q-PCR experiments showed that the leaf expression of twelve
genes in D' clones (Fig. 2) was highly reduced under NI
condition (3.0 MPa) when compared to irrigated condition.
For example, this was the case for the following genes:
CcCAT1I (encoding a catalase isoform 1), CcSDDI (encoding
a subtilisin-like serine protease), CcGASI (encoding a gluco-
syltransferase arbutin synthase, EC 2.4.1.218), CcCCoAOMT1]
(encoding a caffeoyl-coenzyme A 3-O methyltransferase) and
CcPP2C (encoding a type-2C protein phosphatase). Expression
of genes involved in the photosynthetic process like CcCABI
(encoding a chlorophyll a/b binding proteins), CcCA! (encod-
ing a carbonic anhydrase), CcPSBO, CcPSBP and CcPSBQ
genes coding for OEC proteins of the PSII, was also greatly
reduced at —3.0 MPa (Fig. 2). Like for clone 120, CcAPX2
(encoding an ascorbate peroxidase, isoform 2) gene expression
was stable upon drought for clone 73 while it was reduced for
clone 14. Interestingly, for CcPYL3 (encoding an abscisic-acid
receptor), gene expression clearly decreased for clones 73 and
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Fig. 2 Expression profiles of genes down-regulated during drought.
Gene expression was analysed in leaves of DT clone 73 (this work, grey
isobar) and compared to those previously obtained for D” clones 14 and
120 (white isobars) of C. canephora grown under (I) or without (NI)
irrigation (Marraccini et al. 2012). The gene names are indicated in the

120 but not in clone 14. In that case and whatever the water
condition, the CcPYL3 expression was always higher in 73 than
in the two other DT clones.

Genes with Increased Expression Under Drought

Q-PCR analyses identified 23 genes with increased expres-
sion under drought, as observed for CcMPRI (encoding for
the mannose 6-phosphate reductase that converts mannose-
6-P to mannitol-1-P), CcGRPI (encoding for a glycine-rich
protein), CcHSP1 (encoding a small heat shock protein) and
CcUNK 10 (encoding for protein of unknown function) for
example (Fig. 3). For the latter gene, similar expression
profiles were obtained using different endogenous control
genes (data not shown). For all D" clones, the up-regulation
of gene expression observed under water limitation was in
the same order of magnitude.

Drought also increased the expression of CcRD29,
CcDREBI and CcRD26 genes, coding for a RD29-like pro-
tein, an AP2/ERF DREB-like and a NAC-RD26-like tran-
scription factors, respectively. It is worth noting that the
expression of CcRD29 and CcDREBI was higher in clone
14 than in clones 73 and 120 under NI condition. For the
CcRD26 gene, D' clone 73 showed the highest expression.
For these three genes, lowest expressions were always ob-
served in clone 120 leaves under water limitation.
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histograms. Transcript abundances were normalized using the expres-
sion of the CcUBQI0 gene as endogenous control. Results are
expressed using 141 as reference sample. Values of three technical
repetitions are presented as mean = SD (bar)

Transcript accumulation under drought was also observed
for the genes CcUNKS (unknown function), CcDH3 (encoding
a dehydrin), CcPDH1 (encoding a prephenate-dehydrogenase
like protein), CcTRAF'I (encoding a TRAF-like [tumor necrosis
factor receptor, TNFR] associated factors) and CcNSHI
(encoding a GLB2-like non-symbiotic hemoglobin) genes.
For these five genes, gene expression levels observed under
NI condition were always higher in D' clone 73 than for the two
others.

Drought also up-regulated the expression of CcEDRI
(encoding an enhanced disease resistance [EDR]-like MAPKK
kinase protein), CcHDZI (encoding a leucine zipper hypothet-
ical protein, isoform 1) and CcAPRI (encoding an aldose-
phosphate reductase) genes but in different manners in the three
D' clones. Up-regulated expression under drought was
observed for CcEDRI gene, the clone 73 showing the
highest levels even under unstressed conditions. For
CcHDZI, CcAREBI, CcABI5 and CcAPRI genes, highest
expressions were observed for clone 14 under drought.
However, for the two latter regulatory genes, no particular
up-regulated expression was noted under drought for clone 73
that displayed unchanged levels.

Different patterns of differential expression were ob-
served between the three D' clones for the genes CcCLPI
(encoding a calpain protease [Clp] ATP-binding subunit),
CcCAT? (encoding a catalase isoform 2) and CcUNK]/
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Fig. 3 Expression profiles of genes up-regulated during drought. Gene
expression was analysed in leaves of D' clone 73 (this work, grey
isobar) and compared to those previously obtained for DT clones 14
and 120 (white isobars) of C. canephora grown under (I) or without
(NI) irrigation (Marraccini et al. 2012). The gene names are indicated in

(unknown). For example, CcCLP! expression decreased un-
der NI condition in clones 73 and 120 but increased in clone
14. Regarding CcCAT2, up-regulation of expression under
drought was observed for clones 14 and 120 while down-

the histograms. Transcript abundances were normalized using the ex-
pression of the CcUBQ10 gene as a endogenous control. Results are
expressed using 141 as reference sample. Values of three technical
repetitions are presented as mean+SD (bar)

regulation was noticed for clone 73. Regarding CcUNKI,
gene expression was not affected by water conditions for
clone 73 while it decreased for clone 120 and increased for
clone 14. Regarding the genes CcHDZ2 (encoding a leucine
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zipper hypothetical protein, isoform 2), CcPYL7 (encoding an
ABA receptor), and Cc4APXI (encoding an ascorbate peroxi-
dase, isoform 1), expression was clearly induced under NI
condition in clone 73.

Discussion

The analyses of physiological parameters performed under irri-
gation revealed lower values of g, and 4 for D' clone 73 than D*
clones 14 and 120. This suggested that the former had a greater
efficiency in controlling stomatal closure and transpiration and
could also explain the slower decline of ¥4 of clone 73 com-
pared to the two others. However, 73 did not show a reduction of
Ci/Ca under drought, as previously observed for 14 and 120
(Marraccini et al. 2012). The data presented here suggested that
the photosynthetic inhibition of D" clone 73 was due to stomatal
closure or to non-stomatal limitation of photosynthesis, possibly
associated with a decrease of Rubisco carboxylation.

For the three DT clones, the reduction of ®pgyy accompanied
with unaltered values of F,/F,, ratio was probably associated
with a PSII inhibition during photosynthesis. Such a reduction
should indicate a capacity of photoprotection by adjusting the
rate of electron transport to the rate consumption of reducing
power under water deficit (Praxedes et al. 2006). In 73, the
reduction of 4 under NI condition was accompanied by a
maintenance of gp and Ci/Ca and by a decrease of ¢y indicating
a participation of an alternative electron sink (Ribeiro et al.
2009). This is confirmed by ETR/A ratio that was significantly
higher under drought in clone 73 compared to 14 and 120. This
increase of ETR/A ratio represents an imbalance between the
electron flow and the CO, assimilation during photosynthesis,
associated with increases in oxygenase activity of Rubisco and
might represent an electron flow to other physiological pro-
cesses rather than to CO, assimilation reactions (Baker 2008).
As a consequence, this photorespiration could protect the pho-
tosynthetic apparatus against photoinhibition by limiting elec-
tron accumulation and ROS formation. The high expression of
CcNHS1 (coding a GLB2-like non-symbiotic haemoglobin) in
D' clone 73 (see below) also suggest the existence of an active
respiration alternative to the mitochondrial electron transport
through the use of nitrate (Dordas 2009).

Another difference between D' clone 73 with D' clones
14 and 120 concerned the fraction of photosynthetic-photon
flux absorbed by the PSII antennae and neither used in
photochemistry nor dissipated thermally (Pg). In clone 73,
Pg did not increase under water limitation as observed for
clones 14 and 120. In these two clones, this excess of energy
can lead to ROS formation by reducing oxygen and protein
damages, as suggested by the decrease of photochemical
quenching (gp). This is not supposed to occur for D' clone
73 which showed equal levels of Pg and ¢p under irrigated
and non-irrigated conditions.
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The effects of water suspension on gene expression were
analysed in leaves of D' clone 73 and compared to those
previously obtained in D clones 14 and 120 (Marraccini
et al. 2012).

In D" clone 73, gene expression decreased under NI condition
for protein-encoding genes involved in the photosynthesis like
CcCABI1, CcPSBO, CcPSBP, CcPSBQ and CcCAI. These
results are similar to those previously observed for the same
genes in clones 14 and 120. A similar response was also ob-
served for CcRBCS1 gene expression that decreased with water
limitation in D" and D® clones of C. canephora (Marraccini et al.
2011). In agreement with the physiological data, these results can
be directly related to a decrease of photosynthesis in leaves of
clone 73 (this study), as well as in those of D" clones 14 and 120
upon drought (Marraccini et al. 2012). These results can also be
associated with the observed inhibition of photosynthesis under
water deficit, known to be due to a decrease in CO, availability
caused by the limitation of CO, diffusion and/or by changes in
the biochemical control of photosynthesis in parallel to the
inhibition of Rubisco and ATP synthesis (Lawlor 2002).
Nevertheless, it is worth noting that under unstressed (irrigated)
condition, the expression levels of CcCABI, CcPSBO, CcPSBP
and CcPSBQ genes were similar for D' clones 73 and 14 and
lower than those of D" clone 120. The high tolerance to drought
of clone 120 photosynthetic apparatus could be directly related to
these differences of gene expression (Pinheiro et al. 2004).

The expression of CcSDDI gene expression coding a neg-
ative regulator of guard cell formation (Von Groll et al. 2002)
was also investigated. For all clones, a drastic reduction of
expression of this gene was observed under drought. In C.
arabica, Grisi et al. (2008) reported that stomatal density
increased upon 10 days of water withdrawal in leaves of the
D' cultivar Siriema while the contrary was observed in leaves
of the D® cultivar Catuai. By analysing different accessions of
C. arabica grown under contrasting climatic and biogeo-
graphic conditions, higher stomatal frequencies were ob-
served under dry and open (full-sun) condition than under
wet-open condition (Kufa and Burkhardt 2011). Stomatal
densities at maximal stress were not evaluated for the different
D' clones of C. canephora. However, the putative function of
the SDD protein and the decrease of CcSDD1 gene expression
under drought seem to be in accordance with increased
stomatal densities observed in C. arabica during short- and
long-term periods of water withdrawal.

A decrease of CcCCoAOMT I gene expression upon water
limitation was also detected for D' clone 73 like previously
reported for the D' clones 14 and 120 (Marraccini et al.
2012). On the other hand, CcPDHI gene expression was
10-fold higher under water limitation in clone 73 than in the
two others. Since prephenate-dehydrogenase is involved in
the tyrosine synthesis and subsequently phenylalanine which
is a precursor of chlorogenic acids (Warpeha et al. 2006),
one could suppose that these secondary metabolites
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could participated in the drought-tolerance of clone 73,
(but to a lesser extend in clones 14 and 120), like suggested to
occur under cold stress conditions (Fortunato et al. 2010).

A general link between protection against oxidative stress
with differences in clonal tolerance to drought was not observed
in previous work (Pinheiro et al. 2004). For example, higher
catalase (CAT) activities were observed in drought-stressed
leaves of D® clones 46 and 109A of C. canephora than in DT
clones 14 and 120. Even if CAT activities were not evaluated
for clone 73, our results showed a decrease of CcCATI and
CcCAT? gene expression under water limitation. Regarding the
ascorbate peroxidase (APX), CcAPXI gene expression in-
creased under water limitation in D' clone 73 while CcAPX2
expression was unaltered by water withdrawal. This results are
in agreement with higher leaf APX activity detected after water
withdrawal in clone 14 than in clone 120 (Pinheiro et al. 2004).

Water withdrawal also increased expression of CcMPRI,
CcGRPI and CcHSPI genes in D' clone 73. For these genes,
clone 73 had similar levels of expression compared to D'
clones 14 and 120 and to DS clone 22 (Marraccini et al.
2012). However, differential expression of M6PR-encoding
gene under drought was observed in C. arabica whereby D"
cultivar IAPARS9 showed a higher increase in expression than
D® cultivar Rubi (Freire et al. 2013). Regarding the up-
regulation of CcMPRI, higher mannitol contents might be
expected in leaves of drought-stressed coffee where it could
serve as a compatible solute or osmoprotectant (Bohnert and
Jensen 1996). It is noteworthy that in Arabidopsis transformed
with the M6PR gene from celery, this transgene led to the
activation of the downstream abscisic acid (ABA) pathway
by up-regulation of ABA receptor genes (e.g. PYL4, PYLS,
and PYL6) and down-regulation of protein phosphatase 2C
genes (ABI1 and ABI2) (Chan et al. 2011), suggesting that
mannitol could also act as a signal affecting gene-
responsiveness to both biotic and abiotic stresses. Our data
indicated a decrease of CcPP2C gene expression under NI
condition in D" clone 73. Silva (2007) showed that severe
drought stress (¥,q=—3.0 MPa) increased ABA in leaves of
D' clone 120 of C. canephora var. Conilon. Our results also
showed differential expression profiles regarding the PIR/
PYL/RCAR type of ABA receptors within the D' clones.
For example, CcPYL3 gene expression decreased under NI
condition for clones 73 and 120 but was low and relatively
unaffected by drought in the case of clone 14. On the other
hand, CcPYL7 gene expression increased after water with-
drawal in DT clone 73, and to a lower extend in clone 14, but
decreased in clone 120. These results are in accordance with
those of Sun et al. (2011) that reported the existence of
differential expression patterns of PYL-encoding genes in
leaves of tomato subjected to dehydration. Expression profiles
of other PIR/PYL/RCAR type-encoding genes should be per-
formed to clarify the differential ABA response among coffee
D' clones.

Altogether, these results support a probable active ABA-
signalling pathway in coffee in response to drought and are
in agreement with the function of PP2C as a negative regu-
lator of this pathway (Hauser et al. 2011). Even if the
CcPP2C down-regulation under drought would probably
sensitize both DT and DS clones to ABA, the observed differ-
ences in gene-expression levels among these clones suggest
a more active ABA signalling pathway in D" clones 14, 73
and 120 than in D% clone 22.

The increased expression of the CcGRPI gene observed
in DT clone 73 after water suspension is in accordance with
the roles played by these proteins in the maintenance, rein-
forcement and repair during dehydration-rehydration pro-
cess (Wang et al. 2009). In the same way, a stress-inducible
expression of CcHSPI gene was observed for D' clone 73.
For these genes, the expression profiles obtained seem to
reflect generic responses of coffee plants to water deficit
since similar responses were observed in all D" clones.

Water limitation also increased expression of CcUNKS,
CcDH3, CcPDHI, CcTRAFI and CcNSH1 genes in D' clone
73. For these genes, expression levels were always higher in
73 than in 14 and 120. These differences can be discussed in
relation to the predicted function of corresponding proteins
regarding water privation. For example, dehydrins are known
to maintain protein folding during desiccation respectively by
physical binding to macromolecule (Close 1996). In many
plants, ABA was shown to control the expression of dehydrin-
encoding genes and consequently the accumulation of
corresponding proteins under dehydration (Wang et al.
2002). In that sense, a high amount of dehydrin expected to
occur in clone 73 as a consequence to the great increase of
CcDH3 expression under drought could participate in the
drought tolerance of this clone by maintaining water status
(Santos and Mazzafera 2012).

Regarding CcNSH1, encoding a non-symbiotic hemoglobin
(nsHDb), expression was 12-fold higher under irrigation condi-
tion and 6- and 20-fold higher under non irrigation condition in
clone 73 than in 14 and 120, respectively. Non-symbiotic
haemoglobins have been shown to be involved in a sequence
of events termed as the nsHb/NO (nitric oxide) cycle in which
NO reacts with ns-HbO, and produces nitrate (NO3") (Dordas
2009). By scavenging NO molecules, the reactions involved
in this cycle oxidize NAD(P)H, therefore maintaining redox
status and glycolysis of the cell. Recent data also showed that
the induction of antioxidant defences by drought and
ABA required the production of NO (Zhang et al. 2007),
indicating that this molecule function as an important endog-
enous plant signalling able to mediate several developmental
and physiological processes (Neill et al. 2008). Thus, the
lower scavenging capacity of CcNSH1 protein expected to
occur for D' clones 14 and 120, suggests that NO levels might
be higher in these clones than in clone 73. Due to oxidative
burst caused by drought and the protective role played by
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HSPs, dehydrins and nsHbs, the increase of their corresponding
gene expression reported here is in accordance with responses
usually observed in other plant species under water limitation
(Shinozaki and Yamaguchi-Shinozaki 1997).

In plants, it is well known that two pathways of signal
transduction exist in the control of stress-related genes: one
dependent of ABA and another independent of this phyto-
hormone (Yamaguchi-Shinozaki and Shinozaki 2005). In
this scheme, it was demonstrated that transcription factors
belonging to the ERF/AP2 family (e.g. DREB), but also
NAC/HD-ZIP transcription factors, controlled co-operatively
or separately the RD29A4 gene expression in an ABA-
independent manner. On the other hand, the expression of
MYB/MYC transcription factors that controls, for example
the expression of the genes RD20A4, 22 and 29B, was shown to
be ABA-dependent. The results presented here for D' clone
73 also demonstrated that water deficit increased the expres-
sion of regulatory genes CcDREBI, CcRD26, CcRD29,
CcHDZI and CcHDZ?2 but also of CcEDRI . For these genes,
expression levels of CcRD26 and CcEDRI were higher in
clone 73 than in clones 14 and 120. The clone 73 also
displayed mRNA levels of CcABI5 and CcAREBI unaffected
by drought and lower than those of D" clones 14 and 120.
These two genes comprise components of the ABA-
dependent pathway while CcHDZI, CcHDZ2, CcDREBI
and CcRD26 are implicated in the ABA-independent
signals (Yamaguchi-Shinozaki and Shinozaki 2005). As
described before for the PIR/PYL/RCAR type-encoding
genes, the differential expression observed among D' clones
also suggests that they respond in a different manner to
drought. Altogether, results presented here clearly demon-
strate that different mechanisms account for drought tolerance
in coffee plants as recently demonstrated by morphological
and physiological analyses (Silva et al. 2013). Our results also
suggest that the molecular responses to drought in coffee
plants involve components of both ABA-dependent and
ABA-independent pathways. Ongoing RNAseq experiments
from roots of D' clones grown under different water regimes
will further increment our understanding on this important
agronomic trait.

Methods
Plant Material

The D" clone 73 of C. canephora Pierre was obtained as
rooted stem cuttings from the Institute for Research and
Rural Assistance (Incaper, Vitoria, Espirito Santo, Brazil)
(Ferrao et al. 2000) and grown in greenhouse (Federal
University of Vicosa-UFV, Minas Gerais, Brazil) condition
(25 °C, 70 % RH, average midday photosynthetic photon
flux 0f 900 umol m 2 s~ ') in pots of 12 L of a mixture of soil,
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sand and manure (3:1:1, v/v/v) at the same experimental
setting as for clones 14, 22 and 120, previously analyzed
(Marraccini et al. 2011, 2012). After 6 months, plants were
separated in two groups: the first one received regular irriga-
tion (I: control) while irrigation was suspended for the second
(NI: drought stress). For both conditions, six plants (biological
repetitions) were analyzed. Fresh leaves (fully expanded
leaves corresponding to the 3rd pair in plagiotropic branches)
were used for physiological and molecular analyses.

Leaves were collected at daytime (around 10:00 am),
immediately frozen in liquid nitrogen and further stored in
the temperature of —80 °C for RNA extractions.

Physiological Analyses

Drought acclimation was evaluated by measuring leaf pre-
dawn water potential (¥,,4) with a Scholander-type pressure
chamber. ¥4 was regularly followed to reach near
—3.0 MPa for drought-stressed plants (Silva et al.
2010). This was accomplished in 12 days for D' clones
14 and 120 and 15 days for D' clone 73 (Marraccini
et al. 2011). Net CO, assimilation rate (4), stomatal
conductance to water vapour (gy) and internal to ambient
CO, concentration ratio (C;/C,) were measured between
10:00 h and noon under artificial and saturating PPF (pho-
tosynthetic photon flux) with a portable open-system infra-
red gas analyzer (LCpro+, Analytical Development Co. Ltd,
Hoddesdon, UK) under a relative humidity of around 80 %.
The chlorophyll a fluorescence parameters were measured
using a portable pulse amplitude modulation fluorometer
(FMS2, Hansatech, King’s Lynn, Norfolk, UK). The
maximum photochemical efficiency of PSII (F,/Fy),
the coefficient of photochemical quenching (gp), the quantum
yield of photosystem II electron transport (®psyp), the non-
photochemical quenching (NPQ) and the fraction of PPF
absorbed in PSII antennae and neither used in photo-
chemistry (Pg) were measured as previously described
(Lima et al. 2002; Pinheiro et al. 2004). For each parameter,
values represent the mean + SD of five replicates.

RNA Extraction

Samples were ground into a powder in liquid nitrogen and total
RNAs were extracted as described previously (Marraccini et al.
2011). RNA quantification was performed using a
NanoDrop™ 1000 Spectrophotometer (Waltham, MA, USA).

Real-Time RT-PCR Assays

Samples were treated with RQ1 RNase-free DNase accord-
ing to the manufacturer’s instructions (Promega, Madison,
WI, USA) to eliminate contaminant genomic DNA.
Synthesis of first strand cDNA was done by treating 1 pg
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of total RNA with the ImProm-II"™ Reverse Transcription
System with oligo (dT;s) according to the manufacturer’s
recommendations (Promega). Real-time RT-PCR assays
were carried out using the 7500 Fast Real-Time PCR
Systems (Applied Biosystems, Foster City, CA, USA) as
described previously (Marraccini et al. 2011). cDNA prepa-
rations were diluted (1/25 to 1/100) and tested by qPCR
using CG-primer pairs previously reported (Marraccini
et al. 2012) that were preliminary tested for their specificity
and efficiency against a mix of cDNA (data not shown). The
gPCR was performed with SYBR green fluorochrom
(SYBRGreen qPCR Mix-UDG/ROX, Invitrogen) according
to the supplier recommendation. Data were analyzed with
the SDS 2.1 software (Applied Biosystems) and normalized
using the expression of CcUBQI10 endogenous control
(Barsalobres-Cavallari et al. 2009). Expression levels were
calculated by applying the formula (1+E) 2" where ACt
target:Ct target gene_ct CcUBQI0 and AACt=ACt target_ACt
reference sample> the 141 always being the reference sample
(expression level equal to 1).

Statistical Analyses

The experiment was a completely randomized block design,
with six treatment combinations, forming a 3/2 factorial
(three clones and two watering regimes) with five blocks.
The experimental plot was one plant per container. All of the
statistical analyses were performed using the Sisvar system
(Ferreira 2011). Significant differences between treatment
means were tested by the Newman—Keuls(clone effect) and
F-tests (treatment effect), at P<0.05.
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