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A B S T R A C T   

As drought threatens crop productivity it is crucial to characterize the defense mechanisms against water deficit 
and unveil their interaction with the expected rise in the air [CO2]. For that, plants of Coffea canephora cv. 
Conilon Clone 153 (CL153) and C. arabica cv. Icatu grown under 380 (aCO2) or 700 μL L− 1 (eCO2) were exposed 
to moderate (MWD) and severe (SWD) water deficits. Responses were characterized through the activity and/or 
abundance of a selected set of proteins associated with antioxidative (e.g., Violaxanthin de-epoxidase, Superoxide 
dismutase, Ascorbate peroxidases, Monodehydroascorbate reductase), energy/sugar (e.g., Ferredoxin-NADP 
reductase, NADP-dependent glyceraldehyde-3-phosphate dehydrogenase, sucrose synthase, mannose-6- 
phosphate isomerase, Enolase), and lipid (Lineolate 13S-lipoxygenase) processes, as well as with other anti-
oxidative (ascorbate) and protective (HSP70) molecules. MWD caused small changes in both genotypes 
regardless of [CO2] level while under the single imposition to SWD, only Icatu showed a global reinforcement of 
most studied proteins supporting its tolerance to drought. eCO2 alone did not promote remarkable changes but 
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strengthened a robust multi-response under SWD, even supporting the reversion of impacts already observed by 
CL153 at aCO2. In the context of climate changes where water constraints and [CO2] levels are expected to 
increase, these results highlight why eCO2 might have an important role in improving drought tolerance in Coffea 
species.   

1. Introduction 

In the context of estimated climate change scenarios, the frequency 
of drought events and their severity are likely to become aggravated in 
many regions of the globe, including the tropical regions (IPCC - Inter-
governmental Panel on Climate Change et al., 2018), turning the studies 
regarding plant resilience mechanisms of crucial importance for the 
sustainability of crops. Moderate to severe water deficit, even with a 
short duration, can considerably depress plant growth and development 
(depending on species/genotypes), and ultimately cause global yield 
losses that can surpass 50% in major crops (Wang et al., 2003). This is 
closely related to the negative impact on cell expansion and photosyn-
thesis which are among the first physiological processes affected by 
drought events (Chaves et al., 2009). Upon drought, the photosynthetic 
performance is firstly affected via a decreased CO2 diffusion into leaves, 
mainly due to stomatal closure but with non-stomatal impacts (e.g., at 
the photochemical and biochemical levels) having a growing prevalence 
as drought severity increases (Chaves et al., 2003; Ramalho et al., 2014). 
The preservation of water balance, membrane integrity, and good 
functioning of metabolic pathways are determinants of regular plant 
performance and are crucial features to preserve growth and produc-
tivity. In a species- and genotype-dependent manner, the acquisition of 
tolerance to water deficits relies on a myriad of response mechanisms 
working in tandem. Among them are those that: (i) maintain osmotic 
homeostasis, namely through the accumulation of osmolyte and osmo-
protectant molecules (Chaves et al., 2003; Lahuta and Górecki, 2011); 
(ii) promote the dissipation of energy excess at the antennae complexes 
and the reaction centers of photosystem (PS) II (e.g., photoprotective 
xanthophylls) (Ramalho et al., 1997; Dumanović et al., 2021); (iii) 
reinforce the reactive oxygen species (ROS) scavenging through anti-
oxidative molecules (e.g., ascorbate, and enzymes involved in the 
ascorbate-glutathione) (Noctor et al., 2018; Dumanović et al., 2021); 
and by an (iv) higher presence of other protective molecules (such as 
aquaporins, heat shock protein 70 kDa, HSP70) (Choudhury et al., 2017; 
Anaraki et al., 2018). 

Plant responses are determined both genetically and by plant 
ecophysiological traits, but are also closely related to the intensity, 
duration, and rate of stress imposition (Chaves et al., 2009), with the 
superimposition of stresses further exacerbating photoinhibition im-
pairments (Powles, 1984). As photosynthesis declines, the photochem-
ical use of energy will be restrained, leading to a greater probability of 
production of highly reactive molecules of chlorophyll (3Chl* and 

1Chl*), and O2, and among the latter, ROS superoxide radical (O2
●-), 

hydroxyl radical (OH●), hydrogen peroxide (H2O2), and oxygen singlet 
(1O2). These molecules exacerbate the cellular oxidative pressure, and if 
their presence is not controlled/scavenged, they can damage cellular 
components, particularly in the chloroplasts such as photosystem (PS) 
proteins and membrane lipids. These damages can provoke heavy 
structural and metabolic impacts that may even lead to cell death 
(Awasthi et al., 2017; Dumanović et al., 2021), and are usually associ-
ated with photoinhibition of photosynthesis and declines in plant pro-
ductivity (Chaves et al., 2008). Thus, the antioxidative mechanisms have 
a prominent role in environmental constraints, including acclimation of 
Coffea species to cold (Romero-Rodrigues et al., 1992), and drought 
stresses (Ramalho et al., 2018a). 

The increase in the air [CO2] has a global impact on plant meta-
bolism, with reports of increases in net photosynthesis above 50%, 
namely in woody plants (Ramalho et al., 2003; Kirschbaum, 2011; 
DaMatta et al., 2019). Still, unfavorable climate shifts might compro-
mise the positive impact of elevated [CO2] (eCO2) in photosynthesis, 
growth, and biomass accumulation, depending on the species (Abo 
Gamar et al., 2019; Birami et al., 2020; Tausz-Posch et al., 2020; Marçal 
et al., 2021). In this context, advances in next-generation proteomics 
offer an accurate molecular approach to identify proteins and pathways 
associated with physiological responses to stressful conditions (Gouveia 
et al., 2020). Under stress, proteomic changes are frequently associated 
with osmotic regulation, and oxidative stress control, regulating 
photosynthesis and sugar metabolism (Wang et al., 2016; Hamzelou 
et al., 2020). Also, an in-depth look at the plant response of proteins 
associated with the photosynthetic apparatus can help to understand key 
points of tolerance/sensitivity of genotypes regarding photosynthetic 
functioning under limiting water supply conditions (Dubberstein et al., 
2020; Semedo et al., 2021). 

Spread across the tropical region, the Coffea genus comprises at least 
125 species (Krishnan et al., 2013), but the bean trade is supported 
almost entirely by C. arabica L. and C. canephora Pierre ex A. Froehner. 
Coffee is one of the world’s most important agricultural commodities, 
being a crucial source of income for ca. 25 million farmers, mainly 
smallholders while supporting the economy of many countries in the 
tropical belt (Waller et al., 2007). In several cropping areas, coffee is 
endangered by the ongoing and future global climate changes, particu-
larly due to drought and unfavorable temperatures, which are recog-
nized as their major climatic determinants (DaMatta and Ramalho, 
2006). In fact, several reports and modeling studies point out that coffee 
has been progressively affected in yield amounts and bean quality due to 

Abbreviations 

Ant antheraxanthin 
APX ascorbate peroxidase 
ASC ascorbate 
Chl chlorophyll 
3Chl* triplet state of Chl 
Cu,Zn-SOD Cu,Zn-superoxide dismutase 
DHAR Dehydroascorbate reductase 
FAs fatty acids 
FNR Ferredoxin-NADP reductase 
GAPDH NADP-dependent glyceraldehyde-3-phosphate 

dehydrogenase 
GR Glutathione reductase 
GSTs Glutathione-S-transferases 
H2O2 hydrogen peroxide 
LOX Lipoxygenase 
MDHAR Monodehydroascorbate reductase 
1O2 singlet oxygen 
O2

● superoxide anion radical 
OH● hydroxyl radical 
ROS reactive oxygen species 
VDE Violaxanthin de-epoxidase 
Viol violaxanthin; Zea, zeaxanthin  
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periods of extreme droughts combined with unfavorable temperatures 
(Bunn et al., 2015; Magrach and Ghazoul, 2015). Nevertheless, differ-
ential resilience levels have been reported among coffee spe-
cies/genotypes, and a growing body of evidence shows that eCO2 can 
have a positive impact (Marques et al., 2020, 2021). This was associated 
with significant increases in C-assimilation (up to 60%) and with the fact 
that eCO2 can partly or totally mitigate the negative impacts of heat and 
drought conditions at physiological and metabolic levels, with the po-
tential to increase yields in some regions (without water limitations), 
while preserving bean quality (Rodrigues et al., 2016; Verhage et al., 
2017; DaMatta et al., 2019; Rakocevic et al., 2021). 

We recently reported an important intrinsic resilience to elevated 
temperatures, and moderate water deficit (MWD) (Semedo et al., 2021; 
Fernandes et al., 2021) in two genotypes of Coffea (Coffea arabica cv. 
Icatu and C. canephora cv. Conilon Clone 153), independently of [CO2] 
conditions, and high resilience of Icatu under severe water deficit 
(SWD). Additionally, eCO2 has been shown to delay water stress in 
coffee genotypes, strengthening tolerance to SWD, and preserving 
photosynthetic functioning with lower dissipation of energy and PSII 
impacts (Semedo et al., 2021; Avila et al., 2020a,b). Icatu plants showed 
an intrinsic resilience to SWD under both ambient (aCO2) and eCO2, 
while in CL153 plants, the photosynthetic impacts imposed by SWD 
under aCO2 were mostly reverted under eCO2. This was associated with 
an attenuation of the impacts on several components of the photosyn-
thetic apparatus (e.g., electron carriers, LHCP) and the presence of 
mechanisms such as cyclic electron flow (CEF) involving both photo-
systems (at least in Icatu). Yet, the molecular mechanisms by which 
eCO2 improves the resilience to water deficit in coffee are not fully 
elucidated. 

Here, we explored a set of proteins involved in the antioxidant 
ascorbate-glutathione pathway and others with known protective roles 
to unveil i) the mechanisms by which plants from the two main cropped 
coffee species (Coffea arabica cv. Icatu and C. canephora cv. Conilon 
Clone 153) can acclimate to MWD, in line with the low impact/response 
at transcriptomic (Fernandes et al., 2021) and metabolomic (Rodrigues 
et al., 2021) levels; ii) why they show a genotype-dependent sensitivity 
under SWD, with important impacts for CL153 plants under aCO2; and 
iii) why/how eCO2 strengthens the response to SWD (Semedo et al., 
2021). With the insights granted by our previous studies, we hypothe-
sized that eCO2 improves drought resilience by triggering several 
biochemical and molecular mechanisms that, ultimately, contribute to 
preserving photosynthetic structures and support their performance. To 
test this hypothesis we performed a detailed analysis associated with the 
molecules underlying the antioxidative response, regarding both the 
activity and/or abundance of the molecules associated with anti-
oxidative mechanisms (e.g. VDE, Cu,Zn-SOD, Fe-SOD, peroxidases, 
peroxiredoxins, thioredoxins, glutathione-S-transferases, ascorbate, 
HSP70), and others associated with the energy/sugar (e.g., 
ferredoxin-NADP reductase, NADP-dependent glycer-
aldehyde-3-phosphate dehydrogenase, enolase, sucrose synthase, 
mannitol dehydrogenase), and lipid (LOX) pathways. We report 
important and novel evidence about the role of eCO2 to mitigate drought 
impacts associated with the above-referred mechanisms, therefore 
constituting an important step forward in the knowledge regarding 
coffee plant performance and sustainability under future climate 
scenarios. 

2. Materials and methods 

2.1. Plant material and environmental conditions 

The experiment setup was previously detailed in (Semedo et al., 
2021). Briefly, we used plants of two cropped genotypes (in Brazil) from 
the two main producing coffee species, Coffea canephora Pierre ex A. 
Froehner cv. Conilon Clone 153 (CL153) and C. arabica L. cv. Icatu 
Vermelho (Icatu). CL153 is a late maturation/ripening genotype 

included in the clonal variety Emcapa 8131 (also known as Vitória 13). 
It was created by Incaper (Brazil) in a genetic breeding program tar-
geting coffee Conillon and has shown some relevant drought tolerance 
(Ferrão et al., 2007). Icatu is an introgressed variety resulting from a 
cross of C. canephora and C. arabica cv. Bourbon Vermelho, which was 
further crossed with C. arabica cv. Mundo Novo and has shown high 
tolerance to drought (Semedo et al., 2021). Plants were grown from the 
seedling stage for seven years in 80 L pots, in walk-in growth chambers 
(EHHF 10000, ARALAB, Portugal) under environmental controlled 
conditions of temperature (25/20 ◦C, day/night, ± 1 ◦C), irradiance (ca. 
700 μmol m− 2 s− 1 at the upper part of the plant), relative humidity (70% 
± 2%), photoperiod (12 h), and ambient (aCO2, 380 ± 5 μL L− 1) or 
elevated (eCO2, 700 ± 5 μL L− 1) air [CO2]. Plants were maintained 
without restrictions on nutrients (Ramalho et al., 2013), root growth, or 
water (until water deficit imposition), and maintaining adequate soil 
moisture by watering the plants every two days. 

2.2. Imposition and monitoring of water deficit conditions and sampling 

Plants previously maintained under well-irrigated (WW) conditions 
were divided into three groups. The first one was further maintained 
under WW conditions, with leaf predawn water potential (Ψpd) above 
− 0.35 MPa. In the other two groups, to allow the plants to express their 
potential acclimation ability, drought was imposed by a gradual 
reduction of irrigation for two weeks, until Ψpd values between − 1.5 and 
− 2.5 MPa (moderate water deficit - MWD) or below − 3.5 MPa (severe 
water deficit - SWD) levels were reached. These conditions were kept for 
another two weeks before sample collection took place. As mentioned 
earlier, exceptionally, the Icatu 700-plants under MWD conditions were 
exposed to a total water withholding in the last five days of the four 
weeks, to further force the reduction of Ψpd values, which, even so, did 
not shift below − 0.6 MPa (Semedo et al., 2021). Leaf Ψpd was deter-
mined immediately after leaf excision, using a pressure chamber (Model 
1000, PMS Instrument Co., Albany, OR, USA) (Schölander et al., 1965). 
Samples from 6 to 8 newly matured leaves were collected from the upper 
(well illuminated) third part of the plant under a photosynthetic steady 
state (after ca. 2 h of illumination), flash-frozen in liquid nitrogen, and 
stored at − 80 ◦C. Before analysis, leaf material was finely powdered in 
liquid N2, and extractions were performed using an ice-cold mortar and 
pestle, as well as cold homogenizing solutions. 

2.3. Maximal activities of chloroplast antioxidant enzymes 

Chloroplast antioxidative enzymes activity was assessed from 3 to 4 g 
FW of leaf tissue, from isolated chloroplast as globally described for 
coffee leaves (Ramalho et al., 1998). Briefly, for superoxide dismutase 
(Cu,Zn-SOD, EC 1.15.1.1) chloroplast isolation was performed as 
described in (Lidon and Henriques, 1993), and the activity was spec-
trophotometrically assessed at Abs550nm based on the method of 
(McCord and Fridovish, 1969). 

For ascorbate peroxidase (APX, EC 1.11.1.11) chloroplast isolation 
and activity measurement followed (Nakano and Asada, 1981). The 
activity was assessed through ascorbate consumption (at Abs290nm, for 
120 s, at 25 ◦C) using an extinction coefficient of 2.8 mM− 1 cm− 1 for 
calculations, For the determination of glutathione reductase (GR, EC 
1.6.4.2) activity, chloroplast isolation was carried out according to 
(Foster and Hess, 1980). Samples were thereafter processed according to 
(Foyer et al., 1995), and enzyme activity was assayed as described by 
(Schaedle and Bassham, 1977), following the NADPH oxidation (at 
Abs340nm, for 120 s, at 25 ◦C). NADPH solutions between 20 and 400 μg 
mL− 1 were used to obtain a standard curve. 

2.4. Quantification of other protective molecules 

Ascorbate (ASC) determinations were performed following (Romer-
o-Rodrigues et al., 1992), after minor changes described for coffee leaves 
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(Fortunato et al., 2010). Briefly, 100 mg FW of leaf material was ho-
mogenized in a 2 mL solution containing 3% (w/v) meta-phosphoric 
acid and 4% (v/v) glacial acetic acid left agitated for 15 min, and then 
submitted to ultrasounds (5 min). The samples were afterward centri-
fuged (10,000 g, 5 min, 4 ◦C), filtered (PVDF, 0.45 μm), and submitted to 
a reversed-phase HPLC analysis using a C18, Spherisorb ODS-2 (250 ×
4.6 mm, 5 μm) column. An elution of 20 μL was performed with H2O at 
pH 2.2 (addition of H2SO4) for 15 min, under a 0.4 mL min− 1 flow rate. 
Detection was performed at 254 nm using an HPLC system (Beckman, 
System Gold, Tulsa, USA) coupled to a UV–Vis detector (mod. 440, 
Waters Millipore Associates, USA). ASC was quantified using a specific 
standard. 

Heat shock protein 70 (HSP70) assays were based on (Njemini et al., 
2003), as described in (Martins et al., 2016). Briefly, after the processing 
of ca. 100 mg FW of frozen leaves, HSP70 quantification was performed 
through an Enzyme-Linked Immunosorbent Assay (ELISA) using 
Flat-bottomed micro-ELISA plates (Costar, Corning, NY, USA) with 
readings at Abs405nm using a microplate reader. HSP70 absorbance 
readings were determined by comparison with the reference HSP70 
purified protein. Total soluble protein contents followed Bradford, 1976 
using bovine serum albumin (BSA) as a standard. 

2.5. Abundance of selected proteins involved in drought response through 
high-resolution mass spectrometry 

Proteomic procedures including protein extraction and digestion 
(from ca. 200 mg FW samples of powdered frozen coffee leaves) were 
performed as described in Dubberstein et al. (2020); Semedo et al. 
(2021). Peptides were resolved through high-resolution mass spec-
trometry (NanoLC-MS/MS) with an Acclaim PepMap100 C18 (3 μm, 
100 Å, 75 μm id × 50 cm) nanocolumn with a 90-min gradient devel-
oped at a flow rate of 0.2 μL min-1 from 4% to 25% of buffer B (80% 
CH3CN, 0.1% HCOOH) for 65 min, and then 25%–40% for 15 min. The 
UltiMate 3000 LC system (Dionex-LC packings) was directly coupled to 
the mass spectrometer (Q-Exactive HF, ThermoFisher, 
Illkirch-Graffenstaden, France) via an electrospray source and operated 
in similar conditions as described in Dubberstein et al. (2020); Semedo 
et al. (2021). Full-scan mass spectra were acquired from m/z 350 to 
1800 with a resolution of 60,000. The 20 most abundant precursor ions 
in each scan cycle were sequentially subjected to fragmentation through 
high-energy collisional dissociation. MS/MS scanning was initiated 
when the AGC target reached 105 ions with a threshold intensity of 17, 
000 and potential charge states of 2+ and 3+ after ion selection was 
performed with a dynamic exclusion of 10 s. The instrument resolution 
for the MS/MS scans was set at 15,000. 

A reference database from C. canephora (Denoeud et al., 2014) 
containing 25,574 polypeptide sequences totaling 10,251,572 residues 
was downloaded from Genoscope (http://coffee-genome.org/sites/co 
ffee-genome.org/files/download/coffea_cds.fna.gz) on July 1st, 2019, 
and used for protein inference with the MASCOT Daemon 2.6.1 algo-
rithm. All peptide matches with a MASCOT peptide score below a 
p-value of 0.05 were filtered and assigned to a protein according to the 
principle of parsimony. Only proteins with at least two peptides were 
retained in the present study. In this condition, the false discovery rate 
(FDR) assessed with the corresponding reversed decoy database search 
was less than 1% at the protein identification level. Peptide-to-spectrum 
matches (PSMs) were counted for each protein for label-free quantifi-
cation (spectral counting). To improve our understanding of plant re-
sponses to drought and/or eCO2 conditions and relate these results with 
physiological and biochemical data associated with the photosynthetic 
apparatus, a targeted approach was followed by studying the abundance 
changes of a set of 23 proteins associated with drought response, 
namely, from antioxidative and energy pathway levels (Table 1). Protein 
annotation was obtained from The UniProt Knowledgebase (UniProtKB) 
(https://www.uniprot.org/uniprot/?query=&sort=score). 

2.6. Experimental design and statistical analysis 

Samples from CL153 and Icatu genotypes were independently sub-
jected to six treatment combinations, forming a 2 x 3 factorial consisting 
of two [CO2] levels (aCO2 or eCO2) and three levels of water availability 
(WW, MWD, or SWD) under a completely randomized design, with six- 
to-eight plants per treatment. Data analysis was performed using a two- 
way ANOVA to evaluate the differences between [CO2] conditions 
(aCO2 or eCO2), between water treatments (WW, MWD, or SWD), and 
their interaction followed by a posteriori Tukey’s HSD test. A 95% con-
fidence level was adopted for all tests, which were performed always 
independently for each genotype. Data analysis was performed using 
STATISTICA v7.0 (StatSoft, Hamburg, Germany). 

3. Results 

3.1. Response of antioxidative enzymes 

The maximum activities of the chloroplast antioxidative enzymes, 
Cu,Zn-superoxide dismutase (Cu,Zn-SOD), ascorbate peroxidase (APX), 
and glutathione reductase (GR) varied significantly under water condi-
tions. Cu,Zn-SOD activity increased under the single exposure to water 
deficit (under aCO2), although only significantly in Icatu, which showed 
an increase of 252% under MWD and 267% under SWD (Fig. 1A). Under 
the single exposure to eCO2, the activity of this enzyme did not change in 
both genotypes (under WW conditions), but higher increases were 
observed from WW to SWD, especially in comparison with aCO2 plants 
under SWD, and particularly in Icatu. 

Regarding APX, the single exposure to either SWD or eCO2 stimu-
lated its activity in both genotypes (Fig. 1B). Under SWD, 43% (CL153) 
and 31% (Icatu) increases were observed in aCO2 plants, whereas eCO2 
promoted a significant rise (83%) but only in WW CL153 plants. Under 
drought and eCO2 superimposition, the activity of APX was amplified 
under MWD and SWD, although only significantly under MWD (83% 
and 61% increases in CL153 and Icatu, respectively). 

In contrast to SOD and APX, the single exposure to drought led to 
significant declines in the activity of GR, being greater in CL153 (63% 
and 56%) than in Icatu (14% and 24%), and under MWD and SWD, 
respectively (Fig. 2C). Also, the single exposure to eCO2 reduced the 
activity of this enzyme (ca. 34–35%) in WW plants of both genotypes. On 
the contrary, under eCO2, plants showed stable activity values under 
water deficits. 

Noteworthy, Icatu showed greater absolute activity values for these 
three enzymes, under MWD and SWD, and regardless of [CO2] level. 

3.2. Reinforcement of other protective molecules 

Although with some oscillations, Asc content was not significantly 
altered under the single exposure to drought or eCO2, in both genotypes 
(Fig. 2A). However, under SWD, the superimposition with eCO2 
increased Asc values by 152% (CL153), and 79% (Icatu) compared with 
aCO2 plants. 

Under aCO2, the content of the heat shock protein of 70 kDa (HSP70) 
did not change with the imposition of drought in CL153, but more than 
doubled in Icatu (128%). This was reported already under MWD, being 
maintained afterward under SWD (Fig. 2B). Although the single impo-
sition of eCO2 did not change the HSP70 content in WW plants of both 
genotypes, its presence amplified in Icatu under MWD (54%) and SWD 
(43%). These values reflect large increases under MWD (202%) and 
SWD (127%) compared with WW plants under eCO2. 

3.3. Response of proteins involved in protective metabolic and energy 
pathways under drought and [CO2] 

In general, under WW, the imposition of eCO2 marginally affected 
the selected proteins in both genotypes, with significant reductions 
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Table 1 
The relative abundance of proteins involved in the protective response in plants of C. canephora cv. Conilon (CL153) and C. arabica cv. Icatu grew under 380 (aCO2) or 
700 (eCO2) μL CO2 L− 1 conditions and submitted to well-watered (WW), moderate water deficit (MWD), and severe water deficit (SWD). Mean values values ± SE (n =
3). For each protein, different letters after the means express significant differences between water treatments within each [CO2] level (a, b, c), or between [CO2] levels 
within each water treatment (A, B), always independently for each genotype.  

Genotype CL153 Icatu 

[CO2] (μL L− 1) 380 700 380 700 

Water Treatment WW MWD SWD WW MWD SWD WW MWD SWD WW MWD SWD 

Violaxanthin de-epoxidase 0.67 ±
0.67bB 

0.99 ±
0.88bB 

4.00 
± 2.52 
aA 

2.33 ±
1.22 aA 

2.67 ±
1.42 aA 

3.00 ±
0.58 aA 

3.33 ±
2.40bA 

5.67 ±
1.45bA 

14.33 
± 1.20 
aA 

1.00 ±
1.53bA 

1.00 ±
0.58bB 

10.00 
± 4.89 
aA 

Superoxide dismutase [Fe] 12.67 
± 6.17 
aA 

13.67 
± 4.06 
aA 

22.33 
± 7.36 
aA 

10.00 ±
0.58bA 

9.33 ±
1.33bA 

23.00 
± 3.44 
aA 

14.33 ±
4.33bA 

16.33 ±
4.84bA 

30.67 
± 2.85 
aA 

9.00 ±
2.89bB 

8.67 ±
3.18bB 

28.67 
± 1.76 
aA 

L-ascorbate peroxidase 2 18.33 
±

10.93 
aA 

21.33 
±

10.40 
aA 

35.33 
± 3.18 
aA 

13.00 ±
2.16bA 

33.67 ±
12.84 aA 

41.67 
± 3.33 
aA 

14.33 ±
12.86bA 

30.67 ±
5.78bA 

54.00 
± 5.57 
aA 

27.67 ±
13.84abA 

7.00 ±
6.51bB 

42.33 
± 2.60 
aB 

L-ascorbate peroxidase 3 7.00 ±
3.51 aA 

11.00 
± 3.61 
aA 

12.67 
± 3.28 
aA 

4.00 ±
3.15bA 

10.00 ±
2.52abA 

17.00 
± 2.31 
aA 

5.67 ±
3.84 cA 

16.33 ±
2.19bA 

32.00 
± 0.58 
aA 

9.67 ±
4.37bA 

6.67 ±
2.23bB 

26.33 
± 4.18 
aA 

L-ascorbate peroxidase T 6.00 ±
2.00 aA 

3.00 ±
2.08 aA 

9.33 
± 1.86 
aB 

1.33 ±
0.88bB 

7.67 ±
4.41abA 

18.00 
± 4.10 
aA 

5.67 ±
4.26bA 

12.33 ±
5.04bA 

29.33 
± 2.03 
aA 

8.33 ±
4.26bA 

2.00 ±
1.88bB 

27.33 
± 5.36 
aA 

Monodehydroascorbate 
reductase 

19.00 
± 6.56 
aA 

26.00 
± 9.69 
aA 

29.33 
± 9.68 
aB 

18.67 ±
3.84bA 

30.00 ±
7.64 aA 

45.00 
±

18.15 
aA 

14.67 ±
8.09bA 

27.67 ±
3.76bA 

40.67 
± 4.48 
aB 

27.00 ±
10.97bA 

25.00 ±
11.59bA 

52.33 
± 5.04 
aA 

Peroxidase superfamily 
protein 

2.00 ±
1.00 aA 

0.00 ±
0.00 aA 

2.67 
± 1.76 
aB 

0.00 ±
0.00bA 

1.67 ±
0.32bA 

10.67 
± 2.60 
aA 

0.00 ±
0.00 cA 

7.00 ±
1.51bA 

23.33 
±

17.03 
aA 

1.67 ±
0.98bA 

1.33 ±
1.12bB 

20.00 
± 9.29 
aA 

Peroxiredoxin-2B 8.10 ±
4.04 aA 

11.00 
± 3.06 
aA 

13.00 
± 1.15 
aB 

9.67 ±
2.40bA 

12.33 ±
1.45bA 

22.33 
± 1.45 
aA 

3.67 ±
2.03bA 

8.00 ±
1.00abA 

11.67 
± 1.76 
aA 

5.33 ±
1.76bA 

4.33 ±
3.33bA 

13.33 
± 1.86 
aA 

Peroxiredoxin Q 16.67 
± 7.86 
aA 

16.00 
± 7.06 
aA 

21.67 
± 3.38 
aA 

9.00 ±
3.51bB 

18.67 ±
6.36abA 

29.00 
± 1.53 
aA 

23.33 ±
10.84bA 

29.67 ±
4.33bA 

41.67 
± 4.26 
aA 

16.33 ±
5.93bA 

9.00 ±
7.02bB 

46.00 
± 4.58 
aA 

Putative 1-cysteine 
peroxiredoxin 1 

19.67 
± 7.67 
aA 

20.67 
± 2.73 
aA 

38.00 
±

10.07 
aA 

22.33 ±
4.63bA 

29.33 ±
5.04bA 

42.33 
± 5.61 
aA 

20.33 ±
9.56bA 

26.67 ±
3.53bA 

42.00 
± 5.46 
aA 

19.33 ±
6.49bA 

14.33 ±
9.36bA 

50.33 
± 1.40 
aA 

Thioredoxin superfamily 
protein 

0.33 ±
0.12 aA 

2.00 ±
0.10 aA 

2.67 
± 1.67 
aA 

0.67 ±
0.33 aA 

0.63 ±
0.12 aB 

3.00 ±
1.10 aA 

2.00 ±
0.15bA 

1.90 ±
0.58bA 

4.98 
± 0.28 
aA 

1.33 ±
0.67bA 

1.00 ±
0.90bA 

5.37 ±
0.88 aA 

Thioredoxin family protein 1.33 ±
1.03bA 

1.00 ±
0.90bA 

3.67 
± 2.03 
aA 

0.45 ±
0.12bA 

1.67 ±
0.88bA 

5.33 ±
1.76 aA 

4.67 ±
4.18bA 

12.00 ±
1.73 aA 

14.00 
± 3.51 
aA 

9.30 ±
2.40 aA 

1.33 ±
1.00bB 

11.67 
± 3.18 
aA 

Thioredoxin H-type 1 2.33 ±
1.33bA 

4.33 ±
0.33bA 

8.00 
± 2.58 
aA 

5.00 ±
1.52bA 

5.00 ±
1.53bA 

10.67 
± 1.44 
aA 

3.00 ±
2.31bA 

7.67 ±
2.19abA 

14.33 
± 3.96 
aA 

5.33 ±
1.20bA 

4.98 ±
1.18bA 

19.00 
± 1.00 
aA 

Glutathione S-transferase 1.33 ±
1.13 aA 

1.00 ±
0.58 aA 

2.67 
± 1.20 
aA 

0.00 ±
0.00bA 

0.67 ±
0.32bA 

3.00 ±
0.42 aA 

0.33 ±
0.12bA 

0.33 ±
0.12bA 

3.00 
± 0.10 
aA 

1.67 ±
0.20 aA 

0.00 ±
0.00 aA 

2.33 ±
0.45 aA 

Glutathione S-transferase 
DHAR2 

1.33 ±
0.33bA 

1.67 ±
0.67bA 

4.83 
± 0.33 
aA 

1.33 ±
0.58bA 

1.67 ±
0.88bA 

5.00 ±
0.10 aA 

1.67 ±
0.32bA 

2.00 ±
0.10bA 

4.00 
± 0.58 
aA 

1.33 ±
0.38bA 

1.63 ±
0.62bA 

4.33 ±
1.45 aA 

Probable glutathione S- 
transferase 

1.33 ±
0.88 aA 

1.33 ±
0.88 aA 

3.67 
± 1.03 
aA 

2.33 ±
0.33bA 

2.33 ±
0.67bA 

5.67 ±
0.67 aA 

4.33 ±
1.86bA 

9.67 ±
2.19bA 

21.67 
± 0.67 
aA 

5.00 ±
2.08bA 

6.00 ±
1.53bA 

21.33 
± 2.67 
aA 

Ferredoxin–NADP 
reductase 

15.33 
± 4.33 
aA 

16.67 
± 2.60 
aB 

19.33 
± 3.18 
aB 

19.00 ±
5.69bA 

30.33 ±
10.99 aA 

36.33 
± 4.41 
aA 

27.67 ±
16.51 cA 

40.67 ±
1.67bA 

64.00 
± 4.62 
aA 

25.00 ±
14.57bA 

14.67 ±
7.69bB 

52.67 
± 8.17 
aA 

Linoleate 13S-lipoxygenase 
2–1 

19.67 
±

5.68bA 

13.67 
±

7.69bB 

30.00 
± 9.29 
aB 

25.00 ±
11.55bA 

67.33 ±
23.84 aA 

83.00 
±

18.46 
aA 

26.33 ±
21.53bB 

29.00 ±
4.51bA 

87.67 
±

18.67 
aA 

47.33 ±
23.38bA 

26.33 ±
14.84bA 

79.00 
±

14.01 
aA 

NADP-dependent 
glyceraldehyde-3- 
phosphate 
dehydrogenase 

1.67 ±
1.20bA 

1.67 ±
0.67bB 

4.00 
± 0.58 
aB 

4.00 ±
2.53bA 

13.00 ±
6.93abA 

22.33 
± 8.67 
aA 

3.00 ±
2.52bA 

8.33 ±
1.33bA 

22.00 
± 6.03 
aA 

9.33 ±
4.70bA 

8.67 ±
1.24bA 

28.33 
± 8.65 
aA 

Enolase 27.00 
±

14.00 
aA 

27.33 
± 9.13 
aB 

37.00 
± 8.14 
aB 

25.67 ±
6.36bA 

52.00 ±
18.23 aA 

63.67 
±

16.42 
aA 

23.33 ±
16.01bA 

43.67 ±
1.86bA 

71.67 
± 6.12 
aA 

21.33 ±
17.67bA 

39.67 ±
13.17bA 

72.00 
± 4.00 
aA 

Sucrose synthase 2 

(continued on next page) 
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being detected in only two proteins in CL153 (APX-T, Peroxiredoxin Q), 
and one in Icatu (Fe-SOD). 

Under aCO2, the single imposition to MWD had no significant impact 
on the abundance of this set of proteins in CL153 plants but increased 
five of them in Icatu (two Peroxidases, Thioredoxin family protein 
Ferredoxin-NADP reductase, Sucrose synthase). Notably, under the 
combination of eCO2 and MWD, CL153 plants showed greater respon-
siveness with significant increases being recorded in the abundance of 
six proteins (none in Icatu), namely two APX and Mono-
dehydroascorbate reductase (MDHAR), which are involved in the 
ascorbate-glutathione cycle. 

Overall, the greatest changes (both in number and magnitude) were 
felt under SWD, when the maximum abundance was observed for almost 
all proteins, regardless of genotype and [CO2] levels. Under SWD, CL153 
plants showed a greater abundance in both [CO2] levels, with the ex-
ceptions of Mannitol dehydrogenase under aCO2, and Granule-bound 
starch synthase 1 under eCO2. However, under aCO2, only six proteins 
showed a significant abundance, whereas, under eCO2, 20 out of the 24 
studied proteins increase in values (except Violaxanthin de-epoxidase, 
VDE; Thioredoxin superfamily protein, Granule-bound starch synthase 
1, Mannitol dehydrogenase). A high response under SWD was observed 
in Icatu, with significant increases in all proteins under aCO2, except two 
(Granule-bound starch synthase 1, Mannitol dehydrogenase), and in 19 
out of 24 under eCO2. Icatu response was similar in both [CO2] levels 
with only three proteins showing a greater significant abundance under 
aCO2 (L-APX 2) or under eCO2 (MDHAR, Mannitol dehydrogenase). 

In detail, it was found that the abundances of VDE and Fe-superoxide 
dismutase (Fe-SOD) were not increased under the single exposure to 
eCO2 or MWD in both genotypes, but raised under SWD irrespective of 
[CO2], particularly in Icatu with 3.3- (aCO2) and 9- (eCO2) fold increases 
in comparison to their WW values. 

The three APXs showed a different pattern from the above proteins 
since their abundance under single eCO2 raised in Icatu and decreased in 
CL153. Also, a gradual rise was usually observed with drought, starting 
with MWD (except for APX-T protein in CL153) under aCO2. Stronger 
responsiveness of these proteins was observed under SWD (under eCO2 
for CL153 and aCO2 in Icatu), reflecting increases between ca. 2- and 
12.5-fold changes, but without significant differences between [CO2] 
levels within each genotype. 

The same pattern was observed for the proteins from the Peroxidase 
superfamily whose abundance was promoted by SWD in both genotypes, 
but with an even greater increase with eCO2 superimposition in CL153. 
Icatu plants showed greater values under both [CO2] reaching ca. 20- 
fold changes as compared with their values in WW plants. 

Overall, MDHAR abundance gradually increased upon drought in 
both genotypes. The highest values were observed under SWD for both 
[CO2], although greater under eCO2. 

Peroxiredoxin proteins (2B, Q, Putative 1-cysteine peroxiredoxin 1) 
showed a similar pattern of response, rising significantly under SWD 

(from ca. 1- to 2.5- fold changes), with close values under both [CO2] 
levels within each genotype (except 2B in CL153). 

Overall, the three thioredoxin proteins showed similar contents 
under a single imposition to eCO2 and under MWD. However, under 
SWD, and independently of [CO2], these proteins increased signifi-
cantly, with thioredoxin H-type 1 being the most responsive one and 
showing the highest abundance in both genotypes. 

The three Glutathione S-transferases, including one dehy-
droascorbate reductase (DHAR2), followed a pattern of variation close 
to the thioredoxins, being among the less abundant proteins under WW. 
But significant rises were detected under SWD, irrespective of genotype 
or [CO2] level. It is worthy to mention the particularly high abundance 
of the glutathione S-transferase in Icatu under SWD with 4- (aCO2) and 
3.3- (eCO2) fold rises when compared to WW plants. 

Ferredoxin-NADP reductase abundance was not significantly modi-
fied under the single exposure to eCO2 or SWD, but under SWD the 
superimposition of eCO2 promoted a 91% in CL153 plants, as compared 
to their plants under aCO2. On the other hand, the abundance of this 
protein more than doubled in Icatu, under SWD relative to WW, 
regardless of [CO2] level. A similar pattern (although with a greater 
increase extent) was observed for the NADP-dependent glyceraldehyde- 
3-phosphate dehydrogenase, with rises in CL153 under eCO2 (4.6-fold) 
and in Icatu (6.3-fold in aCO2; 2-fold in eCO2). 

3.4. Response of proteins associated with the sugar and lipid metabolism 
under drought and [CO2] 

Among the proteins involved in sugar/energy metabolism, Enolase 
was the most represented one, under either WW or SWD. In CL153 no 
impact was observed to the single imposition of eCO2 or SWD, but an 
effect of eCO2 under MWD or SWD was found, with its abundance 
increasing ca. 150% under SWD. In Icatu, a gradual increase was 
observed as drought severity increased, triplicating their values under 
SWD in both [CO2] levels. 

Sucrose synthase 2 (SuSy) abundance was barely affected in both 
genotypes under eCO2, or SWD led to its rise only in Icatu (6.4-fold). Yet, 
under SWD and eCO2, both genotypes showed significantly higher 
values than under WW, resulting in 4.8- (CL153) and 1.8- (Icatu) fold 
change increases. 

The Granule-bound starch synthase 1 and the Mannitol dehydroge-
nase (also named NAD-dependent mannitol dehydrogenase, MTD) 
showed a different pattern of variation. These proteins were mostly 
insensitive to the single and combined imposition of drought and/or 
eCO2, except for Icatu plants under the combination of eCO2 and SWD, 
which displayed an 82% decline of the Granule-bound starch synthase 1, 
and a 2.4-fold increase in MTD. In contrast, Mannose-6-phosphate 
isomerase (M6PI) showed significant increases under drought, espe-
cially under SWD in both genotypes (5.5-fold and 48-fold, in CL153 and 
Icatu, respectively). The single exposure to eCO2 did not alter the 

Table 1 (continued ) 

Genotype CL153 Icatu 

[CO2] (μL L− 1) 380 700 380 700 

Water Treatment WW MWD SWD WW MWD SWD WW MWD SWD WW MWD SWD 

4.33 ±
2.20 aA 

3.67 ±
1.16 aA 

4.68 
± 2.08 
aB 

3.35 ±
0.54bA 

6.25 ±
2.14bA 

19.34 
± 0.36 
aA 

3.33 ±
1.54bA 

10.88 ±
2.99bA 

24.68 
± 5.31 
aA 

7.10 ±
3.31bA 

5.10 ±
1.75bB 

19.68 
± 5.23 
aA 

Granule-bound starch 
synthase 1 

3.10 ±
0.10 aA 

4.20 ±
1.74 aB 

3.99 
± 1.20 
aA 

5.20 ±
2.10abA 

11.78 ±
2.88 aA 

2.33 ±
0.58bA 

5.67 ±
2.52 aA 

3.24 ±
1.27 aA 

2.68 
± 1.59 
aA 

9.34 ±
4.62 aA 

4.10 ±
0.21abA 

1.66 ±
0.50bA 

Mannitol dehydrogenase 2.33 ±
1.16 aA 

2.10 ±
0.20 aA 

1.98 
± 0.79 
aA 

2.68 ±
0.58 aA 

1.66 ±
1.15 aA 

4.25 ±
1.74 aA 

3.45 ±
1.03 aA 

3.78 ±
1.53 aA 

2.11 
± 1.66 
aB 

3.27 ±
1.14bA 

4.03 ±
0.10bA 

11.23 
± 0.20 
aA 

Mannose-6-phosphate 
isomerase 

1.33 ±
0.78bA 

2.67 ±
1.07bA 

8.67 
± 1.24 
aB 

0.00 ±
0.00bA 

1.34 ±
0.37bA 

15.81 
± 3.20 
aA 

0.34 ±
0.04bA 

4.81 ±
1.16abA 

16.68 
± 0.57 
aA 

1.35 ±
0.30bA 

2.01 ±
0.23bA 

16.23 
± 2.02 
aA  
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abundance of this enzyme, but in CL153 its value almost doubled in the 
SWD plants under eCO2 (as compared with their aCO2 counterparts). 

Notably, under SWD the Linoleate 13S-lipoxygenase 2-1 (LOX) was 
the most abundant protein in either CL153 (eCO2) or Icatu (both [CO2]) 
plants. In CL153, no significant effect was observed under single expo-
sure to eCO2 (in WW plants), but when combined with drought condi-
tions (MWD and SWD), this enzyme abundance increased significantly. 
For instance, in CL153, the maximal value was observed under the SWD 
and eCO2 combination, resulting from a 2.3-fold change increase. In 
contrast, in Icatu plants, the single exposure to eCO2 almost doubled 
LOX abundance under WW, and under SWD significant increases were 
reported, but independent of [CO2] level. 

4. Discussion 

4.1. Response to moderate and severe water deficit and elevated air 
[CO2] 

Most studies dealing with the impacts of climate changes on tropical 
plants usually consider the imposition of single abiotic variables, with a 
much lower number (and recent) studies addressing the impact of 
combined environmental effects (Abo Gamar et al., 2019; Dubberstein 
et al., 2020; Ramalho et al., 2018a,b). In this study, water constraint was 
imposed gradually until Ψpd reached values of approximately − 3.7 MPa 
in CL153 and Icatu genotypes, which is considered as reflecting an 

Fig. 1. Maximum activities of chloroplast antioxidant 
enzymes: A) Cu,Zn-superoxide dismutase (Cu,Zn- 
SOD); B) ascorbate peroxidase (APX); and C) gluta-
thione reductase (GR) in the plants of C. canephora cv. 
Conilon (CL153) and C. arabica cv. Icatu grown under 
380 (aCO2, white bar) or 700 (eCO2, black bar) μL 
CO2 L− 1, submitted to well-watered (WW), moderate 
water deficit (MWD) and severe water deficit (SWD) 
conditions. Mean values ± SE (n = 5–6). For each 
parameter, different letters above bars express sig-
nificant differences between water treatments within 
each [CO2] level (a,b,c) or between [CO2] levels 
within each water treatment (A,B), independently for 
each genotype.   
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extreme water deficit for coffee plants (Pinheiro et al., 2004; Brum and 
Melo, 2013). 

However, to maintain the performance of the photosynthetic ma-
chinery, a balance between the impairments/damages promoted by the 
excess of light energy and the recovery/repair processes must occur 
(Murata et al., 2007; Adams et al., 2002), with damages taking place 
when the control of ROS and photoprotection (thermal dissipation) 
mechanisms are insufficient (Martins et al., 2016; Ramalho et al., 2018a, 
b). Thus, among a wide proteomic profile, we highlighted a set of pro-
teins known to be associated with the antioxidative response and ener-
gy/sugar/lipid metabolism, which are crucial to the preservation of cell 
processes in coffee (Table 1). Although with important reductions in net 
photosynthetic rates (Pn), the partial maintenance of Pn (with relevant 
rates, particularly under eCO2) under MWD (Semedo et al., 2021), 
together with the almost absence of negative impacts in PSII, thylakoid 
electron transport rates and carriers, and RuBisCO activity (the latter 
mainly in Icatu), suggests that these genotypes can acclimate to MWD. 
This is in line with the low impact found at transcriptomic (Fernandes 
et al., 2021), proteomic (Marques et al., 2022) and metabolomic 
(Rodrigues et al., 2021) levels under MWD. The partial maintenance of 
Pn and, thus of the photochemical use of energy under MWD, can be 
considered as the best “protective” mechanism for these genotypes, as 
reported also under supra-optimal temperatures (Rodrigues et al., 
2016). This, together with the increase of regulated thermal dissipation 
mechanisms (Y(NPQ)) (Semedo et al., 2021), likely limited the over-
production of ROS. This explains the absence of an increase in 
non-regulated energy dissipation processes, usually associated with 
impairments, Y(NO) (Semedo et al., 2021), and justifies the moderate 
triggering of protecting (e.g., zeaxanthin, data not shown) and/or ROS 
scavenging (e.g., Cu,Zn-SOD and APX activities) mechanisms observed 
here under MWD. Such mechanisms were globally (and gradually) 
reinforced from MWD to SWD, usually greater in Icatu than CL153, for 
both [CO2] conditions. Such reinforcements were associated to the 
harsher drought conditions (SWD), when Pn become negligible in both 
genotypes, not allowing the use of energy through photochemical 
events, thus, demanding that other mechanisms should be in place to 
ensure an adequate protection. In accordance, extensive increases in the 

abundance of almost all antioxidant proteins were observed, particu-
larly under SWD. This highlights that, even under harsh conditions, de 
novo synthesis of proteins was in place, likely contributing to reinfor-
cing/allowing protective mechanisms, to support the repair of damaged 
structures in these coffee genotypes. 

4.2. Reinforcement of photoprotective pigments 

The protection provided by the photoprotective pigment zeaxanthin 
(Zea) implies that Icatu plants might have a better response to water 
deficit than CL153 plants, due to the observed increased abundance of 
VDE. This was validated by a higher Zea synthesis under SWD and 
supported by a large synthesis of the components involved in the xan-
thophylls cycle, particularly in plants grown under eCO2 (data not 
shown). Zea will deexcite 1O2 and reduce the formation of 3Chl* (which 
are lipoperoxidation initiators) and 1Chl*, protecting antenna com-
plexes (LHCs) and lipid components from thylakoid membranes against 
photo-oxidation (Adams et al., 2002; Dall’Osto et al., 2012). The greater 
presence of Zea, together with the increased abundance of the protein 
PsbS in Icatu (Semedo et al., 2021) supports an increase in the capability 
of thermal dissipation (Niyogi et al., 2005; Ruban, 2016). Additionally, 
our findings sustain the standard acclimation response of the coffee 
plant to several stresses when the photochemical use of energy is 
compromised and the overexcitation of the photosynthetic apparatus 
occurs. This commonly prompts the synthesis of photoprotective pig-
ments, particularly of Zea and lutein, under high irradiance (Ramalho 
et al., 1997), cold (Ramalho et al., 2003; Partelli et al., 2009; Batista--
Santos et al., 2011), heat (Martins et al., 2016), and drought (Ramalho 
et al., 2018a), usually with C. arabica genotypes revealing a greater 
response than C. canephora ones. 

4.3. Response of antioxidants and other protective molecules 

The in-depth look into antioxidant and protective proteins reported 
in this study allowed us to clarify the molecular resilience of drought 
that we have recently reported in these coffee genotypes (Dubberstein 
et al., 2020; Semedo et al., 2021).Recent findings showed that the 

Fig. 2. The cellular content of A) ascorbate, and B) 
heat shock protein 70 kDa (HSP70) in the plants of 
C. canephora cv. Conilon (CL153) and C. arabica cv. 
Icatu grown under 380 (aCO2, white bar) or 700 
(eCO2, black bar) μL CO2 L− 1, submitted to well- 
watered (WW), moderate water deficit (MWD) and 
severe water deficit (SWD) conditions. Mean values 
± SE (n = 5–6). For each parameter, different letters 
above bars express significant differences between 
water treatments within each [CO2] level (a,b,c) or 
between [CO2] levels within each water treatment (A, 
B), independently for each genotype.   

I. Marques et al.                                                                                                                                                                                                                                



Journal of Plant Physiology 276 (2022) 153788

9

impact of MWD is almost absent in the proteome of these genotypes, 
with a high number of differentially abundant proteins being expressed 
only under SWD (Marques et al., 2022). GO-terms of these proteins were 
associated with biological processes involved in molecular detoxifica-
tion processes (e.g., cellular oxidant detoxification, antioxidant activity), 
most especially in Icatu (Marques et al., 2022). A recent transcriptomic 
study also reported the low impact of MWD in these two genotypes, in 
comparison with SWD where a high number of differentially expressed 
genes was found (more in CL153 than in Icatu), namely associated with 
antioxidant genes (Fernandes et al., 2021). However, because not all 
transcriptomic results were in line with previous physiological and 
metabolic results, we suggested the existence of an important 
post-transcriptional regulation component (Fernandes et al., 2021). 

The protection of the photosynthetic structures from reactive mole-
cules of Chl and O2 is often complemented with several enzymes and 
non-enzyme molecules with the capability of ROS scavenging. Their 
reinforcement is associated (but not exclusively) with the ascorbate- 
glutathione cycle, which constitutes a crucial acclimation mechanism 
to environmental stresses, including drought (Farooq et al., 2019; Li 
et al., 2020). In accordance with earlier findings in some coffee plants 
(Ramalho et al., 2018a), Icatu showed the greatest rise in Cu,Zn-SOD 
activity already under MWD, increasing further under SWD but only 
under eCO2 (Fig. 1). This, together with the large rise in Fe-SODs pro-
teins, which are specifically located in the chloroplast (Alscher et al., 
2002), would have strengthened the scavenging potential for O2

●- when 
the photochemical use of energy was minor (Semedo et al., 2021), 
reducing the probability of electron flow towards O2 to form O2

●- (Silva 
et al., 2010). Afterward, the H2O2 formed by SODs action should be 
quickly removed, since it acts also as an oxidative molecule and, mostly, 
can generate OH●, via the spontaneous Haber-Weiss reaction (or 
directly from 3Chl*), which in turn will cause lipoperoxidation, inacti-
vation of thylakoid electron transport and PSs, as well as degradation of 
pigments, proteins (e.g., D1) and DNA (Foyer, 2002; Logan, 2005). H2O2 
removal (with H2O production) can be performed by catalase and APXs, 
the latter also using ASC, which is thereafter regenerated in the 
ascorbate-glutathione cycle (namely through ferredoxin in PSI or by 
MDHAR and DHAR involving GSH, which will be afterward regenerated 
by GR) and by Zea (Smirnoff, 2005). Therefore, our results suggest an 
increased ability for H2O2 scavenging under SWD, through APXs 
abundance (Table 1) and activity (Fig. 1B). Notably, eCO2 further 
reinforced such antioxidative capability by promoting an additional 
increase in the APX activity (but not in abundance) under WW but 
especially under drought. This occurred in both genotypes, although 
usually stronger in Icatu showing the highest absolute values of activity 
and protein abundance in both [CO2] levels, similarly to what was 
observed for Cu,Zn-SOD. In line with these results, under SWD, the 
KEGG pathway of glyoxylate and dicarboxylate metabolism was 
enriched in the proteome of CL153, while Icatu rather enriched the 
superoxide metabolic process and the glutathione metabolism providing 
this genotype with a better acclimation (antioxidative) response (Mar-
ques et al., 2022). 

Additionally, the APX likely improved the protection against photo- 
oxidative stress due to its cooperation with proton gradient regulation 5 
protein (PGR-5), as well as with the NADH dehydrogenase-like complex- 
dependent pathway, which was found to be critical to photoprotection 
in Arabidopsis (Kameoka et al., 2021). This was particularly strength-
ened in Icatu through their greatest contents of photoprotective pig-
ments, chloroplast APX activity, as well as in the abundance of thylakoid 
electron carriers, PG5 and NDH-dependent cyclic electron flow proteins, 
the latter ones irrespective of [CO2]. Collectively, this information is in 
line with a reinforced protection mechanism, supporting an absence of 
negative impacts at PSs and thylakoid electron carriers, even under 
aCO2 in Icatu plants, as recently reported (Semedo et al., 2021). 

An increase in peroxidase activity can counteract the oxidative stress 
imposed by drought as reported in Vigna radiata (Bano et al., 2021). 
Likewise, the increase in the Peroxidase superfamily protein found here 

under SWD would reinforce the antioxidative machinery of coffee, 
supporting the drought tolerance capability previously reported in Icatu 
(under both [CO2] levels) and in CL153 (under eCO2) (Semedo et al., 
2021). MDHAR, another important enzyme for ROS control, recovers 
ASC (with the use of NADPH) from the monodehydroascorbate pro-
duced by APX, and has been reported to be involved in the response to 
salinity (Sultana et al., 2012) and drought (Vanacker et al., 2018). Our 
findings, showing an increased MDHAR abundance under SWD, which 
was further amplified in both genotypes by eCO2, likely supports a high 
antioxidative ability. The increases reported in the activity and/or 
abundance of APX and MDHAR under SWD were further accompanied 
by high contents of ASC (Fig. 2A), which is the substrate for APX. 
Furthermore, high ASC contents likely helped to support the increase in 
Zea since ASC is also used by VDE to synthesize Zea from Viol (Smirnoff, 
2005). Therefore, APX is expected to complement the photoprotective 
action of Zea. 

Notably, the three thioredoxin proteins studied also showed maximal 
abundances under SWD in both genotypes and irrespective of [CO2] 
levels. Among several roles, they act in the chloroplasts as light- 
dependent redox regulators of several C-assimilation enzymes, 
including the chloroplast GAPDH from the Calvin cycle, catalyzing the 
oxidation of glyceraldehyde-3-phosphate (GAP) to 3-phosphoglycerate 
(3-PG or 3-PGA) through the reduction of NADP+ to NADPH. Addi-
tionally, thioredoxins interplay with glutathione, and function as 
reducing substrates that help to detoxify H2O2 (Lemaire et al., 2007). 
Thioredoxins might also be involved in MDHAR activation under 
drought (Vanacker et al., 2018), regulating GAPDH activity (Lemaire 
et al., 2007), which supports the greater abundance found for these 
three enzymes under SWD, particularly in Icatu. Recently, Thioredoxins 
were further identified as regulators of the PGR5-dependent pathway for 
PSI-CET (Okegawa and Motohashi, 2020), a known protective mecha-
nism of the photosynthetic machinery that is likely up-regulated in Icatu 
plants under SWD, in both air [CO2] levels (Semedo et al., 2021). 

Peroxiredoxins are also involved in plant tolerance. These thiol- 
specific peroxidases catalyze the reduction of H2O2 and organic hydro-
peroxides to water and alcohols, through the oxidation of their cysteine 
residues, with complex interactions linked to the amino acid meta-
bolism, carbon metabolism, energy pathway, signal transduction stress/ 
defense/detoxification, protein folding and nucleotide metabolism 
(Cheng et al., 2015). They play multiple roles in the cellular protection 
against oxidative stress by detoxifying peroxides and hydrogen 
peroxide-mediated signaling events, namely through 2-Cysteine perox-
iredoxin, which is known to act in the chloroplast of higher plants 
(Liebthal et al., 2018). These proteins were reported to accumulate only 
in drought-tolerant wheat cultivars (Cheng et al., 2015), and are pointed 
to be involved in the protection of the PSII against drought impacts 
through H2O2 removal (Zhang et al., 2019). This is congruent with our 
findings reporting a drought sensitivity in CL153 plants under aCO2 
where only the putative 1-cysteine peroxiredoxin 1 rose under SWD, in 
contrast with the tolerance and accumulation of these three proteins in 
CL153 under eCO2, as well as in Icatu, irrespective of [CO2] levels. 

Glutathione S transferases (GSTs) are a family of multifunctional 
proteins also involved in cellular detoxification through the conjugation 
of GSH to various hydrophobic and electrophilic compounds. GSTs are 
often associated with the maintenance of cellular redox homeostasis and 
protection against oxidative stress triggered by environmental con-
straints (Estévez and Hernández, 2020; Zhuge et al., 2020). Despite 
being among the less abundant proteins reported here, GSTs respond to 
SWD, regardless of [CO2] level and genotype, although with a greater 
increase in Icatu for one of the selected GSTs, the Probable glutathione 
S-transferase (Table 1). Notably, this group includes one dehy-
droascorbate reductase (DHAR2), and thus the greater regeneration 
potential of ASC is triggered in response to SWD conditions, using GSH 
and forming GSSG. 

In the final steps of the ascorbate-glutathione pathway, the GR 
enzyme is responsible for regenerating GSSG to GSH, which in turn is 
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used to regenerate dehydroascorbate (DHA) to ASC, and thus part of the 
mechanisms associated with tolerance against oxidative stress (Batis-
ta-Santos et al., 2011). As mentioned, it is common to observe a greater 
reinforcement of the enzymes of the ascorbate-glutathione cycle in 
drought tolerant than in sensitive genotypes, as reported in Amaranthus 
tricolor (Sarker and Oba, 2018). Thus, considering the changes of several 
antioxidant components related to that cycle (e.g., SODs, APX, MDHAR, 
GSTs, ASC), GR activity revealed a contrasting pattern, with significant 
declines in response to the single exposure to SWD (aCO2) or eCO2 (WW 
plants) conditions, in both genotypes (Fig. 2C). Interestingly, with pro-
gressive water stress, up-regulation of the GR gene has been reported to 
be related to the intensity of the stress, in both drought-tolerant and 
sensitive cultivars of Vigna unguiculata, although only the sensitive one 
showed an upregulation of GR from both the chloroplast and the mito-
chondria (Contour-Ansel et al., 2006). Nevertheless, here, the activity of 
this enzyme under eCO2 was no longer sensitive to drought, maintaining 
an activity similar to WW conditions. 

The HSPs family are also reported to be stress-responsive compo-
nents (Wang et al., 2004), namely under water and temperature con-
straints (Tang et al., 2016; Kumar et al., 2018), including coffee 
genotypes (Murata et al., 2007). HSP70 prevents the denaturation and 
aggregation of proteins, preserving their structure and function, and is 
involved in processes that facilitate the translocation and degradation of 
unstable proteins (Fragkostefanakis et al., 2015). Although the HSP70 
pool was previously observed to increase in CL153 plants under the 
single exposure to eCO2 (Murata et al., 2007), only minor increases were 
found here in both genotypes (Fig. 2B). However, HSP70 responded to 
drought, and its interaction with eCO2, although in a 
genotype-dependent manner. While CL153 showed only non-significant 
abundance fluctuations, in Icatu, HSP70 levels were largely reinforced 
by drought alone (MWD and SWD), and further amplified under the 
interaction with eCO2. These findings are in accordance with the greater 
acclimation response capability of Icatu, being supported by the high 
levels of HSP70 found under supra-optimal temperatures (up to 42 ◦C), 
being reinforced by eCO2 (at 37 ◦C) (Murata et al., 2007), supporting the 
reported intrinsic resilience of Icatu to elevated temperatures (Rodri-
gues et al., 2016; Dubberstein et al., 2020). 

FNR also acts in the linear thylakoid electron flow, transferring 
electrons from PSI (in ferredoxin) to NADP+. FNR is also involved in 
plant tolerance to oxidative stress having a key role in the cyclic electron 
flow linked to PSI (PSI-CEF), involving also NDH or PGR5 dependent 
pathways and the Cyt b6/f complex (Mulo, 2011). FNR has been shown 
to co-localize with GAPDH (Contour-Ansel et al., 2006), in the chloro-
plast stroma, catalyzing the single reductive step of the Calvin cycle for 
photosynthetic CO2 assimilation (Iddar et al., 2002; Fermani et al., 
2012). This co-localization possibly provides a site of high NADPH 
concentration for carbon fixation (Contour-Ansel et al., 2006). FNR 
abundance was observed to be reduced (Chang et al., 2019), or its gene 
expression upregulated (Haider et al., 2017) in response to drought. 
Therefore, it is noteworthy that in CL153 plants under SWD and aCO2, 
the proteins PGR5, NDH, and FNR were not reinforced and that the Cyt f 
and Cyt b563 were reduced. Altogether, these point to weaker drought 
responses in line with the observed impacts in the photosynthetic ma-
chinery (Semedo et al., 2021). In contrast, the improved drought resil-
ience shown by CL153 plants under eCO2 and, of Icatu plants in both 
[CO2] levels, was accompanied by the abundance of FNR and GAPDH 
under SWD, together with the absence of negative impacts (or even 
reinforcements) on the Cyt b6/f components. 

4.4. Responsive proteins from the sugar and lipid metabolism 

It has long been known that Mannose-6-phosphate isomerase (M6PI) 
is involved in the first steps of mannitol biosynthesis, synthesizing alpha- 
D-mannose 1-phosphate from D-fructose 6-phosphate (Rumpho et al., 
1983). Mannitol is then translocated through the phloem to heterotro-
phic sink tissues where it can be either stored or oxidized to mannose 

through a NAD-dependent mannitol dehydrogenase (MTD), regulating 
the mannitol pool size and allowing its use as a carbon and energy source 
(Conde et al., 2011). Thus, the large increase in the M6PI detected in this 
study and the observed insensitivity of MTD (except in Icatu under 
eCO2) suggests a reinforcement of the mannitol synthesis instead of 
degradation, supporting its likely accumulation in leaves and a positive 
impact on plant acclimation. In fact, mannitol is the most common sugar 
alcohol found in nature and in more than 100 vascular plant species 
from several families including Rubiaceae where Coffea plants belong 
(Conde et al., 2011; Carvalho et al., 2014). This polyol can act as an 
osmoprotective molecule, a stabilizer of membrane structures, proteins, 
and other molecules (e.g., thioredoxin, ferredoxin, glutathione), being 
also part of the ROS scavenging system, which helps to protect the 
photosynthetic apparatus under abiotic stress conditions, including 
drought (Chaves et al., 2003; Conde et al., 2011; Chan et al., 2011). 

Soluble sugars and starch molecules are quite versatile in the 
response to abiotic stresses and include osmocompatible solutes, energy 
suppliers, and antioxidants, acting as well in stress perception, signaling, 
and regulation of gene expression (Sarker and Oba, 2018). Sucrose and 
starch emerged as key molecules for sugar homeostasis, but their pools 
are severely affected by adverse environmental stresses (Thalmann and 
Santelia, 2017). In this context, the analysis of enzymes from the sucrose 
and the starch metabolism could provide valuable insights regarding the 
drought tolerance response of coffee. Sucrose synthase (SuSy) catalyzes 
the reversible conversion of sucrose and UDP or ADP to UDP- or 
ADP-glucose and fructose. Improved drought tolerance of transgenic 
rice (Zhang et al., 2017) and soybean plants (Du et al., 2020) is asso-
ciated with the up-regulation of this gene and/or the increased activities 
of enzymes from sucrose catabolism, such as SuSy (Thalmann and 
Santelia, 2017). Notably, here, the abundance of SuSy was maintained 
under MWD, when only small metabolome and transcriptome changes 
were found (Fernandes et al., 2021; Rodrigues et al., 2021). Addition-
ally, its abundance was still maintained under SWD in CL153 plants 
under aCO2 where drought sensitivity has been reported and greatly 
increased in CL153 plants under eCO2 plants where SWD sensitivity has 
been reverted, as well as in Icatu plants that show a high drought 
resilience regardless of [CO2] levels (Semedo et al., 2021). 

In photosynthetic cells, starch is synthesized mostly using a fraction 
of the photosynthetic CO2-fixed carbon and transiently stored in the 
chloroplasts. For that, it is considered a key molecule in mediating plant 
responses to abiotic stresses since its mobilization allows supplying en-
ergy and C-skeletons when photosynthesis is limited (Upadhyay et al., 
2019). The Granule-bound starch synthase I (GBSSI) enzyme catalyzes 
one of the enzymatic steps of starch synthesis, being responsible also for 
the synthesis of amylose and involved in building the final structure of 
amylopectin (Wang et al., 2006). The expression of GBSSI was reduced 
in rice seedlings under drought (Wang et al., 2006), affecting starch 
synthesis and, likely, their content in cells. In fact, in response to stress, 
the degradation of starch (Haider et al., 2017) and sucrose (Du et al., 
2020) in the leaves has been linked to an improved tolerance, frequently 
accompanied by an accumulation of soluble sugars (Wang et al., 2006). 
That was also the case in Arabidopsis, where starch breakdown supported 
the production of sugars and proline to mitigate osmotic stress (Zanella 
et al., 2016), or in coffee plants submitted to drought where the hy-
drolysis of this sugar contributed to buffer fluctuations in sugar con-
centrations when photosynthesis was already limited (Praxedes et al., 
2006). 

Enolase was also among the most abundant proteins. This enzyme is 
involved in carbohydrate and energy metabolism, and the glycolysis 
process for the conversion of 2-phosphoglycerate into phosphoenol-
pyruvate. Enolase response to drought has been reported in maize and 
other species (Riccardi et al., 1998; Cheng et al., 2015). Among other 
proteins, its abundance in stressed tissues is considered essential for the 
activation of the entire energy-producing pathway (Cheng et al., 2015) 
and to maintain homeostasis (Riccardi et al., 1998). Here, in both ge-
notypes this protein largely accumulated in response to SWD in both 
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[CO2] levels and both genotypes. Additionally, its abundance almost 
doubled in CL153 plants under eCO2, suggesting a potential reinforce-
ment of the energy machinery, in line with the greater photosynthetic 
drought tolerance found under eCO2 (Semedo et al., 2021). 

In Coffea, LOX is a highly abundant protein being reported as crucial 
to the long-term coffee acclimation under several abiotic stresses (Iddar 
et al., 2002; Partelli et al., 2011; Scotti-Campos et al., 2019). LOX ac-
tivity is a biological marker in plant stress tolerance, and LOX genes of 
both 9-LOX and 13-LOX family members are known to be activated by 
drought (Upadhyay et al., 2019). 13-LOX enzymes are essential for 
jasmonic acid (JA) synthesis as a part of their response to drought 
(Haider et al., 2017). JA has been associated with the modulation of root 
hydraulic conductivity, mediating stomatal closure, and the increase of 
antioxidant enzymes (Xing et al., 2020) all of which contribute to 
improving drought tolerance. In agreement with its role in drought 
tolerance, in this study, the Linoleate 13S-lipoxygenase 2-1 was found to 
be the most abundant protein under SWD in CL153 (eCO2) and Icatu 
(both [CO2] levels), which is consistent with a greater stomatal closure 
found under eCO2 and SWD (Semedo et al., 2021). 

Altogether, our findings regarding the protective mechanisms 
(namely those associated with photoprotection and the control of 
oxidative conditions), energy pathways, and lipid metabolism support a 
high response capability of Icatu even under aCO2. Results also sustain 
that eCO2 can strengthen several mechanisms that contribute to plant 
tolerance and, thus, to the absence of relevant negative impacts at 
thylakoid (PSs, electron carriers) levels, in both genotypes (Semedo 
et al., 2021). 

5. Conclusions 

Altogether, our findings showed that both genotypes display a high 
tolerance to MWD, associated with the partial preservation of net 
photosynthesis and the maintenance of almost all the potential func-
tioning of the photosynthetic apparatus. Yet, a genotype-dependent 
sensitivity was observed under SWD. The greater Icatu resilience, 
under both [CO2] levels, was supported by a robust multi-response of 
protective mechanisms, namely those associated with photoprotection 
and oxidative control, energy, and lipid metabolism. 

The strengthening of antioxidative components, together with a 
likely lowered production of H2O2 by the reduction of the photo-
respiratory pathway, and the presence of CEF involving both photo-
systems would have contributed to reducing the probability of formation 
(or the persistence in time) of highly reactive molecules of Chl and O2 
and, therefore, to alleviate the oxidative pressure. 

The eCO2 reversed the negative impacts of SWD in CL153 and further 
amplified the drought acclimation capability in Icatu, unveiling the 
basis of the key role of eCO2 in improved coffee resilience. 

This orientated analysis of proteins associated with specific compo-
nents of drought response helps to validate (and is supported by) the 
previous large ecophysiological and biochemical studies undertaken in 
these genotypes. The set of enzymes and proteins studied can be used as 
proxies for the evaluation of drought tolerance, and the selection of elite 
coffee genotypes, more tolerant to environmental changes. 
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Incaper, Brazil, 978-85-89274-12-8.  

Fortunato, A., Lidon, F.C., Batista-Santos, P., Leitão, A.E., Pais, I.P., Ribeiro, A.I., 
Ramalho, J.C., 2010. Biochemical and molecular characterization of the 
antioxidative system of Coffea spp. under cold conditions in genotypes with 
contrasting tolerance. J. Plant Physiol. 167 (5), 333–342. https://doi.org/10.1016/j. 
jplph.2009.10.013. 

Foster, J.G., Hess, J.L., 1980. Responses of superoxide dismutase and glutathione 
reductase activities in cotton leaf tissue exposed to an atmosphere enriched in 
oxygen. Plant Physiol. 66 (1980), 482–487. 

Foyer, C.H., Souriau, N., Perret, S., Lelandais, M., Kunert, K.-J., Pruvost, C., Jouanin, L., 
1995. Overexpression of glutathione reductase but not glutathione synthetase leads 
to increases in antioxidant capacity and resistance to photoinhibition in poplar trees. 
Plant Physiol. 109 (3), 1047–1057. https://doi.org/10.1104/pp.109.3.1047. 

Foyer, C.H., 2002. The contribution of photosynthetic oxygen metabolism to oxidative 
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Pirani, A., Moufouma -Okia, W., Péan, C., Pidcock, R., Connors, S., Matthews, J.B.R., 
Chen, Y., Zhou, X., Gomis, M.I., Lonnoy, E., Maycock, T., Tignor, M., Waterfield, T. 
(Eds.), Global Warming of 1.5◦C. An IPCC Special Report on the Impacts of Global 
Warming of 1.5 ◦C above Pre -industrial Levels and Related Global Greenhouse Gas 
Emission Pathways, in the Context of Strengthening the Global Response to the 
Threat of Climate Change, Sustainable Development, and Efforts to Eradicate 
Poverty. World Meteorological Organization, Switzerland.  

Kameoka, T., Okayasu, T., Kikuraku, K., Ogawa, T., Sawa, Y., Yamamoto, H., 
Ishikawa, T., Maruta, T., 2021. Cooperation of chloroplast ascorbate peroxidases and 
proton gradient regulation 5 is critical for protecting Arabidopsis plants from photo- 
oxidative stress. Plant J. 107, 876–892. https://doi.org/10.1111/tpj.15352. 

Kirschbaum, M.U.F., 2011. Does enhanced photosynthesis enhance growth? Lessons 
learned from CO2 enrichment studies. Plant Physiol. 155, 117–124. https://doi.org/ 
10.1104/pp.110.166819. 

Krishnan, S., Ranker, T.A., Davis, A.P., Rakotomalala, J.J., 2013. An assessment of the 
genetic integrity of ex situ germplasm collections of three endangered species of 
Coffea from Madagascar: implications for the management of field germplasm 
collections. Genet. Resour. Crop Evol. 60, 1021–1036. https://doi.org/10.1007/ 
s10722-012-9898-3. 

Kumar, R.R., Goswami, S., Singh, K., Dubey, K., Rai, G.K., Singh, B., Singh, S., Grover, M., 
Mishra, D., Kumar, S., Bakshi, S., Rai, A., Pathak, H., Chinnusamy, V., Praveen, S., 

I. Marques et al.                                                                                                                                                                                                                                

https://doi.org/10.1016/j.envexpbot.2020.104148
https://doi.org/10.1016/j.envexpbot.2020.104148
https://doi.org/10.1071/CP17028
https://doi.org/10.1071/CP17028
https://doi.org/10.1111/ppl.13337
https://doi.org/10.1016/j.jplph.2010.11.013
https://doi.org/10.1016/j.jplph.2010.11.013
https://doi.org/10.1111/nph.16471
https://doi.org/10.1111/nph.16471
https://doi.org/10.1016/0003-2697(76)90527-3
http://www.coffeescience.ufla.br/index.php/Coffeescience/article/view/384
http://www.coffeescience.ufla.br/index.php/Coffeescience/article/view/384
https://doi.org/10.1007/s10584-014-1306-x
https://doi.org/10.1007/s00438-014-0864-y
https://doi.org/10.1093/jxb/err130
https://doi.org/10.1016/j.plaphy.2019.07.025
https://doi.org/10.1007/s00468-007-0190-7
https://doi.org/10.1007/s00468-007-0190-7
https://doi.org/10.1071/FP02076
https://doi.org/10.1071/FP02076
https://doi.org/10.1093/aob/mcn125
https://doi.org/10.1371/journal.pone.0125302
https://doi.org/10.1371/journal.pone.0125302
https://doi.org/10.1111/tpj.13299
https://doi.org/10.1111/tpj.13299
https://doi.org/10.1093/pcp/pcr121
https://doi.org/10.1093/pcp/pcr121
https://doi.org/10.1093/aob/mcl217
https://doi.org/10.1093/aob/mcl217
https://doi.org/10.1074/jbc.M112.405498
https://doi.org/10.1007/s10584-018-2346-4
https://doi.org/10.1007/s10584-018-2346-4
https://doi.org/10.1590/S1677-04202006000100006
https://doi.org/10.1590/S1677-04202006000100006
https://doi.org/10.1126/science.1255274
https://doi.org/10.1126/science.1255274
https://doi.org/10.3390/ijms21020618
https://doi.org/10.3389/fpls.2020.01049
https://doi.org/10.3389/fpls.2020.01049
https://doi.org/10.3389/fpls.2020.552969
https://doi.org/10.1016/j.plgene.2020.100233
https://doi.org/10.1016/j.plaphy.2019.04.039
https://doi.org/10.1074/jbc.M112.350355
https://doi.org/10.3390/agronomy11112255
http://refhub.elsevier.com/S0176-1617(22)00174-2/sref36
http://refhub.elsevier.com/S0176-1617(22)00174-2/sref36
http://refhub.elsevier.com/S0176-1617(22)00174-2/sref36
http://refhub.elsevier.com/S0176-1617(22)00174-2/sref36
https://doi.org/10.1016/j.jplph.2009.10.013
https://doi.org/10.1016/j.jplph.2009.10.013
http://refhub.elsevier.com/S0176-1617(22)00174-2/sref38
http://refhub.elsevier.com/S0176-1617(22)00174-2/sref38
http://refhub.elsevier.com/S0176-1617(22)00174-2/sref38
https://doi.org/10.1104/pp.109.3.1047
http://refhub.elsevier.com/S0176-1617(22)00174-2/sref40
http://refhub.elsevier.com/S0176-1617(22)00174-2/sref40
http://refhub.elsevier.com/S0176-1617(22)00174-2/sref40
https://doi.org/10.1111/pce.12396
https://doi.org/10.1111/pce.12396
https://doi.org/10.1111/1462-2920.14975
https://doi.org/10.1038/s41598-017-13464-3
https://doi.org/10.3390/ijms21010363
https://doi.org/10.3390/ijms21010363
https://doi.org/10.1016/s1046-5928(02)00032-3
http://refhub.elsevier.com/S0176-1617(22)00174-2/sref46
http://refhub.elsevier.com/S0176-1617(22)00174-2/sref46
http://refhub.elsevier.com/S0176-1617(22)00174-2/sref46
http://refhub.elsevier.com/S0176-1617(22)00174-2/sref46
http://refhub.elsevier.com/S0176-1617(22)00174-2/sref46
http://refhub.elsevier.com/S0176-1617(22)00174-2/sref46
http://refhub.elsevier.com/S0176-1617(22)00174-2/sref46
http://refhub.elsevier.com/S0176-1617(22)00174-2/sref46
http://refhub.elsevier.com/S0176-1617(22)00174-2/sref46
https://doi.org/10.1111/tpj.15352
https://doi.org/10.1104/pp.110.166819
https://doi.org/10.1104/pp.110.166819
https://doi.org/10.1007/s10722-012-9898-3
https://doi.org/10.1007/s10722-012-9898-3


Journal of Plant Physiology 276 (2022) 153788

13

2018. Characterization of novel heat-responsive transcription factor (TaHSFA6e) 
gene involved in regulation of heat shock proteins (HSPs) - a key member of heat 
stress-tolerance network of wheat. J. Biotechnol. 279, 1–12. https://doi.org/ 
10.1016/j.jbiotec.2018.05.008. 
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