Research Repository UCD

Title

Temperature Impacts the Response of Coffea canephorato Decreasing Soil Water Availability

Authors(s)

Osborne, Bruce A.

Publication date

2020-03-04

Publication information

Osborne, Bruce A. “ Temperature |mpacts the Response of Coffea Canephora to Decreasing Soil
Water Availability.” Springer Nature, March 4, 2020.
https://doi.org/10.1007/s12042-020-09254-3.

Publisher

Springer Nature

Item record/more
information

http://hdl.handle.net/10197/11755

Publisher's statement

Thisarticleislicensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, aslong as
you give appropriate credit to the original author(s) and the source, provide alink to the Creative
Commons licence, and indicate if changes were made. The images or other third party material in
this article are included in the article's Creative Commons licence, unless indicated otherwisein a
credit line to the material. If material is not included in the article's Creative Commons licence and
your intended use is not permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a copy of thislicence, visit
http://creativecommons.org/licenses/by/4.0/.

Publisher's version (DOI)

10.1007/s12042-020-09254-3

Downloaded 2026-05-02 01:15:14

The UCD community has made this article openly available. Please share how this access

benefits you. Your story matters! (@ucd_oa)

© Some rights reserved. For more information


https://twitter.com/intent/tweet?via=ucd_oa&text=Temperature+Impacts+the+Response+of+C...&url=http%3A%2F%2Fhdl.handle.net%2F10197%2F11755

Tropical Plant Biology
https://doi.org/10.1007/s12042-020-09254-3

®

Temperature Impacts the Response of Coffea canephora Check i‘s"
to Decreasing Soil Water Availability

El-Hadji Thioune ' - Susan Strickler® - Thomas Gallagher' - Aline Charpagne** - Patrick Decombes* -
Bruce Osborne' - James McCarthy®

Received: 17 August 2019 /Accepted: 13 February 2020
© The Author(s) 2020

Abstract

Climate change is expected to result in more frequent periods of both low rainfall and above normal temperatures for many coffee
growing regions. To understand how coffee reacts to such change, we studied the physiological and gene expression responses of
the clonal variety C. canephora FRT07 exposed to water deficits under two different temperature regimes. Variations in the time-
dependent impact of water deficits on leaf stomatal conductance and carbon assimilation were significantly different under the
27 °C and 27 °C/42 °C conditions examined. The physiological responses 24 h after re-watering were also different for both
conditions. Expression analysis of genes known to respond to water deficits indicated that drought-related signaling occurred at
both temperatures. Deeper insights into the response of coffee to water deficits was obtained by RNASeq based whole tran-
scriptome profiling of leaves from early, late, and recovery stages of the 27 °C experiment. This yielded expression data for
13,642 genes and related differential expression analysis uncovered 362 and 474 genes with increased and decreased expression,
respectively, under mild water deficits, and 1627 genes and 2197 genes, respectively, under more severe water deficits. The data
presented, from a single clonal coffee variety, serves as an important reference point for future comparative physiological/
transcriptomic studies with clonal coffee varieties with different sensitivities to water deficits and high temperatures. Such
comparative analyses will help predict how different coffee varieties respond to changing climatic conditions, and may facilitate
the identification of alleles associated with high and low tolerance to water deficits, enabling faster breeding of more climate-
smart coffee trees.

Keywords Coffee - Drought - Water deficit - Combined water deficit and high temperature - Physiological responses to water
deficits - Transcriptomic responses to water deficits - Recovery responses
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Introduction

Coffee is a globally important agricultural commodity that is
grown mainly in developing tropical countries. World coffee
production for 2017/18 is predicted to be over 9 million metric
tons (USDA 2017), and much of this is produced by small
holders. The revenue associated with growing green coffee
supports the livelihoods of tens of millions in the tropics
(Bigger and Hillocks 2007; Gennari 2015), and there is rising
concern that these coffee farmers, and the economically im-
portant industry they underpin, will become increasingly im-
pacted by climate change. Probably the most immediate con-
sequences of climate change on coffee production will be
from erratic precipitation fluctuations that are predicted to be
more frequent in many coffee areas in the future, including
fluctuations leading to increasing periods of prolonged water
deficits (Moat et al. 2017; Grosjean et al. 2016). It is also
possible that episodes of low rainfall in the coming years will
also be accompanied by periods of above normal temperatures
(Bunn et al. 2015). In addition to modelling studies predicting
future climate change impacts on several major coffee regions,
analysis of existing weather data indicate that abnormally dry
and hot periods are already occurring in some areas (Cardenas
2014; Craparo et al. 2015; Moat et al. 2017).

Given the growing recognition that climate change could
significantly impact future coffee production, an increased
effort has been directed towards an understanding of how,
and to what extent, Arabica (Coffea arabica L.) and Robusta
(Coffea canephora Pierre ex Froehner) will react to the climat-
ic shifts that are predicted for different coffee growing areas.
Much of the recent research has focused on studies concerning
the response of coffee to environmental factors, including wa-
ter deficits, elevated atmospheric CO, levels, and temperature.
A smaller number of studies have also investigated indirect
climate related effects on coffee, for example, how increased
temperatures could lead to higher numbers of predators, like
the coffee berry borer (Jaramillo et al. 2009), or the white stem
borer (Kutywayo et al. 2013). Although it has been suggested
that altered climatic conditions can influence the severity of
coffee rust (Avelino et al. 2015), more recent work suggests
the high level of coffee rust damage that occurred in Columbia
between 2008 and 2011 may not be strongly linked to climate
during this period (Bebber et al. 2016).

Of all the future climate-related constraints that are expect-
ed to impact coffee, the increasing severity and frequency of
water deficits are predicted to have the biggest influence on
production (DaMatta and Ramalho 2006; Moat et al. 2017).
Consequently, many climate related experimental studies on
coffee plants have focused on the effects of reduced water
availability on coffee physiology, gene expression, and
biochemical composition. For example, Marraccini et al.
(2012) and Vieira et al. (2013) compared variations in the
physiological and gene expression responses of drought
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tolerant and drought sensitive Robusta varieties, and sug-
gested that the drought tolerant clones had subtle differences
in ABA signaling and a better induction of the coffee antiox-
idant and osmoprotection systems. In another examination of
the physiological effects induced by drought, (Menezes-Silva
et al. 2017) explored the effect of repeated rounds of water
deficit and recovery on one Robusta variety. The physiologi-
cal data obtained indicated that plants exposed to multiple
water deficit events had higher photosynthetic rates then con-
trol plants. They also showed that the increased photosynthet-
ic activity was accompanied by an increase in the activity of
enzymes associated with carbon and antioxidant metabolism
Another form of water deficit, due to a change in atmospheric
relative humidity, was recently studied by Thioune et al.
(2017).

Although rising atmospheric carbon dioxide levels is a key
driver of climate change, this may also increase crop plant
productivity in some situations (Deryng et al. 2016). Recent
work has found that higher atmospheric carbon dioxide could
increase photosynthesis for coffee under normal water and
nutrient availability conditions, thus suggesting future in-
creases in global CO, levels may not dramatically alter coffee
production (DaMatta et al. 2016; Verhage et al. 2017). Other
research on coffee explored the effects of both elevated CO,
and above normal temperatures. One group of experiments
indicated that higher CO, reduced many of the negative ef-
fects of higher temperature on photosynthesis (Rodrigues
etal. 2016). Related work following metabolite and enzymatic
activity changes in coffee leaves at different temperatures
found that adequately watered plants subjected to increased
temperatures and high CO, levels exhibited several metabolic
changes favoring acclimation to higher temperatures, al-
though this varied between the different coffee varieties stud-
ied (Martins et al. 2016).

Water deficits are almost inextricably accompanied by ele-
vated temperatures and it is well documented that both sepa-
rately and in combination they can negatively impact coffee
production (DaMatta and Ramalho 2006) and influence coffee
quality traits (Bertrand et al. 2012). However, there are almost
no studies that examine the detailed physiological and gene
expression changes associated with both water deficits and
higher temperatures. The work reported in this study exam-
ined the effect of progressive water deficits and recovery at
27 °C and at 27/42 °C on the leaf physiology of a clonal
C. canephora variety, as well as providing a detailed exami-
nation of the leaf transcriptomic changes associated with wa-
ter deficits in the 27 °C experiment. This first RNA-Seq-based
transcriptomic analysis of progressive water deficits and re-
covery for a clonal variety of C.canephora uncovered an ex-
tensive new set of coffee genes that exhibit differential expres-
sion in response to water availability. New research exploring
these water deficit response genes, as well as related alleles of
other coffee varieties, should contribute to an improved
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understanding of the response of coffee under natural condi-
tions. Furthermore, as the experiments also report on recovery
after exposure to water deficits, the information should also
help shape ideas on the resilience of coffee after prior expo-
sure to water deficits.

Results

In order to understand the effects of a water deficit on
Robusta at both normal and elevated temperatures, we
set up experiments to examine the physiological and gene
expression changes in the leaves of Coffea canephora
variety FRT 07 plants subjected to increased water defi-
cits under two different temperature regimes (27 °C and
27°/42 °C). In the first experiment, FRT 07 plants grow-
ing at 27 °C were not watered for 9 days and the response
of these plants were compared to those of identical well-
watered control plants.. In the second experiment, one set
of FRT 07 plants were left without watering for 9 days,
but were subjected to a daily temperature regime of 27 °C
for 15 h and 42 °C for 9 h. The corresponding controls in
this second experiment were exposed to the same temper-
ature regime but were well watered (heat treatment, no
water deficit). In order to study the early part of the re-
covery process, plants subjected to water deficits were re-
watered and the associated responses were examined.

Leaf Relative Water Content of FRT 07 plants at 27 °C
Versus 27°/42 °C and + Water Deficit

Visual observation of the plants deprived of water at
27 °C showed that the leaves of these plants looked nor-
mal at day 3 but began to show the first signs of
drooping at day 7, with significant drooping seen at day
9. The leaves of plants deprived of water under the
27 °C/42 °C temperature regime looked normal up to
day 4, with some drooping at day 6, followed by severe
drooping, and some evidence of leaf desiccation, at day
9. Figure 1 shows that strong, statistically significant re-
ductions in RWC were found for both sets of plants by
day 9. Plants subjected to water deficit at the higher tem-
perature had the greater loss of leaf water at day 9 (27°/
42 °C RWC 43.1% versus 27 °C RWC 56.3%). When the
water-deprived plants were re-watered, the leaf drooping
associated with both the 27 °C and 27°/42 °C treatments
was reversed completely after 4 h, and dramatic recover-
ies in RWC were also observed (Fig. 1). Measurements
of Fv/fm indicated that there was little change in photo-
synthetic light use efficiency for the plants subjected to
water deficits at either 27 °C or 27 °C/42 °C
(Supplementary Fig. 2).

Stomatal Conductance and Assimilation of FRT 07
plants with and without a Water Deficit at 27 °C
and 27°/42 °C

As the water deficit increased with the 27 °C temperature
regime, g, fell between days 3 and 7, and then remained very
low until day 9 (Fig. 2A). Only a very small level of recovery
in g, was observed for the plants subjected to a water deficit
and grown at 27 °C, 24 h after re-watering. The g values for
the well-watered control plants grown at 27 °C remained sim-
ilar over the 10 days of the experiment. The response of g to
water deficits at 27°/42 °C was quite different (Fig. 2B). In this
case, g decreased slightly after 2 days of withholding water
for both sets of plants (high temperature, with and without
watering), then increased slightly at the 4 day time point,
although leaf to leaf variations were very high. At day 6, g
values for both sets of plants were clearly less than those seen
at days 2 and 4. Interestingly, at day 9, only the plants sub-
jected to water deficits showed a further drop in g, attaining a
lower g than seen in the 27 °C treatment with a water deficit.
It was noted that the standard deviations for both control and
treated plants at 27°/42 °C were generally higher than those
for the plants at 27 °C, suggesting more heterogeneity in the g
response at the higher temperatures. In contrast to the plants
exposed to water deficits at 27 °C, recovery after re-watering
for the plants at 27°/42 °C, with or without a water deficit, was
associated with a dramatic rise in g.

No clear effect of increasing water deficits on CO, assim-
ilation (A) at 27 °C was found until days 7-9, when A de-
creased markedly (Fig. 2C). For the control plants at 27 °C the
A values remained relatively stable. After re-watering, A in-
creased significantly for the 27 °C plants exposed to water
deficits, although the values after 24 h of recovery were only
approximately half of those seen at the start of the experiment.
The response of A to water deficits for the 27°/42 °C temper-
ature regime was quite different to that seen at 27 °C.
Exposure to the higher temperature regime and a water deficit
resulted in a dramatic reduction in A after only 2 days, and this
remained low, but relatively stable, for the remainder of the
period of water deficits. Interestingly the 27°/42 °C control
plants also showed a gradual fall in A up to day 4, after which
this trend was reversed up to day 9. After re-watering and
recovery for 24 h at 27 °C, A increased dramatically for these
27°/42 °C plants subjected to a water deficit. A small increase
in A was also observed for the related control plants (high
temperature treatment) after the 24-h recovery at 27 °C.

Comparison of Leaf Gene Expression Changes
for Plants Subjected to a Water Deficit at 27 °C
and 27°/42 °C

The expression data obtained for previously characterized
genes that are inducible by water deficits, CcDHla and
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Fig. 1 Leaf Relative Water content measurements for Coffea canephora
FRT07 plants subjected to a water deficit and a water deficit under a heat
treatment. Two water stress experiments were carried out at 27 °C and at
27°/42 °C as described in the Materials and Methods. At each time point,
single leaves were harvested from the center of each plant. The data
presented here for both stressed and control plants represent

CcDREBIla, and the heat responsive gene CcHSP90-7 are
shown in Fig. 3. As found previously (Simkin et al. 2008),
the dehydrin gene CcDH1a transcript levels rose markedly
under increasing water deficits for both temperature regimes,
then the levels of CcDH1a fell rapidly and dramatically 4 and
24 h after re-watering. For the high temperature control plants,
only a very weak induction of CcDH1a was detected, with the
highest level of transcripts seen at day 6. CcCDREB1a encodes
a coffee drought inducible Dehydration-Responsive-Element-
Binding transcription factor of the APETALA2 (AP2) gene

a
27°C
5 *k *kk Kk kokk
& 0015
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- *
< %:
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Fig. 2 Stomatal conductance and carbon dioxide assimilation for Coffea
canephora FRTO7 plants subjected to a water deficit and a water deficit
under a heat treatment. Squares and triangles represent control samples
and water deficit samples at each temperature respectively. Panels A and
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measurements from three biological replicates £SD. Squares and
triangles represent control samples and water deficit samples at each
temperature respectively. Statistical analysis was performed as in the
Materials and Methods. Significance levels are indicated ** P <0.05,
*kP < 0.01

family (Alves et al. 2017). The data in Fig. 3 indicates that
DREBI1a only showed detectable transcript increases at day 9
for the 27 °C and 27°/42 °C water deficit treatments, with
possibly a smaller increase at day 9 for the 27°/42 °C water
deficit treatment. No clear increase in CcDREBI1a transcripts
were detected during the 27°/42 °C high temperature treat-
ment only, although some unexpected variations in
CcDREBI1a levels were seen at the start (T =0) and to a lesser
extent, at the end of this experiment. Examination of the tran-
script levels for the CcHSP 90-7 heat shock gene shows that

27/42°C
*
W 5015
o 0.015
Time (Days)
27/42°C
* *
< 15

Time (Days)

B - stomatal conductance, g, mol.m?2.s™; Panels C and D — Assimilation
A, umol CO,.m?.s™". Statistical analysis was performed as in the
Materials and Methods. Significance levels are indicated as * P<0.1,
##* P <(0.05, ***P<0.01
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Fig. 3 Quantitative expression analysis of genes CcDH1a, CcDREBIa,
and CcHSP90-7 in leaves during the different water deficit and/or heat
treatments. Quantitative RT-PCR gene expression profiles were deter-
mined for RNA extracted from one-half of the leaves used for the RWC
analysis in Fig. 1 as described in the Materials and Methods. Transcript
levels (n =3 = SD) were determined relative to the expression of the gene

there was no significant accumulation of these transcripts dur-
ing the water deficit treatment at 27 °C. However, CcCHSP90—
7 transcript levels did increase in both the controls and water
deficit treatment at 27°/42 °C. In both cases, after the 24 h
recovery period ended, the level of CcCHASP90-7 transcripts
returned to the levels seen at T =0.

Transcriptomic Analysis of Leaves during Increasing
Water Deficit and Recovery at 27 °C

To identify new coffee genes exhibiting altered transcript
levels under mild and severe water deficits, and to examine
the response of these genes after re-watering, we employed a
total RNA-Seq approach using leaf RNA associated with dif-
ferent stages of the 27 °C water deficit experiment. The RNA-
Seq libraries generated, which were made using ribosomal
RNA-depleted total RNA samples, each yielded over 70 mil-
lion reads (Table 1). After quality checks, the read data from
the 4 time-points of this experiment were mapped directly
onto the annotated Robusta genome (Denoeud et al. 2014),
resulting in relative expression values (CPM —counts per mil-
lion) for 13,642 genes.

ribosomal protein like 39 (rpl-39) in the same sample. The plants subject-
ed to water stress were re-watered after the 9 day sample was taken.
Statistical significance was determined for each time sample versus the
T =0 sample as described in the Material and Methods. * P < 0.1, ** P <
0.05, **#*P <0.01

Identification of Genes with Strong Differential
Expression under Mild and Strong Water Deficits
at 27 °C

Differential gene expression analysis was carried out to iden-
tify the FRT 07 genes with significant transcript level changes
as the water deficit increased, that is, transcript levels at T =0
versus those found at T=1 (3 days, mild water deficit) and
T=3 (9 days - stronger water deficit). The Venn diagram
presented in Fig. 4 shows that transcript levels increased or
decreased more than 2-fold (log,1; P <0.05) for 362 genes
and 447 genes, respectively, in the leaves under the mild water
deficits (T = 1). As expected, the stronger water deficitat T =3
caused more variations in gene expression, with transcript
levels increasing for 1627 genes and decreasing for 2197
genes, respectively. Fig. 4 also shows that 123 genes were
uniquely up regulated under mild water deficits, while 892
genes were uniquely up regulated as a result of the stronger
water deficit, with 191 genes up regulated under both
conditions. Similarly, 135 genes were uniquely down regulat-
edat T =1, while 1423 genes were uniquely down regulated at
T =3. There were 283 genes down regulated under both levels
of water deficit.

@ Springer
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Table 1 Summary of read data

for the 15 libraries Sample name Number of reads Number of filtered reads Filter reads mapped (%)
SAMO1 72,809,728 48,188,054 97.8
SAMO02 76,333,760 49,883,660 96.3
SAMO3 78,063,526 52,732,660 97.7
SAMO04 77,156,710 50,346,070 96.2
SAMO5 75,655,360 48,156,964 97.4
SAMO06 80,898,232 54,368,124 97.6
SAMO7 77,792,062 46,090,920 97.6
SAMO08 75,032,190 46,301,078 96.3
SAMO09 69,655,698 41,366,494 96.9
SAMI10 71,822,650 40,790,048 97.1
SAMI11 73,606,584 41,509,254 96.2
SAMI2 75,599,376 43,879,404 96.0
SAMI3 70,462,306 42,337,960 972
SAM14 76,022,682 46,540,400 96.9
SAMI15 72,431,912 41,565,506 96.2

The RNA-Seq data not only allowed us to identify genes
whose expression changes in leaves during a water deficit at
27 °C, it also enabled us to follow the changes in transcript
levels for each of these genes across two levels of water avail-
ability, as well as after re-watering (T =5, 24 h after
rewatering). To examine these changes in more detail, we
examined some of the genes that exhibited the biggest UP
changes in transcript levels at T3. The genes chosen are listed
in Supplementary Table 2, and include several transcription
factors (TFs) such as NAC (2), MYB39 related (2), ethylene
responsive transcription factor (1), heat stress related TFs (2),
WRKY (8), and an NFYA type transcription factor, which
exhibited a quite large transcript increase. We also found three
DREB related genes with increased transcripts at T3. The
sequence of one of these T=3 induced genes (DREB-1D
(Alves et al. 2017)) is nearly identical to CcDREB1a that we

T1_up

T5_p

Fig. 4 Numbers of genes showing UP and DOWN expression at 2
different levels of water deficit and 24 h after recovery at 27 °C. Gene
numbers from the RNASeq differential gene expression analysis
represent those that show a>2 fold (Log21) increase or decrease in
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have shown earlier to be induced at T =3 by qRT-PCR (Fig.
3). We also found several “transport protein” associated genes
with increased transcript levels at T = 3, for example one Na+/
Ca2+ exchanger, a boron transporter, an aluminum activated
malate transporter 2, a monosaccharide-sensing protein 2, and
a sugar transport protein. A number of hydrolase annotated
genes similarly showed increased transcript levels at T =3,
such as two endo-beta-glucanases with relatively large tran-
script increases, as well two xyloglucan endotransglucosylase/
hydrolases, and a neutral invertase.

Other genes with notable increases in transcript levels at
T =3 included an asparagine synthetase [glutamine-hydrolyz-
ing], and several ethylene synthesis related genes (two 1-
aminocyclopropane-1-carboxylate synthases, and several 1-
aminocyclopropane-1-carboxylate oxidases). We also found
significant transcript increases for defense related genes like

3 down

T5 down
counts per million (CPM) at the different stages of the experiment
(T1=3 days unwatered, T3 =9 days unwatered, and T5=24 h after

rewatering) versus the expression of these genes in the same plants at
the start of the experiment (T = 0)
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momilactone A synthase, a gene encoding a phytosulfokine
precursor (a possible defense related signaling molecule), a
gene for an aldehyde dehydrogenase, a gene associated with
late blight resistance, and a gene encoding a member of the
NDRI/HINI1-like gene family. A few genes associated with
phenolic metabolism also exhibited significant transcript level
increases at T =3, such as two members of the 4-coumarate-
CoA ligase gene family, two genes for bifunctional 3-
dehydroquinate dehydratase/shikimate dehydrogenase, which
reversibly converts quinate to shikimate, and two anthocyanin
3’-0-beta-glucosyltransferases. Interestingly, several ABA as-
sociated genes showed increased transcript levels at T =3,
such as those that encode an ABA degrading enzyme (abscisic
acid 8'-hydroxylase 4), an MLO-like protein 6, an NDR1/
HINI-like 2 protein, and two genes encoding “aspartic pro-
teinase in guard cell-1” protein.

Examples of genes showing strong reductions in tran-
script levels at T =3 (Supplementary Information Table 3)
include multiple MYB and bHLH related transcription fac-
tor genes. A decrease in transcript levels were also ob-
served for metabolite transport genes, such as several
encoding ABC transporter proteins, three members of the
cationic amino acid transporter family, a metal-
nicotianmine transporter gene, a major facilitator super-
family protein (putative auxin transporter), and several
encoding MATE efflux family proteins. A number of hy-
drolase related genes also had strong reductions in tran-
script levels at T=3, such as two genes encoding
polygalacturonase-1 non catalytic subunit beta (one with
very high expression), two pectate lyases, and three
chitinase related genes. A few genes encoding enzymes
potentially involved in the metabolism of phenolic com-
pounds also had reduced transcript levels at T =3, again
suggesting a reorganization of phenolic metabolism during
episodic water deficits. For example, transcript reductions
were seen for three HXXD/BAHD type acyltransferases,
three bifunctional dihydroflavonol 4 reductases, and two
genes annotated as caffeic acid 3-O-methyltransferases.
Other genes exhibiting striking reductions in transcript
levels at T =3 include a group linked to chlorophyll syn-
thesis, including several highly expressed genes encoding
chlorophyll a-b binding proteins and two magnesium-
chelatase subunit H genes. Transcript reductions were also
seen for multiple genes containing BURP domains, includ-
ing a number of dehydration responsive protein genes
(RD22). Marked transcript reductions at T3 were also
found for genes annotated as “auxin related” and “aspartic
endoproteinase in guard cells”. Finally, significant expres-
sion decreases at T3 were observed for two ABA receptors
(PYL6 and PYL1), three aquaporins, four HSP genes, a
carbonic anhydrase, and a putative carotenoid cleavage
dioxygenase (both the latter two genes were highly
expressed in the leaves of well-watered plants.

Unique Genes Exhibiting Altered Transcript Levels
in Leaves 24 H after Re-Watering

Figure 4 indicates that 388 genes and 290 genes showed
unique increases or decreases of transcript levels >2 fold
(log, 1; P<0.05) after 1 day of recovery from water deficits
(T =5). Of the genes showing transcript increases uniquely at
this stage, only 23 of these showed transcript increases >8 fold
(log, 3) in comparison to T=0 (Supplementary Information
Table 4). Five of these genes were unknown genes (including
three of the top four highly expressed genes of this group).
This group included genes encoding two transcription factors
(a NAC and an ethylene responsive factor), two LRR receptor
like serine/threonine protein kinases, and four genes potential-
ly involved in cell wall modifications (two xyloglucan
endotransglucosylase/hydrolases, a pectin-methylesterase/
PME inhibitor, and a cationic peroxidase). Other genes with
a uniquely high expression at T5 were two cytochrome p450
genes, a phenylalanine ammonia-lyase (PAL) gene, a salicy-
late O-methyltransferase, a BON association protein, and a 1-
deoxy-D-xylulose-5-phosphate synthase potentially involved
in isoprenoid synthesis. Of the genes showing transcript de-
creases at TS5, only three exhibited >8 fold lower expression in
comparison to T=0 (Supplementary Information Table 4),
and two of these genes were unknown genes, and the third
encoded histone H2B.2. Only nine additional genes showed
>5 fold lower expression at T5. Five of these genes encode
uncharacterized proteins, the others are a monothiol
glutaredoxin, a BTB/POZ/TAZ domain encoding protein, an
1Q domain containing protein, and a Tesmin/TOS1-like CXC
domain containing protein.

Gene Onthology Enrichment Analysis of 27 °C
RNA-Seq Data for Mild and Strong Water Deficits
and for 24 Hours after Rewatering

Heatmaps for the UP and DOWN differentially expressed
gene sets were generated from a “Biological Processes”
Gene Onthology (GO) based enrichment analysis. Fig. SA
shows some of the processes “UP only at T=1" include
two processes each for ABA metabolism, alcohol metab-
olism, inositol metabolism, NAD metabolism, and organic
hydroxy compound metabolism. Other uniquely “UP only
at T= 1” genes were for polysaccharide catabolism, pro-
line catabolism, and for reactive nitrogen species metabo-
lism, as well as for responses to oxidative stress and sul-
fate reduction. Processes that are “UP only at T=3" in-
clude ceramide metabolism, clatherin assembly, dephos-
phorylation, and a glutamine family amino acid related
process. Other “UP only at T=3" genes were for glyco-
protein and glycosphingolipid metabolism, nucleobase
containing metabolism, organic cyclic biosynthesis, two
for phospohtidylserine metabolism, three for response
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Fig. 5 GO enrichment heatmap of UP and DOWN regulated genes at
different stages of the 27 °C water deficit treatment. Differentially
expressed “UP” and Down genes were subject to enrichment for GO
biological processes. Enriched processes with an FDR <0.05 were

processes (to oxygen containing compounds, to water, to
water deprivation), and two for signaling related process-
es. Finally, “UP only at T=5" processes include two each
for genes encoding aromatic amino acid metabolism, iso-
prenoid metabolism, L-phenylalanine metabolism, multi-
organism/multicellular related, nicotianamine, and repro-
ductive processes. Other “UP only at T5” processes found
were for erythrose 4 phosphate/phosphoenolpyruvate,
exocytosis, external encapsulating structure organization,
organic acid catabolism phosphorylation, protein phos-
phorylation, TCA biosynthesis and urea related
metabolism.

Some interesting “DOWN only at T=1" processes (Fig.
5B) include two for multi-organism/multicellular organisms,
nicotianamine metabolism, transport (organic acids/ organic
anions), and reproduction. Other “DOWN only at T=1" in-
cluded asparagine biosynthesis, cell recognition, drug mem-
brane transport, glutamate metabolism, isoprenoid biosynthe-
sis, lipid metabolism, oxidation-reduction process, response to
oxidative stress, transition metal ion transport, TCA biosyn-
thesis, and vitamin biosynthesis. Notable “DOWN only at
T=3” processes were two for the mitotic cell cycle, pro-
tein polymerization/refolding, as well as multiple cellular
metabolism related processes and glycogen related pro-
cesses. The final group of “DOWN only at T=3" pro-
cesses were related to amino sugar biosynthesis, biologi-
cal adhesion, cell division, cell septum assembly, cellular
component biogenesis, hormone metabolism, regulation
of biological quality, and regulation of hormone levels.
“DOWN only at T=5" (recovery only) processes included
two each for chlorophyll biosynthesis/metabolism and
monocarboxylic acid biosynthesis/metabolism, and one
process each for base excision repair, cellular polysaccha-
ride biosynthesis, cellular response to stimulus, ion trans-
port, and RNA processing.
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included in the heatmap. Panel A — “UP” Regulated genes, Panel B
“Down” Regulated genes. Expression changes are relative to T=0 and
samples presented correspond to T =1 (3 days), T=3 (9 days),and T=5
(24 h after water added - recovery)

Discussion

A series of climate modelling studies have predicted that cli-
mate change will increasingly threaten coffee production
world-wide due to more frequent occurrences of above aver-
age temperatures and longer periods with little or no rainfall
(Léderach et al. 2017; Bunn et al. 2015; Ovalle-Rivera et al.
2015). Whilst there are several studies on the effects of water
deficits and high temperatures on coffee there are no studies,
to date, that have focused on the combined effects of both
water deficits and higher temperatures, although these are cli-
mate related constraints that often occur together. We ad-
dressed this knowledge gap by examining the physiological
and gene expression responses of a clonally propagated
Robusta variety to two different temperature regimes (27 °C
versus 27 °C/42 °C), with or without a water deficit.
Examination of the physiological responses for the 27 °C
treatment with a water deficit showed a clear decrease in
RWC by day 9, relative to the well-watered control plants;
followed by a return to near control RWC levels 4 h after re-
watering. The water deficit at 27 °C was also associated with a
dramatic reduction in stomatal conductance (gs) by day 7
compared to the controls, and this value remained low to
day 9. Unexpectedly, little recovery in g; was observed for
the 27 °C water deficit treated plants 24 h after re-watering,
indicating some residual impact on stomatal movements and
their sensitivity to increased water availability. In grapevine, a
similar failure of stomata to recover rapidly after a prolonged
water deficit has been attributed to foliar accumulation of
ABA, and it was suggested that the slow recovery in g, may
favor the repair of xylem embolism damage (Tombesi et al.
2015). For plants subjected to a water deficit at 27 °C A
remained similar to the watered controls up to day 7, after
which it declined. Upon re-watering, A recovered partially,
but this occurred in the absence of a significant recovery in



Tropical Plant Biol.

g.. This suggests that the recovery of A after a water deficit
may be due, in part, to diffusional modifications in CO, trans-
port that are independent of gs (Urban et al. 2017).

During the 27°/42 °C high temperature only experiment,
there was no drop in leaf RWC, but a significant drop in RWC
was seen during the combined high temperature and water
deficit experiment between days 6 and 9. Interestingly, g, for
both the high temperature alone and the high temperature with
water deficits treatments exhibited a similar downward trend
for days 2—6, after which time g stabilized for the plants at
high temperature, but fell further for the plants subjected to the
combined high temperature and water deficit treatment (day
9). Both sets of plants at 27 °C/42 °C showed a fast return to
the initial g values after the 24 h recovery period at 27 °C,
contrasting with the poor recovery of g seen for the plants
subjected to a water deficit at 27 °C, suggesting temperature-
related modifications in ABA production or re-mobilization
(Tombesi et al. 2015). Alternatively, the higher temperature
may have altered ABA and/or other signaling pathways in the
leaf in ways that facilitate a rapid recovery in g after the
temperature was reduced and the water deficit removed.

Values for A of plants subjected to high temperatures alone
showed a clear downward trend at days 2—4, but then in-
creased from days 6-9, indicating an acclimatization had oc-
curred without any alteration in g.. A further rise in A occurred
during the 24 h recovery period at 27 °C, and this increase in
A was accompanied by arise in g;. Plants subjected to the 27°/
42 °C heat treatment and a water deficit exhibited a larger
decrease in A at day 2 than seen for the 27°/42 °C controls,
and A remained low up to day 9. After re-watering, the A
values for these plants increased dramatically as did g;.
Overall, it appears that from day 4, the photosynthetic metab-
olism of the plants exposed to the higher temperature appeared
to show some adaptation in A, but this capability was lost
when combined with a concomitant water deficit. Whilst an
ability to acclimate to different environmental constraints is a
common feature of a number of plant species (Lamke and
Baurle 2017), such adaptions may be limited under field con-
ditions with the addition of further environmental constraints.
The rapid recovery of A after re-watering for both sets of
27 °C/42 °C plants indicates that many of the effects of high
temperature and water deficit are reversible, although the re-
covery may depend on the duration and frequency of the ex-
posure. Higher assimilation levels in plants subjected to re-
peated cycles of varying water availability (Menezes-Silva
et al. 2017) suggest that coffee may even exhibit improve-
ments in photosynthesis after recurrent water deficits.

It has been shown that tomato varieties with differences in
heat tolerance exhibit small, but specific physiological re-
sponse variations to heat, drought and both stresses together
(Zhou et al. 2017). Therefore, we decided to examine whether
a second coffee variety (FRT 06) might show different time-
dependent trends in g, and/or A in response to falling soil

water availability at different temperatures than FRT 07 using
the methodology presented here. This preliminary experiment
indicated that FRT 06 plants exhibited mostly similar time-
dependent response trends for RWC, g, and A versus FRT 07
with and without water (at 27 °C and 27°/42 °C for 9 days;
E.H. Thioune, unpublished results). However, we did detect
two response differences. First, the A values for the well-
watered FRT 06 plants at 27°/42 °C fell similarly to the FRT
06 plants at 27°/42 °C subjected to a soil water deficit.
Second, the well-watered FRT 06 plants at 27°/42 °C ap-
peared to lack the surprisingly strong adaptation of A seen
for the well-watered FRT 07 plants after day 4 under the
27°/42 °C (heat only; Fig. 2D). Such observations suggest
future work comparing time-dependent RWC, g, and A re-
sponses of clonal Robusta varieties with different water deficit
and/or heat responses may enable the identification of coffees
with contrasting physiological responses to these stresses.

To obtain transcriptomic data for the water deficit experi-
ment at 27 °C, we carried out a deep RNA-Seq experiment for
leaf samples taken at three of the five time sampling periods
(T=1,T=3,T=5). Analysis of the RNA-Seq data uncovered
a large number of differentially expressed genes (DEGs versus
T =0) whose transcript variations can be associated with
physiological changes in response to increasing water deficits.
As there are too many genes to discuss in detail here, we have
focused on some of the most interesting DEGs found, many of
which showed >3 fold changes (>3 FC; >log, 3) UP or
DOWN at day 9 when the plants were subjected to a strong
water deficit (Supplementary Tables 2 and 3). The first notable
set of genes found were members of the DREB transcription
factor family (Lata and Prasad 2011). Two of these had sig-
nificant UP expression at day 9 (Cc8 g13960, FC= 7.85 and
Cc2 g03430, FC= 5.51),with DNA sequence analysis show-
ing the latter gene is the well characterized drought stress
regulated gene CcDREB-1D (Alves et al. 2017). Recent de-
tailed studies of the CcDREB-1D gene in different varieties
found variety-specific promotor variations linked to pheno-
typic differences in drought tolerance (Alves et al. 2018),
and further work found that haplotype specific CcDREB-1D
promoters can influence the type and level of a reporter gene’s
response to water and temperature-related stresses (Alves
et al. 2017; de Aquino et al. 2018). Although both DREBs
noted here had very low transcript levels without a water def-
icit, and high levels under a strong water deficit (day 9), they
appeared to react differently after re-watering, with the tran-
script levels falling faster for Cc8 g13960 versus
Cc2_g03430 (DREB-1D), suggesting these two genes may
have some differences in function. A third Up regulated
DREB exhibited a relatively high expression at T =0 (no wa-
ter deficit), but had only a slight increase in transcripts at day 9
(Cc08_g09520, FC=1.58) and a return to near T=0 levels
after re-watering. In contrast, the fourth differentially
expressed DREB had a relatively significant DOWN
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regulation at T=3 (Cc06_g10260, FC=-3.32), followed by
a restoration to T = 0 transcript levels after re-watering.

Another interesting group of DEGs were ABA/drought
signaling genes like Cc02_g18810 (FC =2.95) whose tran-
script levels rose at day 9, then fell after rewatering to levels
below those seen at T=0. Cc02_g18810 is annotated as an
ABA degrading cytochrome p450 type enzyme called abscisic
acid 8'-hydroxylase involved in ABA catabolism and the reg-
ulation of ABA levels both during water deficits and during
recovery (Liu et al. 2014). The ABA related gene
Cc02_gl11510, which encodes an MLO-like protein, also
showed a large increase in transcript levels at day 9 (FC=
5.61), then dropped to T=0 levels after re-watering. Lim
and Lee (2014) have described an MLO-like gene in pepper
that is induced by both abiotic and biotic stress, and indicated
that this gene may act as a negative regulator of ABA signal-
ing that results in a decrease in water loss from leaves under
water deficits (Lim and Lee 2014). Transcriptional alterations
were also seen for several putatively ABA linked NDR1/
HIN1-like (NHL) genes. One, the intron-less gene
Cc06_g06450 showed significant UP expression at day 9
(FC =4.76), followed by a drop in expression after recovery.
An Arabidopsis NDR1 gene induced by ABA has been re-
ported to be involved in the osmotic stress response (Bao et al.
2016). Intriguingly, another intron-less NDR1/HIN1 like gene
(Cc06_g06460) is located on chromosome 6 right next to
Cc06_g06450, but this second gene, with clearly a different
sequence, showed no significant transcription differences dur-
ing the experiment. Five differentially regulated ABA related
genes called “aspartic proteinase in guard cell-1” were also
found. Two other interesting ABA signaling related DEGs
are two carotenoid dioxygenases (Cc05_g10210, FC=1.66;
Cc08 205610, FC =-3.36). The gene Cc05_g10210 encodes
CcNCED?3, a gene involved in ABA synthesis (Kalladan et al.
2019) and previously shown to have increased transcript
levels in coffee leaves under different water deficits (Simkin
et al. 2008; Thioune et al. 2017). Transcript levels for carot-
enoid dioxygenase Cc08_g05610, were relatively high initial-
ly, dropped significantly as the water deficit increased, then
exhibited only a partial recovery after re-watering. A third
carotenoid cleavage gene DEG (Cc02_g28080) was found,
but its transcript levels were not affected by water deficits.
Further interesting ABA related DEGs included a PYL/ABA
receptor gene (Cc02_g05990) that was significantly DOWN
regulated (FC =-4.12), and returned to values above those
found originally after recovery. Four other PYL receptor fam-
ily genes were also noted, but only one had any major alter-
ation in transcript levels at the higher water deficits
(Cc08 g02750, FC=-1.76; Cc08 g15960, FC=0.05;
Cc02 g39180, FC=0.59; Cc02 g01800, FC =-0.08).

An annexin with a high T =0 expression showed a strong
transcript level rise at the higher water deficit (Cc10_g07300,
FC=2.5). Annexins have been linked to drought and
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oxidative responses, potentially via ABA signaling (Ijaz
et al. 2017) and this coffee gene was most homologous to
Annexin 1 of Arabidopsis, which is a calcium transporter gene
known to be induced by water deficits and high temperatures
(Huh et al. 2010; Liao et al. 2017). The two other annexin
DEGs (Cc07_g15280 and Ccll g05800) exhibited only
slight transcript increases. Gene onthology (GO) enrichment
analysis confirmed that genes associated with the Biological
Process “response to oxidative stress” were UP during low
and high water stress, while others in this process were also
DOWN under the high water deficit. At the level of individual
genes, several potentially oxidation stress related peroxidases
exhibited significant transcript level increases (>FC=2 to
FC = 6) under the high water deficit. Also, two superoxidase
dismutase annotated genes showed transcript decreases of >
FC=-— 2 at the higher water deficit condition tested. These
observations further indicate significant transcriptional chang-
es occurred for genes involved in addressing alterations in the
levels of reactive oxygen species associated with water defi-
cits (Qi et al. 2018). Another consequence of falling soil water
availability is the development of embolism in xylem vessels
(Klein et al. 2018). As embolism may have begun to occur in
the leaf xylem as the water deficit progressed, we looked for
significant expression changes of genes associated with em-
bolism, such as sucrose transporters and aquaporins (Secchi
and Zwieniecki 2011). Interestingly, as the water deficit in-
creased, a very strong increase in expression was observed for
one sugar transporter (Cc02_g32480, FC 5.02), and signifi-
cantly decreased expression was seen for one PIP aquaponin
gene (Cc02 _gl16640, FC -3.77) and two TIP aquaporins
(Cc08_g09400, FC -4.081 and Cc01 g12260, FC -1.45).
Future experiments, such as looking at the localized expres-
sion of these genes in the xylem vessels of coffee leaves and
stems during water deficits should be informative.

The phytohormone ethylene is involved in many plant sig-
naling pathways, including those related to abiotic and biotic
stresses (Dubois et al. 2018). We found a large UP transcrip-
tional change for two genes annotated as 1-
aminocyclopropane-1-carboxylate synthases (ACS), which
encode the enzyme making the precursor of ethylene 1-
aminocyclopropane-1-carboxylic acid (ACC) and conjugates
of ACC (Van de Poel and Van Der Stracten 2014). Transcript
levels for these ACS genes (Cc07_g07490, FC=10.84 and
Cc08 g15220, FC =4.42) were nearly undetectable initially
but rose as the water deficit increased and then fell back after
rewatering, although the transcript levels of both genes
remained well above the initial levels. Several DEGs found
were annotated as ethylene synthesis enzyme 1-
aminocyclopropane-1-carboxylate oxidase (ACO), and some
showed relatively significant UP expression at day 9
(Ccll_g07020, FC=2.58; Cc05 g02920, FC=2.21;
Cc05_g02900, FC=1.85; Cc05_g02890, FC =1.56). We
note that the transcript levels of Cc11_g07020 returned to near
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original levels after re-watering, but the levels of the other
three, which are clustered together on chromosome 5, actually
increased further after re-watering. Another ACO gene
showed relatively high expression prior to the water deficit,
but declined as the water deficit increased (Cc09 g01110,
FC=-2.24 day 9). We also found other ethylene signaling
genes with significantly altered expression at day 9 (T =3),
including a predicted ethylene dependent gravitopism-
deficient like gene (Cc02_g06740; FC =-3.13), multiple
ethylene-responsive transcription factors (Cc05 g07590,
FC=2.21; Cc02 g03420, FC=6.98; and Cc06 g12520,
FC=2.96), and two AP2 related TF genes (Ccl0_g07680;
FC=-3.09 and Cc08 g15690, FC=-3.13). Transcript
changes for some ethylene related TFs could be due to over-
laps between wound/damage- related responses and drought
related responses (Heyman et al. 2018). This is supported by
the observation that several defense related genes also showed
transcriptional changes at the higher water deficit, including
putative disease resistance proteins (Cc01_g02600, FC =
—5.16 and Cc02 g26510, F =3.95) and pathogen related pro-
teins (Ccll_g07780, FC =4.68 and Cc10 g14270, FC =4.3).
A search for DEGs annotated as ethylene receptors uncovered
four genes, but only one (EIN4) showed significantly altered
expression at day 9 (Cc03_g05070, FC =—1.37). It has been
noted recently (Bakshi et al. 2018) that the Arabidopsis EIN4
is involved in “crosstalk” with ABA signaling.

Water deficits are known to induce genes associated
with chlorophyll degradation and metabolite recycling
(Zhu et al. 2017), and these processes eventually lead to
cell death. Thus it was not surprising we found large tran-
script decreases for genes associated with chlorophyll re-
duction, such as decreased transcript levels for several
highly expressed light-harvesting chlorophyll a/b-binding
(LHCB) proteins like Cc04 g16410 (FC=-5.52) and a
gene encoding a putative magnesium-chelatase subunit
H protein (Cc06_g17100, FC=-4.15). A particularly
large increase in transcript levels was observed for an
asparagine synthetase gene (Cc01 g14420, FC=6.76),
suggesting that a switch to nitrogen recovery/recycling
may have been triggered to recover nitrogen from the
dehydrating leaves (Masclaux-Daubresse et al. 2010;
Canales et al. 2012). Consistent with the idea that early
senescence signaling has been activated by a strong water
deficit, we also found a very large increase in transcripts
for the gene NYEI (Cc08 g13770, FC=6.01), whose
protein is directly involved in chlorophyll degradation
(Ren et al. 2007; Jibran et al. 2015). We previously did
not detect NYE1 induction during a “humidity shock” at
23 °C when the leaves experienced significant dehydra-
tion (Thioune et al. 2017), suggesting that there may be
distinct signaling differences between a water deficit as-
sociated with a reduction in atmospheric humidity and
that caused by a reduction in soil water availability.

After re-watering there were unique increases or decreases
in gene transcript levels associated with the 388 and 290
Robusta varieties (Fig. 4). However, relatively few of these
“recovery specific” genes had transcript level increases >3 FC
in comparison to the original levels. Of the 23 such genes
found, three of the top four highly expressed genes were un-
known genes (Supplementary Information Table 4). Similarly,
of'the unique genes with lowered expression after re-watering,
only three exhibited < —3 FC in expression versus the tran-
script levels at the start of the experiment. It will be interesting
in the future to explore whether there are orthologous genes in
other plants that show a similar transcription response during
the recovery from water deficits.

The RNA-Seq based transcriptional data for Robusta FRT
07 identified a large number of new water deficit response-
related genes, in addition to giving more details about the
responses of several previously characterized water deficit
inducible genes in coffee. Furthermore, the work provides
the basis for the establishment of a linkage between leaf phys-
iological changes induced by mild and strong water deficits
and the associated global changes in gene expression using a
deep RNA-Seq transcriptomics approach. Future work on the
newly identified water deficit response-related genes found in
this work, both annotated and unannotated, should contribute
to a better understanding of the impacts of water deficits on
coffee, and the recovery after a water deficit. It could be ar-
gued that the rapid recovery from a water deficit may be the
more important property given that some reduction in perfor-
mance, at even moderate reductions in soil water, is largely
unavoidable. Finally, similar studies using specific clonal va-
rieties of Robusta with strong variations in their responses to
water deficits should enable the establishment of linkages be-
tween allelic variations and transcriptomic expression for the
new coffee water deficit response genes identified here and the
phenotypic data, including physiological response data for
these clonal varieties. Such an approach will facilitate the
identification of alleles and haplotypes that either positively,
or negatively, impact on the control of a plant’s water balance,
providing breeders of both Robusta and Arabica coffee with
information to accelerate the breeding of more Climate
Change resilient coffee varieties.

Materials and Methods
Plant Material

Coffea canephora Pierre ex A. Froehner (Robusta coffee) ge-
notype FRT07 was grown from somatic embryos produced in
bioreactors and the plants were grown in 0.5 L pots in a green-
house maintained at 25-30 °C with only natural daylight as
described in detail previously (Thioune et al. 2017). To ensure
the plants were not subjected to occasional water deficits, the
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plants were additionally placed inside a plastic tunnel and
regularly watered (constant humidity of >80-85%). The
plants used were approximately 8—16 months old with an
average of at least 8—12 well developed leaf pairs.

Water Deficit Treatments

Six greenhouse grown plants were transferred to a growth
chamber set up at 27 °C, RH 60%, and a daily regime of
16 h light (50 pmol.m %.s ") and 8 h dark. To acclimatize
the plants to this lower humidity level, they were watered
copiously under these conditions for 9-10 days prior to
starting the experiments. The effects of decreasing soil water
availability was followed under two different temperature
conditions (each time, 3 plants subjected to water deficit and
3 control plants were continuously watered). Under condition
1, the growth chamber was maintained at 27 °C and RH 60%
over the course the experiment, while under condition 2, the
plants were subjected to a “daytime” high temperature stress,
(caused by raising the temperature to 42 °C 1 h after initiation
of the light phase each day), then returning the temperature to
27 °C after 9 h. The RH was also maintained at 60% over the
course this latter experiment. After the re-watering these high
temperature stressed plants at day 9, the chamber was left at
27 °C for the full 24 h recovery period. The overall experi-
mental plan is outlined in Supplementary Fig. 1.

Physiological Measurements

At each time point, the physiological measurements were
made on each plant in the incubation chamber, starting in
the same order at same time each morning (approximately
1 h into the light cycle), first on the drought stressed plants,
then moving on the watered control plants. The time points for
the 27 °C experiment were T =0, T =3 days, T=7 days, T=

9 days, T =9 days +4 h (15 min after rewatering; the stressed
set only), and T =10 days. The time points for the 27/42 °C
experiment were T=0, T=2 days, T=4 days, T=6 days,
T=9 days, T=9 days +4 h (stressed plants only), and T =

10 days. The measurements were taken for one tagged leaf of
each plant, which was always from the second significant pair
from the apex. The fluorescence measurements were done
first, using a portable chlorophyll fluorimeter (HandyPea,
Hansatech, King’s Lynn Norfolk, UK). The leaves were dark
adapted for 10 min, using the leaf-clips supplied by the man-
ufacturer and the F,/fm values were measured after applying a
short pulse of saturating light (one second at
1500 pumol.m 2.s ). This was followed by measurements of
stomatal conductance (g;) and CO, assimilation (A) measure-
ments on the same leaf using a Li-COR 64000XT (Li-Cor,
Lincoln, NE, USA) infra-red gas analyzer with a saturating
photosynthetically active radiation (PAR) of
1000 umol.mfz.sfl, an ambient CO, concentration of
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400 umol.m %s ™', a chamber relative humidity of 30-40%
and a leaf temperature of 27 °C. Measurements of g, and A
were recorded when the readings reached stable levels.

Measurements of Relative Water Content (RWC()
and Collection of Tissue for RNA Extraction

After the physiological measurements had been made for each
plant, a leaf from that plant was harvested from a roughly mid-
way position. Each leaf was divided in half along its midrib
axis using a scalpel and one half was placed in a 25 ml falcon
tube, which was stored on ice before determining the relative
water content (RWC) as described earlier (Thioune et al.
2017). The other half was put into another falcon tube and
immediately frozen in liquid nitrogen, followed by storage at
-80 °C for later RNA extraction.

RNA Extraction

Leaf samples were ground into a powder using liquid nitrogen
and total RNA extracted using the RNeasy Plant Mini Kit
(Qiagen®) following the suppliers protocol, with the addition
of an on-column RNase-free Dnase I treatment (Qiagen®).
Quality and quantity assessment of the total RNA was per-
formed using the Agilent 2100 Bioanalyzer®.

Quantitative RT-PCR

The method was as described previously (Thioune et al.
2017). Briefly, cDNA was made with the Superscript III
Reverse Transcriptase kit (Invitrogen, Carlsbad, California,
US) as follows: 0.5 ug total RNA sample was added to 1 ul
oligo dT(18) (Sigma-Aldrich, St. Louis, Missouri, US) and
made up to a final volume of 12 pl with sterile RNase-free
water, then incubated at 65 °C for 10 min and rapidly cooled
on ice. Subsequently, 4 pl of 5x first strand buffer, 1 pul of
0.1 M DTT, 1 ul of RNase Out Ribonuclease Inhibitor
(Invitrogen), 1 pl of ANTP mix (10 mM each) and 1 pl
SuperScript III Rnase H-Reverse transcriptase (200 U pl —
1) were added to make up a final volume of 20 pl. The reac-
tions were incubated at 50 °C for 60 min, followed by an
enzyme inactivation step by heating at 70 °C for 15 min,
followed by storage at —20 °C. The quantitative reverse
transcriptase-PCR (qRT-PCR) reactions were carried out after
diluting the cDNA 50 fold using TagMan probes as described
previously (Lepelley et al. 2007). Sequences of the primers
and probes are given in SI Table 1. Analysis of the Ct values of
the reference gene CcRPL39 for all the samples indicated that
the expression of this gene was not significantly influenced
either within a single treatment, or between the different
treatments.



Tropical Plant Biol.

RNA-Seq Analysis

RNA sequencing was performed using the same total RNA
samples as for the qRT-PCR experiments. As well as assessing
RNA quality with an Agilent 2100 Bioanalyzer®, quality was
further analyzed using a Fragment Analyzer (Advances
Analytical) and the RNA quality was found to be homoge-
neous within samples. Ribosomal RNA depletion was then
performed on the samples using the Ribo-Zero magnetic kit
(Illumina) for plant leaves and RNA-Seq libraries were pre-
pared from the rRNA depleted samples using the TruSeq
Stranded Ribo-Zero Gold Kit (Illumina), followed by a PCR
amplification step. The procedure was automated on a
Sciclone NGS Workstation (Perkin Elmer). The manufac-
turer’s protocol was followed, except for the PCR amplifica-
tion step. The latter was run for 13 cycles using the KAPA
HiFi HotStart ReadyMix (Kapa BioSystems). This optimal
PCR cycle number has been evaluated using the Cycler
Correction Factor method as previously described (Atger
et al. 2015). Purified libraries were quantified with
Picogreen (Life Technologies) and the size pattern was con-
trolled using the DNA High Sensitivity Reagent kit on a
LabChip GX (Perkin Elmer). Libraries were then pooled and
clustered at a concentration of 8 pmol on a high output paired
end sequencing flow cell (Illumina). Sequencing was per-
formed for 2 x 125 cycles on a HiSeq 2500 (Illumina) with
V4 chemistry strictly following Illumina’s recommendations.
Demultiplexing of the sequence data was done using Cassava
(http://cancan.cshl.edu/labmembers/gordon/fastq _illumina
filter/#contact). Ribosomal RNA was filtered using sortmerna
v 2.1b (Kopylova et al. 2012). Reads were cleaned with
trimmomatic v 0.36 (Bolger et al. 2014) with the following
parameters: ILLUMINACLIP:TruSeq3-PE.fa:2:30:10
LEADING:5 TRAILING:5 SLIDINGWINDOW:4:15
MINLEN:50. Cleaned reads were mapped to the indexed
reference genome sequence of Coffea canephora
(Denoeud et al. 2014) using hisat2 (Kim et al. 2015). A
counts table was generated from the mapped read files
using stringtie (Pertea et al. 2015) and prepDE.py script
with the reference genome annotation file. Differential
gene expression analysis was performed using an FDR of
<0.05 with edgeR (Robinson et al. 2010) using an R script
(https://github.com/bcbe-group/manuscripts/blob/master/
McCarthy 2018/Jim_edge.R). All time points were
compared to T=0. Venn diagrams were created (http://
bioinformatics.psb.ugent.be/webtools/Venn/) to illustrate
overlapping sets of filtered, differentially expressed genes
between T = 0 and the different time points. Gene ontology
analysis was done using topGO (Alexa A, Rahnenfuhrer
J (2016). topGO: Enrichment Analysis for Gene
Ontology. R package version 2.32.0.) implemented
through an R script (https://github.com/bebe-group/
manuscripts/blob/master/McCarthy 2018/Jim_GO.R).

Statistical Analysis

Statistical analyses of the data was carried out using
SigmaPlotR 12.0 (Systat, San Jose, CA, USA). A one-way
analysis of variance (ANOVA) was applied, followed by a
post hoc ‘Tukey test’ in order to obtain pairwise multiple
comparisons among data at the same time points but at differ-
ent temperatures (physiological measurements), or, between
T =0 and the other time points for each gene at each temper-
ature (gene expression data).

Acknowledgments We would like to thank V. Berry and O. Darracq for
assistance growing the plants used, O. Darracq and J.-F. Bouquet for
technical help with the growth chambers and the BTI Computational
Biology Center (BCBC) for bioinformatics assistance. We also thank V.
Berry, O. Darracq, M. Lepelley, L. Mueller and V. Petiard for their sup-
port and helpful comments during the project. This research was support-
ed by Nestlé R&D Tours, and by a PhD student fellowship from Nestlé to
E.-H.T.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this article
are included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in the
article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Alves G, Torres L, de Aquino S, Reichel T, Freire L, Vieira N, Vinecky F,
This D, Pot D, Etienne H, Paiva L, Marraccini P, Andrade A (2018)
Nucleotide diversity of the coding and promoter regions of
DREBID, a candidate gene for drought tolerance in Coffea species.
Trop Plant Biol 11:31-48. https://doi.org/10.1007/s12042-018-
9199-x

Alves GSC, Torres LF, Dechamp E, Breitler JC, Joet T, Gatineau F,
Andrade AC, Bertrand B, Marraccini P, Etienne H (2017)
Differential fine-tuning of gene expression regulation in coffee
leaves by CcDREBID promoter haplotypes under water deficit. J
Exp Bot 68(11):3017-3031. https://doi.org/10.1093/jxb/erx166

Atger F, Gobet C, Marquis J, Martin E, Wang J, Weger B, Lefebvre G,
Descombes P, Naef F, Gachon F (2015) Circadian and feeding
rhythms differentially affect rhythmic mRNA transcription and
translation in mouse liver. Proc Natl Acad Sci U S A 112(47):
E6579-E6588. https://doi.org/10.1073/pnas. 1515308112

Avelino J, Cristancho M, Georgiou S, Imbach P, Aguilar L, Bornemann
G, Léaderach P, Anzueto F, Hruska A, Morales C (2015) The coffee
rust crises in Colombia and Central America (2008-2013): impacts,
plausible causes and proposed solutions. Food security 7(2):303—
321. https://doi.org/10.1007/s12571-015-0446-9

Bakshi A, Piya S, Fernandez JC, Chervin C, Hewezi T, Binder BM
(2018) Ethylene receptors signal via a noncanonical pathway to

@ Springer


http://cancan.cshl.edu/labmembers/gordon/fastq_illumina_filter/%2523contact
http://cancan.cshl.edu/labmembers/gordon/fastq_illumina_filter/%2523contact
https://github.com/bcbc-group/manuscripts/blob/master/McCarthy_2018/Jim_edge.R
https://github.com/bcbc-group/manuscripts/blob/master/McCarthy_2018/Jim_edge.R
http://bioinformatics.psb.ugent.be/webtools/Venn/
http://bioinformatics.psb.ugent.be/webtools/Venn/
https://github.com/bcbc-group/manuscripts/blob/master/McCarthy_2018/Jim_GO.R
https://github.com/bcbc-group/manuscripts/blob/master/McCarthy_2018/Jim_GO.R
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/s12042-018-9199-x
https://doi.org/10.1007/s12042-018-9199-x
https://doi.org/10.1093/jxb/erx166
https://doi.org/10.1073/pnas.1515308112
http://creativecommons.org/licenses/by/4.0/

Tropical Plant Biol.

regulate Abscisic acid responses. Plant Physiol 176(1):910-929.
https://doi.org/10.1104/pp.17.01321

Bao Y, Song WM, Pan J, Jiang CM, Srivastava R, Li B, Zhu LY, Su HY,
Gao XS, Liu H, Yu X, Yang L, Cheng XH, Zhang HX (2016)
Overexpression of the NDR1/HIN1-like gene NHL6 modifies seed
germination in response to Abscisic acid and abiotic stresses in
Arabidopsis. PLoS One 11(2):e0148572. https://doi.org/10.1371/
journal.pone.0148572

Bebber DC, Castillo A; Gurr, S. (2016) Modelling coffee leaf rust risk in
Colombia with climate reanalysis data. Phil trans R Soc B 371.
https://doi.org/10.1098/rstb.2015.0458

Bertrand B, Boulanger R, Dussert S, Ribeyre F, Berthiot L, Descroix F,
Joet T (2012) Climatic factors directly impact the volatile organic
compound fingerprint in green Arabica coffee bean as well as coffee
beverage quality. Food Chem 135:2575-2583. https://doi.org/10.
1016/j.foodchem.2012.06.060

Bigger M, Hillocks R (2007) Coffee pests, diseases and their manage-
ment. In: Waller J (ed). CABI, Egham, UK., pp 17-33

Bolger AM, Lohse M, Usadel B (2014) Trimmomatic: a flexible trimmer
for Illumina sequence data. Bioinformatics 30(15):2114-2120.
https://doi.org/10.1093/bioinformatics/btul70

Bunn CLP, Ovalle Rivera O, Kirschke D (2015) A bitter cup: climate
change profile of global production of Arabica and Robusta coffee.
Climatic Change 129:89-101

Canales J, Rueda-Lopez M, Craven-Bartle B, Avila C, Canovas FM
(2012) Novel insights into regulation of asparagine synthetase in
conifers. Front Plant Sci 3:100. https://doi.org/10.3389/fpls.2012.
00100

Cardenas R (2014) Climate change assessment for Minas Gerais — Brazil
with emphasis on coffee areas Part I — Recent past (1960 — 2011).
http://www.coffeeandclimate.org/reports_studies.html?file=t]_files/
CoffeeAndClimate/downloads/Climate%20change %
20assessment%20for%20MG%20Brazil%20with%?20focus %
200n%20coffee%20areas_Part%201.pdf

Craparo AC, Van Asten PJ, Laderach P, Jassogne LT, Grab SW (2015)
Coffea arabica yields decline in Tanzania due to climate change:
global implications. Agric For Meteorol 207:1-10

DaMatta FM, Godoy AG, Menezes-Silva PE, Martins SC, Sanglard LM,
Morais LE, Torre-Neto A, Ghini R (2016) Sustained enhancement
of photosynthesis in coffee trees grown under free-air CO2 enrich-
ment conditions: disentangling the contributions of stomatal, meso-
phyll, and biochemical limitations. J Exp Bot 67(1):341-352.
https://doi.org/10.1093/jxb/erv463

DaMatta FM, Ramalho JC (2006) Impacts of drought and temperature
stress on coffee physiology and production: a review. Braz J Plant
Physiology 18:55-81

de Aquino S, de Aratjo Carneiro F, Régo E, Alves G, Andrade A,
Marraccini P (2018) Functional analysis of different promoter hap-
lotypes of the coffee (Coffea canephora) CcDREBID gene through
genetic transformation of Nicotiana tabacum. Plant cell Tiss organ
cult 132:279-294. https://doi.org/10.1007/s11240-017-1328-y

Denoeud F et al (2014) The coffee genome provides insight into the
convergent evolution of caffeine biosynthesis. Science 3456201:
1181-1184. https://doi.org/10.1126/science.1255274

Deryng D, Elliott J, Ruane A, Folberth C, Miiller C, Pugh T, Schmid E,
Boote K, Conway D, Gerten D, Jones J, Khabarov N, Olin S,
Schaphoft S, Yang H, Rosenzweig C (2016) Regional disparities
in the beneficial effects of rising CO2 concentrations on crop water
productivity. Nature Clim Change 6(8):786—790. https://doi.org/10.
1038/nclimate2995

Dubois M, Van den Broeck L, Inze D (2018) The pivotal role of ethylene
in plant growth. Trends Plant Sci 23(4):311-323. https://doi.org/10.
1016/j.tplants.2018.01.003

Gennari P (2015) FOA coffee pocketbook

Grosjean GMF, Hamilton SD, Blaustein-Rejto D, Gatto M, Talsma T,
Bourgoin C, Sebastian LS, Catacutan D, Mulia R, Bui Y, Tran

@ Springer

DN, Nguyen KG, Pham MT, Lan LN, Liaderach P (2016)
Increasing resilience to droughts in Vietnam: the role of forests,
agroforests and climate smart agriculture. https://ccafs.cgiar.org/
publications/increasing-resilience-droughts-viet-nam-role-forests-
agroforestry-and-climate-smart#. WstpRNRua70

Heyman J, Canher B, Bisht A, Christiaens F, De Veylder L (2018)
Emerging role of the plant ERF transcription factors in coordinating
wound defense responses and repair. J Cell Sci 131(2). https:/doi.
org/10.1242/jcs.208215

Huh SM, Noh EK, Kim HG, Jeon BW, Bae K, Hu HC, Kwak JM, Park
OK (2010) Arabidopsis annexins AnnAtl and AnnAt4 interact with
each other and regulate drought and salt stress responses. Plant Cell
Physiol 51(9):1499-1514. https://doi.org/10.1093/pcp/peql11

ljaz R, Ejaz J, Gao S, Liu T, Imtiaz M, Ye Z, Wang T (2017)
Overexpression of annexin gene AnnSp2, enhances drought and salt
tolerance through modulation of ABA synthesis and scavenging
ROS in tomato. Sci Rep 7(1):12087. https://doi.org/10.1038/
s41598-017-11168-2

Jaramillo J, Chabi-Olaye A, Kamonjo C, Jaramillo A, Vega FE, Poehling
HM, Borgemeister C (2009) Thermal tolerance of the coffee berry
borer Hypothenemus hampei: predictions of climate change impact
on a tropical insect pest. PLoS One 4(8):¢6487. https://doi.org/10.
1371/journal.pone.0006487

Jibran R, Sullivan KL, Crowhurst R, Erridge ZA, Chagne D, McLachlan
AR, Brummell DA, Dijkwel PP, Hunter DA (2015) Staying green
postharvest: how three mutations in the Arabidopsis chlorophyll b
reductase gene NYC1 delay degreening by distinct mechanisms. J
Exp bot 66:6849-6862. https://doi.org/10.1093/jxb/erv390

Kalladan R, Lasky JR, Sharma S, Kumar MN, Juenger TE, Des Marais
DL, Verslues PE (2019) Natural variation in 9-Cis-Epoxycartenoid
Dioxygenase 3 and ABA accumulation. Plant Physiol 179(4):1620—
1631. https://doi.org/10.1104/pp.18.01185

Kim HL, Langmead B, Salzberg S (2015) HISAT: a fast splicer aligner
with low memory requirements. Nature Methods 12(4):357-360.
https://doi.org/10.1038/nmeth.3317

Klein T, Zeppel M, Anderegg W, Bloemen J, Kauwe M, Hudson P,
Rueher N, Powell T, Arx G, Nardini A (2018) Xylem embolism
refilling and resilience against drought induced-induced mortality
in woddy plants: processes and trade-offs. Ecological research 33:
839-855. https://doi.org/10.1007/s11284-018-1588 y

Kopylova E, Noe L, Touzet H (2012) SortMeRNA: fast and accurate
filtering of ribosomal RNAs in metatranscriptomic data.
Bioinformatics 28(24):3211-3217. https://doi.org/10.1093/
bioinformatics/bts611

Kutywayo D, Chemura A, Kusena W, Chidoko P, Mahoya C (2013) The
impact of climate change on the potential distribution of agricultural
pests: the case of the coffee white stem borer (Monochamus
leuconotus P.) in Zimbabwe. PLoS One 8(8):¢73432. https://doi.
org/10.1371/journal.pone.0073432

Léderach P, Ramirez-Villegas J, Navarro-Racines C, Zelaya C, Martinez-
Valle A, Jarvis A (2017) Climate change adaptation of coffee pro-
duction in space and time. Clim Chang 141(1):47-62. https:/doi.
org/10.1007/s10584-016-1788-9

Lamke J, Baurle I (2017) Epigenetic and chromatin-based mechanisms in
environmental stress adaptation and stress memory in plants.
Genome Biol 18(1):124. https://doi.org/10.1186/s13059-017-1263-
6

Lata C, Prasad M (2011) Role of DREBs in regulation of abiotic stress
responses in plants. J Exp bot 62(14):4731-4748. https://doi.org/10.
1093/jxb/err210

Lepelley M, Cheminade G, Tremillon N, Simkin A, Caillet V, McCarthy J
(2007) Chlorogenic acid synthesis in coffee: An analysis of CGA
content and real-time RT-PCR expression of HCT, HQT, C3H1, and
CCoAOMT1 genes during grain development in C. canephora.
Plant Sci 172(5):978-996. https://doi.org/10.1016/j.plantsci.2007.
02.004


https://doi.org/10.1104/pp.17.01321
https://doi.org/10.1371/journal.pone.0148572
https://doi.org/10.1371/journal.pone.0148572
https://doi.org/10.1098/rstb.2015.0458
https://doi.org/10.1016/j.foodchem.2012.06.060
https://doi.org/10.1016/j.foodchem.2012.06.060
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.3389/fpls.2012.00100
https://doi.org/10.3389/fpls.2012.00100
http://www.coffeeandclimate.org/reports_studies.html?file=tl_files/CoffeeAndClimate/downloads/Climate%20change%20assessment%20for%20MG%20Brazil%20with%20focus%20on%20coffee%20areas_Part%201.pdf
http://www.coffeeandclimate.org/reports_studies.html?file=tl_files/CoffeeAndClimate/downloads/Climate%20change%20assessment%20for%20MG%20Brazil%20with%20focus%20on%20coffee%20areas_Part%201.pdf
http://www.coffeeandclimate.org/reports_studies.html?file=tl_files/CoffeeAndClimate/downloads/Climate%20change%20assessment%20for%20MG%20Brazil%20with%20focus%20on%20coffee%20areas_Part%201.pdf
http://www.coffeeandclimate.org/reports_studies.html?file=tl_files/CoffeeAndClimate/downloads/Climate%20change%20assessment%20for%20MG%20Brazil%20with%20focus%20on%20coffee%20areas_Part%201.pdf
https://doi.org/10.1093/jxb/erv463
https://doi.org/10.1007/s11240-017-1328-y
https://doi.org/10.1126/science.1255274
https://doi.org/10.1126/science.1255274
https://doi.org/10.1126/science.1255274
https://doi.org/10.1016/j.tplants.2018.01.003
https://doi.org/10.1016/j.tplants.2018.01.003
https://ccafs.cgiar.org/publications/increasing-resilience-droughts-viet-nam-role-forests-agroforestry-and-climate-smart#.WstpRNRua70
https://ccafs.cgiar.org/publications/increasing-resilience-droughts-viet-nam-role-forests-agroforestry-and-climate-smart#.WstpRNRua70
https://ccafs.cgiar.org/publications/increasing-resilience-droughts-viet-nam-role-forests-agroforestry-and-climate-smart#.WstpRNRua70
https://doi.org/10.1242/jcs.208215
https://doi.org/10.1242/jcs.208215
https://doi.org/10.1093/pcp/pcq111
https://doi.org/10.1038/s41598-017-11168-2
https://doi.org/10.1038/s41598-017-11168-2
https://doi.org/10.1371/journal.pone.0006487
https://doi.org/10.1371/journal.pone.0006487
https://doi.org/10.1093/jxb/erv390
https://doi.org/10.1104/pp.18.01185
https://doi.org/10.1038/nmeth.3317
https://doi.org/10.1007/s11284-018-1588_y
https://doi.org/10.1093/bioinformatics/bts611
https://doi.org/10.1093/bioinformatics/bts611
https://doi.org/10.1371/journal.pone.0073432
https://doi.org/10.1371/journal.pone.0073432
https://doi.org/10.1007/s10584-016-1788-9
https://doi.org/10.1007/s10584-016-1788-9
https://doi.org/10.1186/s13059-017-1263-6
https://doi.org/10.1186/s13059-017-1263-6
https://doi.org/10.1093/jxb/err210
https://doi.org/10.1093/jxb/err210
https://doi.org/10.1016/j.plantsci.2007.02.004
https://doi.org/10.1016/j.plantsci.2007.02.004

Tropical Plant Biol.

Liao C, Zheng Y, Guo Y (2017) MYB30 transcription factor regulates
oxidative and heat stress responses through ANNEXIN-mediated
cytosolic calcium signaling in Arabidopsis. New Phytol 216(1):
163—177. https://doi.org/10.1111/nph. 14679

Lim CW, Lee SC (2014) Functional roles of the pepper MLO protein
gene, CaMLO2, in abscisic acid signaling and drought sensitivity.
Plant Mol Biol 85(1-2):1-10. https://doi.org/10.1007/s11103-013-
0155-8

Liu S, LvY, Wan XR, Li LM, Hu B, Li L (2014) Cloning and expression
analysis of cDNAs encoding ABA 8'-hydroxylase in peanut plants
in response to osmotic stress. PLoS One 9(5):¢97025. https:/doi.
org/10.1371/journal.pone.0097025

Marraccini P, Vinecky F, Alves GS, Ramos HJ, Elbelt S, Vieira NG,
Carneiro FA, Sujii PS, Alekcevetch JC, Silva VA, DaMatta FM,
Ferrao MA, Leroy T, Pot D, Vieira LG, da Silva FR, Andrade AC
(2012) Differentially expressed genes and proteins upon drought
acclimation in tolerant and sensitive genotypes of Coffea canephora.
J Exp bot 63(11):4191-4212. https://doi.org/10.1093/jxb/ers103

Martins MQ, Rodrigues WP, Fortunato AS, Leitao AE, Rodrigues AP,
Pais IP, Martins LD, Silva MJ, Reboredo FH, Partelli FL,
Campostrini E, Tomaz MA, Scotti-Campos P, Ribeiro-Barros Al,
Lidon FJ, DaMatta FM, Ramalho JC (2016) Protective response
mechanisms to heat stress in interaction with high [CO2] conditions
in Coffea spp. Front Plant Sci 7:947. https://doi.org/10.3389/fpls.
2016.00947

Masclaux-Daubresse C, Daniel-Vedele F, Dechorgnat J, Chardon F,
Gaufichon L, Suzuki A (2010) Nitrogen uptake, assimilation and
remobilization in plants: challenges for sustainable and productive
agriculture. Ann Bot 105(7):1141-1157. https://doi.org/10.1093/
aob/mcq028

Menezes-Silva PE, Sanglard L, Avila RT, Morais LE, Martins SCV,
Nobres P, Patreze CM, Ferreira MA, Araujo WL, Fernie AR,
DaMatta FM (2017) Photosynthetic and metabolic acclimation to
repeated drought events play key roles in drought tolerance in cof-
fee. J Exp Bot 68(15):4309—4322. https://doi.org/10.1093/jxb/
erx211

Moat J, Williams J, Baena S, Wilkinson T, Gole TW, Challa ZK,
Demissew S, Davis AP (2017) Resilience potential of the
Ethiopian coffee sector under climate change. Nat Plants 3:17081—
17014. https://doi.org/10.1038/nplants.2017.81

Ovalle-Rivera O, Laderach P, Bunn C, Obersteiner M, Schroth G (2015)
Projected shifts in Coffea arabica suitability among major producing
regions due to climate change. PLoS One Apr 14;10(4). https://doi.
org/10.1371/journal.pone.0124155

Pertea M, Pertea G, Antonescu C, Chang T-C, Mendell J, Salzberg SL
(2015) StringTie enables improved reconstruction of a transcriptome
from RNA-seq reads. Nat Biotechnol 33:290-295

Qi J, Song CP, Wang B, Zhou J, Kangasjarvi J, Zhu JK, Gong Z (2018)
Reactive oxygen species signaling and stomatal movement in plant
responses to drought stress and pathogen attack. J Integr Plant Biol
60(9):805-826. https://doi.org/10.1111/jipb.12654

Ren G, An K, Liao Y, Zhou X, Cao Y, Zhao H, Ge X, Kuai B (2007)
Identification of a novel chloroplast protein AtNYE1 regulating
chlorophyll degradation during leaf senescence in Arabidopsis.
Plant Physiol 144(3):1429-1441. https://doi.org/10.1104/pp.107.
100172

Robinson MD, McCarthy DJ, Smyth GK (2010) edgeR: a bioconductor
package for differential expression analysis of digital gene

expression data. Bioinformatics 26(1):139-140. https://doi.org/10.
1093/bioinformatics/btp616

Rodrigues WP, Martins MQ, Fortunato AS, Rodrigues AP, Semedo JN,
Simoes-Costa MC, Pais IP, Leitao AE, Colwell F, Goulao L,
Maguas C, Maia R, Partelli FL, Campostrini E, Scotti-Campos P,
Ribeiro-Barros Al, Lidon FC, DaMatta FM, Ramalho JC (2016)
Long-term elevated air [CO2 ] strengthens photosynthetic function-
ing and mitigates the impact of supra-optimal temperatures in trop-
ical Coffea arabica and C. canephora species. Glob Chang biol
22(1):415-431. https://doi.org/10.1111/gcb.13088

Secchi F, Zwieniecki MA (2011) Sensing embolism in xylem vessels: the
role of sucrose as a trigger for refilling. Plant Cell Environ 34(3):
514-524. https://doi.org/10.1111/j.1365-3040.2010.02259.x

Simkin AJ, Moreau H, Kuntz M, Pagny G, Lin C, Tanksley S, McCarthy
J (2008) An investigation of carotenoid biosynthesis in Coffea
canephora and Coffea arabica. J plant Physiol 165(10):1087-1106.
https://doi.org/10.1016/j.jplph.2007.06.016

Thioune EH, McCarthy J, Gallagher T, Osborne B (2017) A humidity
shock leads to rapid, temperature dependent changes in coffee leaf
physiology and gene expression. Tree Physiol 37(3):367-379.
https://doi.org/10.1093/treephys/tpw 129

Tombesi S, Nardini A, Frioni T, Soccolini M, Zadra C, Farinelli D, Poni
S, Palliotti, A (2015) Stomatal closure is induced by hydraulic sig-
nals and maintained by ABA in drought-stressed grapevine.
Scientific Reports 5. https://doi.org/10.1038/srep12449

Urban L, Aarrouf J, Bidel L (2017) Assessing the effects of water deficit
on photosynthesis using parameters derived from measurements of
leaf gas exchange and chlorophyll a fluorescence. Front Plant Sci.
https://doi.org/10.3389/fpls.2017.02068

USDA (2017) 2017/2018 USDA coffee world market and trade report
(June 2017). https://apps.fas.usda.gov/psdonline/circulars/coffee.
pdf

Van de Poel B, Van Der Stracten D (2014) 1-aminocyclopropane-1-
carboxylic acid (ACC) in plants: more than just the precursor of
ethylene! Front Plant Sci 5:640. https://doi.org/10.3389/fpls.2014.
00640

Verhage F, Anten N, Sentelhas P (2017) Carbon dioxide fertilization
offsets negative impacts of climate change on Arabica coffee yield
in Brazil. Climatic Change 144:671-685. https://doi.org/10.1007/
$10584-017-2068-z

Vieira LG, Carneiro FA, Sujii PS, Alekcevetch JC, Freire LP, Vinecky F,
Elbelt S, Silva VA, DaMatta FM, Ferrao MA, Marraccini P, Andrade
AC (2013) Different molecular mechanisms account for drought
tolerance in Coffea canephora var. Conilon. Tropical Plant Biol 6:
181-190

Zhou R, Yu X, Ottosen C-O, Rosenqvist E, Zhao L, Wang Y, Yu W, Zhao
T, Wu Z (2017) Drought stress had a predominant effect over heat
stress on three tomato cultivars subjected to combined stress. BMC
Plant Biol 17:24. https://doi.org/10.1186/s12870-017-0974-x

Zhu X, Chen J, Qiu K, Kuai B (2017) Phytohormone and light regulation
of chlorophyll degradation. Front Plant Sci 8:1911. https://doi.org/
10.3389/fp1s.2017.01911

Publisher’s Note Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.1111/nph.14679
https://doi.org/10.1007/s11103-013-0155-8
https://doi.org/10.1007/s11103-013-0155-8
https://doi.org/10.1371/journal.pone.0097025
https://doi.org/10.1371/journal.pone.0097025
https://doi.org/10.1093/jxb/ers103
https://doi.org/10.3389/fpls.2016.00947
https://doi.org/10.3389/fpls.2016.00947
https://doi.org/10.1093/aob/mcq028
https://doi.org/10.1093/aob/mcq028
https://doi.org/10.1093/jxb/erx211
https://doi.org/10.1093/jxb/erx211
https://doi.org/10.1038/nplants.2017.81
https://doi.org/10.1371/journal.pone.0124155
https://doi.org/10.1371/journal.pone.0124155
https://doi.org/10.1111/jipb.12654
https://doi.org/10.1104/pp.107.100172
https://doi.org/10.1104/pp.107.100172
https://doi.org/10.1093/bioinformatics/btp616
https://doi.org/10.1093/bioinformatics/btp616
https://doi.org/10.1111/gcb.13088
https://doi.org/10.1111/j.1365-3040.2010.02259.x
https://doi.org/10.1016/j.jplph.2007.06.016
https://doi.org/10.1093/treephys/tpw129
https://doi.org/10.1038/srep12449
https://doi.org/10.3389/fpls.2017.02068
https://apps.fas.usda.gov/psdonline/circulars/coffee.pdf
https://apps.fas.usda.gov/psdonline/circulars/coffee.pdf
https://doi.org/10.3389/fpls.2014.00640
https://doi.org/10.3389/fpls.2014.00640
https://doi.org/10.1007/s10584-017-2068-z
https://doi.org/10.1007/s10584-017-2068-z
https://doi.org/10.1186/s12870-017-0974-x
https://doi.org/10.3389/fpls.2017.01911
https://doi.org/10.3389/fpls.2017.01911

