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ABSTRACT 

 

Low positive temperatures are of up most importance in tropical plant species, namely 

in Coffea spp., disturbing plant growth and metabolism, with impact on photosynthesis 

and yield. An integrated biochemical and molecular approach was used to analyze the 

cold impact and tolerance ability on photosynthesis of coffee plants, linked to 

modifications of the status of the antioxidative system, and chloroplast membrane 

lipids. Five coffee genotypes with contrasting cold sensitivity were used: Coffea 

canephora cv. Apoatã, C. arabica cv. Catuaí, C. dewevrei, Icatu (C. arabica x C. 

canephora) and Piatã (C. dewevrei x C. arabica). Determinations were performed along 

a slow cold imposition (to allow acclimation) from 25/20 ºC (day/night) down to 13/8 

ºC, after exposure to 4
o 

C (chilling) and in the rewarming period thereafter. Cold 

exposure strongly affected net photosynthesis in all genotypes, although stomatal 

limitations were not detected. Icatu revealed the lowest leaf loss, higher reinforcement 

of the antioxidative system, qualitative changes in chloroplast membrane lipids and 

regulation of some key genes. Altogether these responses indicate a better ability of this 

genotype to cope with low positive temperatures. 

 

Key-words: antioxidative molecules, Coffea spp., cold, photosynthesis, chloroplast 

membrane lipids, gene expression. 
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Respostas ao Nível Molecular na Tolerância a Baixas 

Temperaturas Positivas em Coffea spp. 

 

RESUMO 

 

As baixas temperaturas positivas revelam-se de extrema importância para muitas 

espécies tropicais, nomeadamente as do género Coffea, afectando o seu crescimento e 

metabolismo, com impacte na fotossíntese e produção. Efectuou-se uma abordagem 

integrada a nível bioquímico e molecular, de forma a analisar o impacte do frio e a 

tolerância ao nível da fotossíntese em cafeeiros, associado a alterações no sistema 

antioxidativo e na composição lipídica. Utilizaram-se 5 genótipos de cafeeiro com 

diferente sensibilidade ao frio: Coffea canephora cv. Apoatã, C. arabica cv. Catuaí, C. 

dewevrei, Icatu (C. arabica x C. canephora) e Piatã (C. dewevrei x C. arabica). As 

determinações foram realizadas ao longo de uma imposição gradual de frio (para 

permitir a aclimatação), desde 25/20 ºC (dia/noite) até 13/8 ºC, após exposição a 4º C 

(chilling) e durante o período de recuperação. A exposição ao frio afectou a fotossíntese 

líquida em todos os genótipos, embora não relacionada com limitações estomáticas. 

Icatu apresentou menor queda de folhas, um maior reforço do sistema antioxidativo, 

bem como alterações qualitativas da componente lipídica das membranas do cloroplasto 

e expressão de genes chave. Em conjunto, estas respostas indicam uma maior 

capacidade para lidar com as baixas temperaturas positivas. 

 

Palavras-chave: moléculas antioxidativas, Coffea spp., frio, lípidos das membranas 

cloroplastidiais, expressão génica. 
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1.1. Coffee in the world 
 

The genus Coffea belongs to the family Rubiaceae subfamily Ixoroideae (Andreasen 

and Bremer, 2000) and comprises 103 different species (Davis et al., 2006). From a 

commercial point of view two species dominate in terms of economic relevance: C. 

arabica L., called arabica coffee, and C. canephora Pierre ex A. Froehner, also known 

as robusta coffee. The first is endemic from Ethiopia, Sudanese Boma Plateau and 

northern Kenya and the second from several African countries like Zaire, Uganda, 

Sudan Northwestern Tanzania and Angola Congo basin (Wrigley, 1988; Rena et al., 

1994). Due to its superior-quality beverage, arabica coffee accounts for about 65 % of 

the consumed coffee, and robusta for the rest (Correia, 1995; Vega et al., 2008).  

Coffee is one of the most important commodities in the international agricultural trade, 

generating over 90000 million dollars each year and involving about 500 million people 

in its management, from cultivation to the final consumption. Coffee is currently grown 

in ca. 80 countries, mainly from Latin America, Africa, and Asia, being the main source 

of income for about 20 million families (Osorio 2002; Lewin et al., 2004). The vast 

majority of coffee plantations worldwide belong to smallholders, which makes the 

activity highly important in maintaining rural lifestyles, providing better incomes, and 

wealth distribution. Many African countries including Uganda, Burundi, Rwanda and 

Ethiopia have coffee as their main cash crop. The total world coffee production for the 

year 2008/2009 was 128 million bags (of 60 kg), (Tab. 1.1; ICO, 2010). Brazil was the 

world‟s largest coffee producer (46 million bags), followed by Vietnam (18.5 million 

bags) and Indonesia (9.4 million bags). 

 

1.2. Cold limitations to plant metabolism 
 

Abiotic stresses such as unfavourable temperatures, drought, salinity or chemical 

toxicity represent serious limitations to agriculture, dipping average yields for most 

major crops by more than 50% (Bray et al., 2000). In general, these stresses have 

impact on a broad spectrum of cellular components and metabolism, but the extent of 

damage depends on the rate, intensity and duration of the stress as well as on the ability 

of the plant to cope with it.  
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Table 1.1 - The world coffee production (thousands of 60 Kg bags) for the year 2008/2009 

(ICO, 2010). 
Continent/Country Yield Continent/Country Yield 

Total 

 

Africa 

 

Cameroon 

Côte d‟Ivoire 

Ethiopia 

Kenya 

Tanzania 

Uganda 

Others 

 

Asia & Oceania 

 

India 

Indonesia 

Papua New Guinea  

Thailand 

Vietnam  

Others  

128 088  

 

15 196 

 

750 

2 353 

4 350 

572 

1 186 

3 200 

2 785 

 

34 900 

 

4 371 

9 350 

1 028 

675 

18 500 

976 

Mexico & Central 

America 

 

Costa Rica  

El Salvador  

Guatemala  

Honduras  

Mexico  

Nicaragua 

Others 

 

 

South America  

 

Brazil  

Colombia 

Ecuador 

Peru 

Others 

17 685 

 

 

1 320 

1 547 

3 785 

3 450 

4 651 

1 615 

1 318 

 

 

60 307 

 

45 992 

8 664 

691 

3 872 

1 088 

 

 

Generally, four kinds of temperature stress have been described: sustained high 

temperature, heat shock, chilling at temperatures above 0ºC and freezing at 

temperatures below 0ºC (Sung et al., 2003). 

For a certain intensity/speed of cold imposition, the magnitude of acquired tolerance 

developed by a given plant depends on its genome and ecological history. In order to 

produce the appropriate adaptive responses a plant needs (i) to perceive the low 

temperature; (ii) to transduce the signal to activate or repress the expression of an 

appropriate set of genes; and (iii) to utilize the gene products to control stress. In 

addition, the low-temperature response has to be integrated with responses to other 

stresses and developmental stimuli. In general there is a commonality in the plant‟s 

adaptive mechanisms to the different types of stress (Smallwood and Bowles, 2002). 

The exposure of plants to low positive temperatures, known as chilling, provokes an 

overall negative impact on plant productivity due to changes in cell enzymatic and 

chemical reactions, diffusion rates and membrane fluidity. In fact, low positive 

temperatures are known to depress growth, photosynthetic performance and yield. 

Among cell structures, the chloroplast is frequently the one that is more deeply and 

rapidly affected (Wise and Naylor, 1987; DaMatta et al., 1997; Kratsch and Wise, 2000; 
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Mano, 2002). Indeed, chilling can affect all photosynthetic components, e.g., decreases 

stomatal conductance (gs) and net and maximal photosynthetic rates, increases damage 

and reduces repair processes in phtotosystems (PS) I and II (e.g., in D1 protein). It also 

restricts electron transport, enzyme activity and carbohydrate metabolism and causes 

loss of photochemical efficiency (Larcher, 1981; Krause, 1994; Adams and Demmig-

Adams, 1995; Morcuende et al., 1996; Haldimann, 1998; Allen and Ort, 2001; Ramalho 

et al., 2003; Partelli et al., 2009; Pompelli et al., 2010). 

Another effect of the exposure of plants to low temperature, especially in combination 

with moderate to high irradiance levels, is over excitation at the chloroplast membranes 

due to a lower photochemical energy use, that may trigger photoinhibitory events 

However, “photoinhibition”, evaluated through a lowered efficiency of photosystems 

(PSs) may in fact reflect rapidly reversible down-regulation of PSII photochemical 

efficiency, the maintenance of slow reversible energy dissipating mechanisms, repair 

processes or permanent damage to the photosynthetic apparatus (Allen and Ort, 2001). 

In this context, avoidance of light absorption, e.g., through low chlorophyll (Chl) 

contents and steep inclinations to, and large reflectance of incident radiation plays an 

important role in protecting the photosynthetic apparatus of leaves (Adams et al., 2004). 

Whenever the absorbed light energy exceeds the capacity of the plant to use the trapped 

energy through photosynthesis or to dissipate it as heat, damage to PSII may occur. 

Protection against the excess of energy may be achieved by down-regulation of the 

photochemical efficiency through the xanthophyll cycle (Demmig-Adams et al., 1996) 

or by maintenance of electron flux involving alternative pathways such as 

photorespiration and the Mehler-peroxidase reaction (Asada, 1999; Ort and Baker, 

2002). However, both pathways increase the production of reactive oxygen species 

(ROS) such as superoxide and H2O2. 

To cope with ROS, plants are endowed with a complex antioxidant system including 

enzymes such as superoxide dismutases (SOD), which catalyse the reaction from 

superoxide to H2O2, catalase (CAT) and ascorbate peroxidase (APX), which removes 

H2O2 (Asada, 1999; Logan et al., 2006). In addition, detoxification of ROS can be 

conducted by means of other antioxidant molecules, both with lipophilic (α-tocopherol, 

β-carotene) and hydrophilic (ascorbate, glutathione) characteristics (Logan et al., 2006). 

Failure in the antioxidant defence system may result in damage when metabolites and 

components of the cellular machinery react with ROS, resulting, namely, in lipid 
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peroxidation, bleaching of pigments (e.g. in P680), oxidation/inactivation of proteins 

(e.g., D1 protein) and nucleic acids degradation (Foyer et al., 1994; Niyogi, 1999). 

Additionally, plants accumulate soluble sugars in response to cold (Levitt, 1980). 

Deryabin et al., (2005) suggested that besides osmoregulatory and cryoprotective 

functions, soluble sugars also act as low-molecular weight antioxidants and stabilizers 

of cell membranes under low temperature conditions. 

A direct and early effect of low temperature in living cells is a decrease in membrane 

fluidity that might represent a potential site of perception and/or injury (Levitt 1980; 

Horváth et al., 1998; Örvar et al., 2000). It has long been speculated that the perception 

of low temperature could be based on alterations in the physical state of the bilayer 

(Harwood, 1998). Membrane lipids are primarily composed of unsaturated and 

saturated fatty acids (FAs). Lipids containing saturated FAs solidify at temperatures 

higher than those containing unsaturated ones. Therefore, the relative proportion of FAs 

in the membranes strongly influences its fluidity (Harwood, 1998). The temperature at 

which a membrane changes from a semi-fluid to a semi-crystalline state is known as the 

transition temperature. Chilling sensitive plants usually have a higher proportion of 

saturated FAs, therefore, a higher temperature for state transition. Chilling resistant 

species on the other hand are marked by a higher proportion of unsaturated fatty acids 

and correspondingly a lower transition temperature (Mahajan and Tuteja, 2005; Wada 

and Mizusawa, 2009). 

At low temperature, greater membrane lipid unsaturation appears to be crucial for 

optimum membrane function, namely concerning the efficiency of the photosynthetic 

apparatus (Gombos and Murata, 1998). 

 

1.3. Cold effects in Coffea spp. 
 

Many plants, especially those from warm habitats, exhibit symptoms of injury when 

exposed to low non-freezing temperatures (Lynch, 1990). These plants, such as coffee, 

maize (Zea mays), soybean (Glycine max), cotton (Gossypium hirsutum), tomato 

(Lycopersicon esculentum) and banana (Musa sp.) are particularly sensitive to 

temperatures below 10–15 °C (Guy, 1990; Lynch, 1990; Hopkins, 1999). 

Coffee cultivation is confined to the inter-tropical zone, from 20-25ºN in Hawaii down 

to 24ºS in Brazil, mainly due to ecological factors related to temperature and humidity 

(Smith, 1989). Low temperature stress is of particular importance for coffee production, 
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since the two economically most important coffee species (C. arabica and C. 

canephora) are sensitive to low non-freezing temperatures (Bauer et al., 1985; DaMatta 

et al., 1997; Oliveira et al., 2002; Ramalho et al., 2003). Furthermore, frost causes 

dramatic losses on coffee production and may occur in southern Brazil or closer to 

equator at altitudes of 2000 m or more. An example was the devastating frosts that 

occurred in the southern of Brazil in the mid 1990‟s, causing high increases of coffee 

prices (DaMatta and Ramalho, 2006). In the main Brazilian coffee-producing regions, 

coffee species are often subjected to a combination of chilling night temperatures 

(minimum temperatures typically ranging from 5 to 12 ºC) and high diurnal solar 

radiation during winter months (Pompelli et al., 2010) that causes noticeable problems 

at leaf level, with consequences to yield.  

As for other species, in coffee plants the severity of damage upon chilling conditions 

varies with the season, intensity, speed and duration of exposure to low temperatures. 

The different sensitivity of coffee plants varies among genotypes, and in the same plant 

differs among tissues, organs or phenological stages, the juvenile coffee plants being 

clearly more sensitive to cold (Bauer et al., 1985, 1990; Queiroz et al., 1998; Ramalho 

et al., 2003) 

The optimum mean annual temperature range from 18 to 21 ºC for C. arabica and 22 to 

26 ºC for C. canephora. Temperatures below 17-18 ºC result in depressed growth of 

coffee plants, and at 5-10 ºC net photosynthesis ceases almost completely (Larcher 

1981; Camargo, 1985; Barros et al., 1997; 1999; Guimarães et al., 2002; Ramalho et al., 

2003; DaMatta and Ramalho, 2006 ). Temperatures around 3-4 ºC or lower causes leaf 

chlorosis and/or necrosis and membrane injury (Bauer et al., 1990; Gascó et al., 2004). 

Furthermore, the low net photosynthetic rates observed below 18 
o
C would originate an 

excess of energy over the photosynthetic apparatus due to an imbalance between energy 

capture and use. That will promote the production of highly reactive molecular species 

(of chlorophyll and oxygen), which ultimately will be responsible for the 

photooxidation of chloroplast components and, thus, photoinhibition if an inefficient 

antioxidative system is present (Ramalho et al., 2003; Eichler et al., 2008; Fortunato et 

al., 2010 – see Chapter 3). 

Low temperatures also affect nitrogen assimilation and the synthesis of proteins, 

especially reducing nitrate reductase activity, probably due to lack of substrate or to 

direct cold effects on the enzyme (Vaast et al., 1998; DaMatta et al., 1999). 

Impairments in stomatal conductance, electron transport rate, rubisco activity, ribulose-
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1,5-biophosfate (RubP) synthesis, sugars translocation and membrane permeability 

were also observed in different coffee plants submitted to cold conditions (Bauer et al., 

1985; Oliveira et al., 2002; Campos et al., 2003; Ramalho et al., 2003; Partelli et al., 

2009; Pompelli et al., 2010). 

Despite the damage that coffee plants usually present after exposure to cold, it was also 

observed that exposure to chilling temperatures applied gradually over a longer period, 

may promote plant acclimation (Ramalho et al., 2003) and allows to detect appreciable 

differences in cold sensitivity and acclimation ability within the Coffea genus (Campos 

et al., 2003; Ramalho et al., 2003). This probably occurs through the development of 

cold hardiness, involving a wide range of complex morphological, ultrastructural and 

metabolic alterations (Hällgreen and Öquist, 1990; Gray et al., 1997; Kratsch and Wise, 

2000) that might be controlled through changes in the expression of cold-regulated 

genes. 

 

1.4. Objectives 

 

In line with the former considerations, we aimed to go further in the understanding of 

the molecular basis of the chilling acclimation process that underlines the different 

ability of some coffee genotypes to cope with low positive temperatures. As being so, 

we performed a multidisciplinary analysis that considered the impact of low positive 

temperatures on the functioning of the photosynthetic apparatus, from leaf gas 

exchanges to gene expression, considering as well the plant ability to perform 

qualitative and quantitative changes of chloroplast membrane lipids and to control 

oxidative stress, which are considered essential features to allow cold acclimation and 

tolerance. 

For this, we organised this thesis in 6 chapters, as follows: 

 

❑ Chapter 1 – “General Introduction” - based on literature it is presented a general 

overview concerning the main cold impairments in plants, particularly in coffee. 

 

❑ Chapter 2 – “Characterization of low positive temperatures impact on 

photosynthesis” – it deals with the photosynthetic functioning of 5 Coffea genotypes 

with different cold acclimation abilities through an evaluation of temperature impact on 
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leaf loss and on photosynthetic related parameters (mainly through gas exchanges and 

chlorophyll a fluorescence). 

This chapter was adapted from Batista-Santos P, Lidon FC, Fortunato A, Leitão AE, 

Lopes E, Partelli F, Ribeiro AI, Ramalho JC (2011) Cold impact on photosynthesis in 

Coffea spp. genotypes - Photosystems sensitivity, photoprotective mechanisms and gene 

expression. J Plant Physiol. (accepted). 

 

❑ Chapter 3 – “Biochemical and molecular characterization of the antioxidative 

system of Coffea spp. under cold conditions in genotypes with contrasting tolerance” – 

it focuses on the cold-triggering of the antioxidative system that may help to control the 

production and the scavenging of highly reactive molecules, amongst them, ROS. It was 

considered both enzyme and non-enzyme molecules with anti-oxidative potential, as 

well as the expression of selected genes related with this line of defence. 

This chapter was adapted from Fortunato AS, Lidon FC, Batista-Santos P, Leitão AE, 

Pais IP, Ribeiro A, Ramalho JC (2010) Biochemical and molecular characterization of 

the antioxidative system of Coffea spp. under cold conditions in genotypes with 

contrasting tolerance. J Plant Physiol. 167: 333-342. 

 

❑ Chapter 4 – “Characterization of the main lipid components of chloroplast 

membranes and cold induced changes in Coffea spp.” – it describes the main lipid 

composition of chloroplast membranes of Coffea genotypes under adequate 

environmental conditions, as well as the adjustments triggered during a gradual 

temperature decrease, after chilling exposure and in the rewarming period thereafter. 

This chapter was adapted from Partelli FL, Batista-Santos P, Scotti-Campos P, Pais I.P, 

Quartin VL, Vieira HD, Ramalho JC (2010) Characterization of the main lipid 

components of chloroplast membranes and cold induced changes in Coffea spp. Environ 

Exp Bot. (submitted) 

 

❑ Chapter 5 – “Expression analysis of some genes related to photosynthetic and lipid 

metabolism” – this chapter focuses on the cold impact on a set of putative key genes 

related to proteins of the photosynthetic apparatus, as well as from sugar and lipid 

metabolism. This section aims at complementing the studies presented in the previous 

chapters helping to better understand the mechanisms involved in plant stress response 
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at gene expression level.  

This chapter was adapted from Batista-Santos P, Lidon FC, Fortunato A, Leitão AE, 

Lopes E, Partelli F, Ribeiro AI, Ramalho JC (2011) Cold impact on photosynthesis in 

Coffea spp. genotypes - Photosystems sensitivity, photoprotective mechanisms and gene 

expression. J Plant Physiol. (accepted). 

 

❑ Chapter 6 – “General Conclusions and Perspectives” – is provided an integrative 

overview of the experimental work and of conclusions presented in the previous 

Chapters 2-5. It is intended to improve the knowledge and to better explain the cold 

tolerance in Coffea spp. Furthermore, possible lines of work will be suggested in order 

to complement the obtained information.  
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Abstract 

 

Low temperature is a major limiting factor for plant metabolism and is often associated 

to a reduction in crop production, especially in tropical and sub-tropical plants. Low-

positive temperatures (chilling) can impair cell metabolism, with strong impacts on 

membranes and photosynthetic machinery. In order to contribute to the understanding 

of the molecular basis of the chilling acclimation process in Coffea spp., cold impact on 

photosynthesis was assessed. The experiments were carried out along a slow cold 

imposition (to allow acclimation), after chilling (4 
o
C) exposure and in the rewarming 

period thereafter, using 5 Coffea spp. genotypes with different cold sensitivities; Coffea 

canephora cv. Apoatã, C. arabica cv. Catuaí, C. dewevrei and 2 hybrids, Icatu (C. 

arabica x C. canephora) and Piatã (C. dewevrei x C. arabica). Icatu showed the lowest 

leaf loss, contrasting to Apoatã and C. dewevrei, giving the first indication of a higher 

cold tolerance. During cold exposure photosynthesis was strongly affected in all 

genotypes although stomatal limitations were not detected. Icatu displayed the best 

photosynthetic performance recovering upon rewarming (total or partially) most of the 

physiological parameters (Pn, Amax, Fv/Fm, Fv’/Fm’, NPQ), indicating a better 

functioning at PSII level. 

 

Keywords 

Acclimation, Coffea spp., cold, chlorophyll a fluorescence, gas exchanges, 

photochemical parameters, photosynthesis, stomatal conductance. 
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2.1. Introduction 

 

Photosynthesis is a mechanism that converts light energy into chemical energy (ATP) 

and redox power (NADPH) in a specialized cell organelle, the chloroplast. As a highly 

integrated and regulated process, photosynthesis is sensitive to environmental 

conditions and its changes, constituting a key metabolism that could be used to evaluate 

plant sensitivity and acclimation ability to environmental stresses, namely low 

temperature (Kratsch and Wise, 2000; Ramalho et al., 2003). In fact, low temperatures 

lead usually to an imbalance between energy captured and its use through metabolic 

sinks due to the fact that biochemical reactions are more affected than biophysical ones. 

This implies adjustments of photosynthesis to maintain the balance of energy flow. In 

this way, photosynthesis acts as a sensor for energy imbalance, through the redox state 

of photosynthetic electron-transport components, and interacts with other processes to 

regulate plant acclimation (Huner et al., 1998). 

Low positive temperatures (chilling) are known to depress growth, photosynthetic 

performance and yield in Coffea spp. (Bauer et al., 1985; DaMatta et al., 1997; 

Ramalho et al., 2003; DaMatta and Ramalho, 2006). In fact, among the cell structures, 

chloroplasts are quickly and deeply affected (Wise and Naylor, 1987; Kratsch and Wise, 

2000, Mano, 2002) and in chilling-sensitive plants net photosynthesis ceases almost 

completely at 5-10ºC (Larcher, 1981). This can be attributed to reductions in stomatal 

conductance (gs), loss of photochemical efficiency, increase of damages and reduction 

of repair processes at the photosystems (PS) I and II (e.g., in D1 protein and pigment 

complexes), restrictions of electron transport, enzyme activity and carbohydrate 

metabolism, as well as loss of membrane selectivity (Larcher, 1981; Krause, 1994; 

Adams and Demmig-Adams, 1995; Morcuende et al., 1996; Haldimann, 1998; Allen 

and Ort, 2001). Furthermore, exposure to chilling temperatures for several days might 

provoke significant after-effects upon rewarming conditions, since CO2 uptake remains 

low or completely inhibited (Larcher, 1981). 

Despite the known sensitivity of the main producing coffee species, C. arabica and C. 

canephora, recent reports highlighted the existence of different degrees of cold 

sensitivity within the Coffea genus (Ramalho et al., 2003; Campos et al., 2003). In order 

to evaluate the cold acclimation ability in Coffea spp., a brief characterization of low 

positive temperatures impact on photosynthesis was performed in five different coffee 
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genotypes. 

 

2.2. Material and Methods 

 

2.2.1. Plant material and growth conditions 

The experiments were carried out as previously described (Ramalho et al., 2003) with 

minor modifications, using 1.5 years old plants from the genotypes C. canephora Pierre 

ex A. Froehner cv. Apoatã (IAC 2258), Coffea arabica L. cv. Catuaí (IAC 81), Icatu 

(IAC 2944 - C. canephora x C. arabica, frequently considered a C. arabica cultivar), 

which are important coffee producers, C. dewevrei De Wild. & T. Durand, which is 

used in breeding programs, and Piatã (IAC 387 - C. dewevrei x C. arabica) an hybrid 

with good yield potential. 

Potted plants were transferred into walk-in growth chambers (10000 EHHF, ARALAB, 

Portugal) and submitted successively to 1) a gradual temperature decrease (0.5 
o
C day

-1
) 

from 25/20 
o
C (day/night) to 13/8 

o
C, over 24 days, to allow the expression of 

acclimation ability, 2) a 3 day chilling cycle (3x13/4 
o
C), where the plants were 

subjected to 4 ºC during the night and in the first 4 h of the morning (thus, with light), 

followed by a gradual rise up to 13 
o
C, applied throughout the rest of the diurnal period. 

Subsequently, rewarming conditions (25/20 ºC) were applied for 7 days in order to 

allow plants to recover. Photoperiod was set to 12 h, RH to 65-70%, external CO2 

concentration to ca 380 L L
-1

 and irradiance to ca. 750-900 mol m
-2

 s
-1

. 

Determinations were made in the 2 top pairs of recent mature leaves from each branch 

from 8-10 plants per genotype. 

 

2.2.2 .Visual evaluation of temperature impact on leaves 

The number of leaves was evaluated in 8-10 plants for each genotype, being considered 

as damaged leaves those with visible necrotic injury in more than 50% of leaf area or 

those that shed, even if they showed absence of visible lesions. The percentage of 

damaged leaves was determined in relation to the number of leaves registered at the 

beginning of the experiment, since under low temperature there was no production of 

new leaves. 
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2.2.3 Gas exchange measurements  

Leaf net photosynthetic rate (Pn), stomatal conductance to water vapour (gs,) and the 

internal CO2 concentration (Ci) were measured along the experimental period, under 

photosynthetic steady-state conditions after ca. 2 h of light exposure, using a CO2/H2O 

open system portable infra-red gas analyzer (CIRAS I, PP Systems, UK). Measurements 

were carried out in 5-6 plants per genotype along daytime (9:00, 11:00, 13:00, 15:00 

and 17:00 h). However, despite some differences in gas exchanges during the several 

daily determinations, an ANOVA test depicted only non-significant differences between 

the day-course hours. In this way, a diurnal average will be presented for each analysed 

temperature along the experiment. 

Measurements of O2 evolution expressing photosynthetic capacity, Amax, were 

performed in leaf discs (1.86 cm
2
) under irradiance (PPFD 800 mol m

-2
 s

-1
) and CO2 

(ca. 7%) saturating conditions, at 25ºC, in a Clark-type leaf-disc O2 electrode (LD2/2, 

Hansatech, UK). Saturating PPFD was provided by a Björkman lamp (Hansatech). 

 

2.2.4. Chlorophyll a fluorescence parameters  

Fluorescence of chlorophyll (Chl) a was measured immediately after and in the same 

conditions of gas exchange determinations using a PAM 2000 system (H. Walz, 

Effeltrich, Germany) along the experiment. Briefly, measurements of the minimal 

fluorescence from the antennae, Fo, and maximal photochemical efficiency of 

photosystem (PS) II, Fv/Fm, were performed on overnight dark-adapted leaves. Fo 

denotes the fluorescence emission by the excited Chl a molecules before excitation 

energy migrate to the reaction centers and was determined using a weak light (< 0.5 

mol m
-2

 s
-1

). Fv/Fm represents the potential PSII photochemical efficiency and was 

obtained using a 0.8 s saturating pulse of ca. 6500 mol m
-2

 s
-1

 of actinic light. 

The qP (Van Kooten and Snel, 1990), NPQ (Adams et al., 1995), e (Genty et al. 1989) 

and Fv´/Fm´ (Krupa et al., 1993) were determined under photosynthetic steady-state 

conditions, using a PPFD of ca. 500 µmol m
-2

 s
-1

 of actinic light (provided by a halogen 

lamp from the PAM-2000) and superimposed saturating flashes. Fo’ needed for qP and 

NPQ determinations was obtained immediately after the switch off of the actinic light, 

before the first fast phase of fluorescence relaxation kinetics in the dark. The Fv’/Fm’ 

represents the actual PSII efficiency of energy conversion, e is an estimate of the 

quantum yield of non-cyclic electron transport, qP denotes the proportion of energy 
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trapped by PSII open centers and driven to photochemical events, while NPQ represents 

the photoprotective sustained thermal dissipation. As for Pn, a diurnal average is 

presented for each period along the experiment. 

 

2.2.5. Statistical analysis 

A two-way ANOVA (P < 0.05) was applied to evaluate differences between 

temperatures and between genotypes, followed by a Tukey test for mean comparison 

(95% confidence level). 

 

2.3. Results 

 

2.3.1. Cold impact on leaf area 

Temperature decrease had a low impact at 18/13 
o
C, when plants presented between 2 

and 4% of damaged area, with no differences between genotypes (Fig. 2.1). With a 

further temperature decrease to 13/8 
o
C, Apoatã and C. dewevrei presented higher leaf 

damage, 12.5% and 7.3%, respectively, but still without significant differences between 

genotypes. However, immediately after the beginning of the exposure to the chilling 

cycles, leaf necrosis raised and some leaf shed begun to occur, leading to significant 

differences of leaf area loss within and amongst genotypes after 3 cycles of 13/4 
o
C. 

 

 

 

 

 

 

 

 

 

 

Figure 2.1 – Variation of the number of damaged leaves (% per plant) by cold conditions in 

the studied Coffea spp. genotypes, under control conditions (25/20 
o
C), by the middle (18/13 

o
C) 

and at the end of the acclimation period (13/8 
o
C), after 1 (1x13/4 

o
C) and 3 (3x13/4 

o
C) chilling 

cycles and from 1 to 6 days of the rewarming period (Rec) at 25/20 ºC. Each value represents 

the mean + SE (n = 8-10 plants). ANOVA showed significant differences among genotypes and 

temperatures, as well as for the interaction between genotype and temperature. 
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At this stage, Apoatã (34%), Piatã (25%) and C. dewevrei (24%) showed a contrasting 

leaf area loss as compared to Catuaí (16%) and, mostly, to Icatu (8%). Furthermore, 

strong post-stress effects were visible in C. dewevrei and, particularly, in Apoatã. After 

6 days under rewarming conditions these genotypes showed leaf shed of 44% and 84%, 

respectively, reaching 100% in several plants of the later genotype. Noteworthy is also 

the fact that in Apoatã most of post-stress loss was caused by abscission phenomena (at 

the petiole level) of green leaves, while in the other genotypes leaf loss was mostly 

related to necrotic damage on the leaf blade. Icatu showed by far the lower significant 

impact, with a 16% loss of area by the end of the experiment. 

 

2.3.2. Gas exchange measurements  

Pn and gs declined in all genotypes during the gradual temperature decrease while for Ci 

an opposite tendency was observed (Fig. 2.2). At moderate low temperature of 18/13 

ºC, Icatu presented a 22% decrease of Pn, but Piatã and Apoatã had 48% and 54% 

reductions, respectively. At 13/8 ºC and during chilling conditions further reductions of 

Pn were observed, reaching negligible (or negative) values after the 3 chilling cycles at 

13/4 ºC in all genotypes.  

The impact on Pn was clearly stronger than in gs during cold imposition, but significant 

reductions were observed below 18/13 ºC. It should be pointed out that the analysis of 

the stress after effects is quite important to evaluate the extension of cold impairments 

and the plant recovery ability. The Pn in Icatu recovered somewhat faster until the 5
th

 

day of the rewarming period. After 7 days only Apoatã and Catuaí did not show a 

complete Pn recovery. At this point all genotypes recovered the gs levels. 

Ci increased continuously in all genotypes until the chilling treatment, when maximal 

significant raises were observed, tending to their respective controls upon rewarming 

conditions, although maintaining enhanced values by the end of the experiment. 

Gas exchanges evaluated under environmental CO2 (ca. 380 μL L
-1

) did not clearly 

distinguished the studied genotypes, but the Amax (determined under saturating light and 

CO2 conditions) showed strong differences amongst them (Fig. 2.3). Amax was less 

affected than Pn, with a significant impact at 18/13 ºC only in Piatã (24% fall). Under 

13/8 ºC Apoatã, C. dewevrei and Piatã showed significant decreases of 42-44%, while 

Icatu and Catuaí declined 18%. 
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Figure 2.2 – A - Net photosynthesis (Pn); B - stomatal conductance to water vapour (gs); C - 

internal CO2 concentration (Ci) in in the studied Coffea spp. genotypes, under control conditions 

(25/20 
o
C), by the middle (20/15 ºC and 18/13 

o
C) and at the end of the acclimation period (13/8 

o
C), after 3 chilling cycles (3 x13/4 

o
C) and from 2 to 7 days of the rewarming period (Rec) at 

25/20 ºC. Each value represents the mean + SE (n=20-25). ANOVA showed significant 

differences among genotype and temperatures, as well as for the interaction between genotype 

and temperature. 

 

After chilling exposure only Icatu showed a non-significant reduction of 19%, while 

Apoatã, Catuaí, C. dewevrei and Piatã presented strong reductions of 55%, 31%, 47% 

and 73%, respectively. By the end of the experiment all genotypes recovered, 
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particularly Catuaí and Icatu that slightly overcame (4 and 9%, respectively) the initial 

values.  
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Figure 2.3 – Variation of photosynthetic capacity (Amax) in the studied Coffea spp. genotypes, 

under control conditions (25/20 
o
C), by the middle (18/13 

o
C) and at the end of the acclimation 

period (13/8 
o
C), after 3 chilling cycles (3 x13/4 

o
C) and at the end of the rewarming period 

(Rec) at 25/20 ºC. Each value represents the mean + SE (n=5-8). ANOVA showed significant 

differences among temperatures and genotypes, as well as for the interaction between genotype 

and temperature. 

 

2.3.3. Chlorophyll a fluorescence parameters  

Chl a fluorescence parameters, also determined under environmental conditions of 

temperature and CO2, showed important cold impacts (Tab. 2.1). Fo and Fv/Fm showed a 

tendency to decrease from the very beginning of the gradual temperature decline. C. 

dewevrei was the first and most affected genotype along the acclimation period, but at 

13/8 
o
C and after chilling exposure all genotypes showed similar significant impacts. 

Upon rewarming Fo recovered faster than Fv/Fm, but after 7 days both parameters 

showed values close to the controls. 

Under steady-state photosynthetic conditions, the Fv’/Fm’ was strongly affected from 

20/15 
o
C onwards with minimal values observed after chilling. Catuaí and Icatu were 

less affected, with significant impacts only at 13/8 
o
C, but after chilling all genotypes 

showed strong impacts. By the end of the experiment, Piatã and Icatu showed the best 

recoveries but values did not differ from the controls.  

e was the most affected fluorescence parameter. At the moderate temperature of 18/13 

o
C, reductions to 24-32% were already observed in all genotypes that reached 7-12% of 

the initial values after chilling exposure, pointing out for a severe reduction of electron 

transport events. Strong reductions between 25-44% were still presented at the end of 

the experiment, non-significant only in Icatu. 
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The qP decreased gradually with cold imposition, reaching reductions of ca. 70% 

immediately after chilling exposure. As for e, an incomplete recovery was observed 7 

days after recovery, to values between 61-74% of the controls and with no differences 

between genotypes. 

The sustained thermal dissipation, reflected by NPQ (Adams et al., 1995), was 

significantly reduced in C. dewevrei and Icatu already at 20/15 
o
C. Despite some 

fluctuations during the acclimation period, after chilling all genotypes showed 

significant reductions of this parameter between 52% (Apoatã) and 75% (C. dewevrei, 

Icatu and Piatã) of the initial values. This was immediately reversed after 2 days under 

rewarming conditions in Icatu and Catuaí. By the end of the experiment only C. 

dewevrei showed a significantly lower value. 

 

2.4 Discussion 

 

Visible necrotic injury in coffee leaves were reported after exposure to 0.5 
o
C, but at 3-4 

ºC non-homogenous discoloration and necrosis may occur, with higher incidence of 

these symptoms at the margins of the leaf blade. These leaves may lately die and the 

symptoms vary according to the Coffea genotypes (Bauer et al., 1985; Campos et al., 

2003; Ramalho et al., 2003). Loss of leaf area was remarkable after chilling imposition 

in all genotypes, particularly in Apoatã, what would be related with severe damages 

resulting from chilling exposure. However, from the 3
rd

 rewarming day onwards, some 

leaves of Apoatã, including those without visual symptoms, wilted and subsequently 

shed due to the petiole abscission. Such abscission under rewarming conditions might 

be associated with the recovery of transpiration flow which might increased the ABA 

content in leaves (Ramalho et al., unpublished data) translocated from roots. Leaf 

disorders during cold exposure may also arise from the differences between the water 

loss by transpiration and water root absorption and translocation, due to a lower 

hydraulic conductance in the root system (Aroca et al., 2003), or from root death, since 

the coffee root system is extremely sensitive to cold (Larcher, 1995). In general, Icatu 

showed the lowest leaf loss, contrasting to Apoatã and C. dewevrei, being in agreement 

with the sensitivity degree of these genotypes at metabolic level (Ramalho et al., 2003). 

The gradual temperature decrease provoked reductions in Pn and gs in all coffee 

genotypes (Fig. 2.2), confirming earlier results (DaMatta et al., 1997; Ramalho et al., 
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2003; Silva et al., 2004; Partelli et al., 2009; Pompelli et al., 2010). The observation 

that the impact on Pn was clearly stronger than in gs during cold imposition, together 

with the fact that Ci gradually increased until 13/4 ºC, pointed to an absence of stomatal 

limitation of CO2 availability to the carboxylation sites, confirming earlier findings 

(Ramalho et al., 2003, Silva et al., 2004, Partelli et al., 2009). Concomitantly, Amax, 

although affected, maintained considerable values, particularly in Icatu. Thus, the 

energy capture and processing machinery still kept a high functional potential, 

supporting the hypothesis of a photosynthetic robustness in some coffee plants 

(DaMatta and Ramalho, 2006), higher than what is commonly assumed. 

The detected impairments in Pn and fluorescence parameters would integrate reversible 

(mainly in Icatu) and irreversible mesophyll impairments, as reflected by the impacts in 

Amax (Fig. 2.2). In fact, while the photosynthetic machinery of Icatu was quite preserved, 

showing a maximal Amax drop of 19%, the other genotypes suffered reductions up to 

73% (Piatã), reflecting not readily reversible effects in the most affected Apoatã, Piatã 

and C. dewevrei. Knowing that when the absorption of energy exceeds its consumption 

in carbon assimilation, as under cold, the overproduction of highly reactive molecules 

(e.g., 
3
chl*, 

1
chl, 

1
O2, O2

-
, H2O2, OH) will be promoted in PSI and PSII (Logan, 

2005), affecting the functioning of the photosynthetic apparatus. Thus, the best Icatu 

performance could be related to the observed triggering of antioxidative mechanisms 

(Fortunato et al., 2010; Chapter 3). After a 7 day rewarming period Pn and Amax 

approached the control values (except in Apoatã and Catuaí), being in agreement with 

previous findings where Pn might fully recover within 2 to 6 days after a 12h exposure 

to 4 ºC (Bauer et al., 1985), what was also linked to a complete restored sugar balance 

(Ramalho et al., 2003). Yet, Apoatã, Catuaí and even Icatu presented better recoveries 

of Amax than Pn, suggesting that some processes involved in photosynthesis were still 

recovering, e.g., stomatal control, ribulose-1,5-bisphosphate carboxylase/oxygenase 

(RuBisCo) activity, thylakoid functioning, and sugar translocation from synthesis sites 

(Ensminger et al., 2006). 

In parallel to the temperature decrease, reductions in PSII photochemical efficiency 

were observed in all genotypes. Such depressions in PSII efficiency, often interpreted as 

"photoinhibition", could however include a response to light and cold, involving the 

down regulation of PSII due to photoprotective thermal energy dissipation associated to 

the xanthophyll cycle (Adams and Demmig-Adams, 2006). That would be the case due 

to the increase in the content of several photoprotective pigments, especially in Icatu 
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(Ramalho et al., 2003). 

Considering that NPQ contribute to balance the input and use of light energy in 

photosynthesis, protecting the photochemical machinery, our results seemed to suggest 

a low NPQ efficiency under cold (Tab. 2.1). However, since zeaxantin accumulates, 

both under night and diurnal conditions (data not shown), a competition with 

photochemistry for excitation energy will occur, decreasing Fm and Fm’, affecting NPQ 

calculation and turning this parameter difficult to interpret. This “misleading” NPQ will 

then quantify only further increases in diurnal thermal dissipation and will not include 

sustained thermal dissipation (Adams et al., 1995; Maxwell and Johnson, 2000). 

Nevertheless, since NPQ includes a component dependent on PsbS protein (Li et al., 

2000), we cannot exclude that such lowered NPQ values also includes some deleterious 

impact on PsbS (Ramalho et al., 2003). That could probably be the case of C. dewevrei 

where the stronger reductions of NPQ until 13/8 
o
C and at the beginning of the 

rewarming period were observed, as well as in the other genotypes (except Icatu) upon 

chilling. Nonetheless, as observed also under high irradiance stress, non-photochemical 

mechanisms (qN and qE) did not increase in C. arabica as could be expected (Nunes et 

al., 1993), suggesting a somewhat less important role in coffee photoprotection, 

contrary to that attributed to xanthophylls (Ramalho et al., 2000; 2002; 2003). 

 

2.5. Conclusions 

 

During cold exposure Icatu showed the lowest leaf loss, contrasting to Apoatã and C. 

dewevrei, giving the first (morphological) indication of a higher cold tolerance. As a 

consequence of cold stress, Pn and Chl a fluorescence parameters were dramatically 

affected, but stomatal limitations to CO2 availability were not detected in all genotypes. 

Contrasting with other plants that showed strong cold aftereffects in photosynthesis and 

respiration (Gorsuch et al., 2010), coffee leaves, particularly Icatu, displayed a notable 

leaf plasticity, since after a 7 day rewarming period most physiological parameters (Pn, 

Amax, Fv/Fm, Fv’/Fm’, NPQ) recovered (total or partially) to values observed prior to 

cold exposure. In this way, it was evident that Icatu presented minor impacts at PSII 

level as observed previously (Ramalho et al., 2003).  
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Abstract 

 

Low positive temperature (chilling) is frequently linked to the promotion of oxidative 

stress conditions, and is of particular importance in coffee due to its severe impact on 

growth, development, photosynthesis and production. Nevertheless, some acclimation 

ability has been reported within the Coffea genus, possibly related to oxidative stress 

control. Using an integrated biochemical and molecular approach, the characterization 

of the antioxidative system of five genotypes with different cold acclimation abilities 

was performed. Experiments were carried out using 1.5-year-old coffee seedlings of 

Coffea canephora cv. Apoatã, C. arabica cv. Catuaí, C. dewevrei and 2 hybrids, Icatu 

(C. arabica x C. canephora) and Piatã (C. dewevrei x C. arabica) subjected to a gradual 

cold treatment and a recovery period. Icatu showed the greatest ability to control 

oxidative stress, as reflected by the enhancement of several antioxidative components 

(Cu,Zn-SOD and APX activities; ascorbate, α-tocopherol and chlorogenic acids (CGAs) 

contents) and lower reactive oxygen species contents (H2O2 and OH). Gene 

expression studies show that GRed, DHAR and class III and IV chitinases might also be 

involved in the cold acclimation ability of Icatu. Catuaí showed intermediate 

acclimation ability through the reinforcement of some antioxidative molecules, usually 

to a lesser extent than that observed in Icatu. On the other hand, C. dewevrei showed the 

poorest response in terms of antioxidant accumulation, and also showed the greatest 

increase in OH values. The difference in the triggering of antioxidative traits supports 

the hypothesis of its importance in cold (and photoinhibition) tolerance in Coffea spp. 

and could provide a useful probe to identify tolerant genotypes. 

 

Keywords 

Coffea spp., cold, oxidative stress, reactive oxygen species, scavenging systems. 
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3.1. Introduction 

 

Among environmental stresses, low positive temperatures constitute a major limiting 

factor, with impacts on photosynthesis, uptake of water and nutrients, as well as on crop 

production quality and post-harvest life (Ensminger et al., 2006; Chinnusamy et al., 

2007). Chilling impairs all photosynthetic components provoking, for example, 

reduction of stomatal conductance, changes in pigment complexes and losses of 

photochemical efficiency, modifications in the biophysical properties of thylakoid lipids 

and restriction of electron transport, as well as decreases in enzyme activity and 

carbohydrate metabolism (Adams et al., 2002; Ensminger et al., 2006). Moreover, 

chilling promotes an imbalance between absorbed energy and its use by metabolic 

sinks, as it reduces the enzymatic reactions more strongly than the photophysical and 

photochemical processes engaged in energy absorption, transfer and transformation 

(Ensminger et al., 2006). 

Chloroplasts are the major cellular source of reactive oxygen species (ROS), and under 

low temperature they are often the first and most severely affected organelles (Kratsch 

and Wise, 2000). The production of ROS is an inevitable consequence of photo-

synthetic activity (Ensminger et al., 2006), as under normal metabolic conditions, 10–

30% of the thylakoid electron transport might lead to O2 photoreduction (Logan, 2005). 

Furthermore, conditions that reduce energy use by photochemical processes promote the 

overproduction of molecules in the excited state (e.g., 
3
chl*, 

1
chl, 

1
O2) and lead to the 

overproduction of O2
-
 in photosystems I and II (PSI and II) (Asada, 1994; Grace, 

2005; Logan, 2005). The control of O2
-
 is of particular importance because it causes 

enzyme inactivation (e.g., oxidizing sulphidryl and Fe–S groups), initiates lipid 

peroxidation, and because H2O2 can be formed from it by APX. H2O2 is particularly 

harmful due to its relative stability, which allows diffusion from the production sites 

(Feierabend, 2005; Logan, 2005), causing D1 protein degradation and interfering with 

protein–SH groups, inactivating enzymes such as those involved in CO2 assimilation 

and ROS scavenging (e.g., SOD and APX). H2O2 may also lead to OH production 

through the Haber–Weiss reaction (or directly from 
3
chl*), which in turn may cause 

lipid peroxidation, inactivation of PSI and II and thylakoid electron transport, and 

degradation of pigments (e.g., PSII reaction center (P680)), proteins (e.g., D1) and DNA 
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(Lidon and Henriques, 1993b; Foyer, 2002), similar to that observed under 

photoinhibitory conditions (Asada, 1994; Jakob and Heber, 1996).  

It is widely recognized that the control of oxidative stress through the reinforcement of 

scavenging and detoxifying mechanisms is of crucial importance to plant tolerance and 

survival under cold conditions (Mano, 2002; Logan, 2005; Smirnoff, 2005). The control 

of highly reactive molecules can be achieved indirectly, through the increase of energy 

dissipation mechanisms (e.g., the reinforcement of photorespiration, pseudocyclic 

electron transport and the synthesis of photoprotective pigments) (De Las Rivas et al., 

1993; Ramalho et al., 2000; Karpinsky et al., 2002; Logan, 2005; Smirnoff, 2005) 

and/or directly through the control of their production/scavenging. The latter can be 

efficiently performed through the Haliwell–Asada pathway (ascorbate and glutathione 

cycles), involving the complementary overexpression of several enzymatic scavengers 

(e.g., SOD, APX, monodehydroascorbate reductase (MDHAR), dehydroascorbate 

reductase (DHAR), glutathione reductase (GRed)) and the presence of hydrophilic 

(ascorbate and glutathione) and lipophilic (e.g., zeaxanthin, β-carotene and α-

tocopherol) antioxidants (Ramalho et al., 1998; Foyer, 2002; Smirnoff, 2005; Munné-

Bosch and Cela, 2006). The presence of caffeoylquinic acids (CQAs) and hydro-

xycinnamic acids (such as caffeic acid), known to be potent antioxidants (Grace, 2005; 

Mondolot et al., 2006) may also reinforce cell antioxidative capabilities. The 

importance of non-enzyme antioxidants may assume particular relevance for ROS 

control under cold conditions since many enzyme reactions are strongly repressed 

(Adams et al., 2002; Logan, 2005; Smirnoff, 2005; Munné-Bosch and Cela, 2006).  

Like most tropical and sub-tropical species, coffee is particularly sensitive to cold, 

especially Coffea arabica and C. canephora (Bauer et al., 1985; DaMatta et al., 1997; 

Ramalho et al., 2003), from which ca. 99% of the world’s coffee yield is obtained. 

Coffee crop is a major component of the world’s agricultural activity, supporting the 

economies of many tropical countries. It is therefore important to study and select 

genotypes with the ability to endure environmental constraints in order to ensure the 

viability of the culture. Low temperatures limit coffee’s geographical distribution, as 

strong negative effects on plant growth are observed where monthly average 

temperatures are below 15–16 ºC (Barros et al., 1999). Photosynthesis is affected below 

18 ºC (Ramalho et al., 2003) and chilling strongly depresses photosynthetic 

performance and yield (Bauer et al., 1985; DaMatta et al., 1997; Silva et al., 2004), 

with older leaves, root and shoot meristems being particularly affected (Larcher, 1995; 
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Alonso et al., 1997). However, plant exposure to low positive temperatures during long 

periods may promote acclimation to subsequent cold exposure, and even in chilling-

sensitive plants, some acclimation is possible (Krause, 1994). In fact, previous reports 

have highlighted different acclimation abilities within the Coffea genus, likely related to 

the tolerance of the photosynthetic apparatus and membrane stability in face of 

oxidative stress conditions (Campos et al., 2003; Ramalho et al., 2003). This work 

investigates cold-induced adjustment of antioxidative mechanisms through an integrated 

analysis of the activity of several enzymes, metabolite contents and gene expression that 

are related to chloroplastic and cellular antioxidant capabilities, supporting the 

hypothesis that they are decisive for low temperature tolerance in Coffea spp. 

 

3.2. Material and methods 

 

3.2.1. Plant material and growth conditions 

The experiments were carried out as previously described in Chapter 2.2.1. 

Material for molecular biology was frozen in liquid N2 and stored at -80 ºC until use. 

Leaf tissue extractions described below were performed using an ice-cold mortar and 

pestle, as well as cold homogenizing solutions. 

 

3.2.2 Maximal apparent activities of antioxidant enzymes 

3.2.2.1. Chloroplast Cu,Zn-superoxide dismutase (Cu,Zn-SOD) 

After chloroplast isolation (Lidon and Henriques, 1993a) from ca. 15 gfw of leaf tissue, 

the assay for Cu,Zn-SOD (EC 1.15.1.1) activity was performed based on the method of 

McCord and Fridovish (1969), as described in Ramalho et al. (1998) for Coffea spp.  

3.2.2.2. Chloroplast ascorbate peroxidase (APX) 

Chloroplast isolation and assays for APX (EC 1.11.1.11) activity were performed as in 

Ramalho et al. (1998), following Nakano and Asada (1981), using 4 gfw of leaf tissue. 

Enzyme activity was assayed through ascorbate consumption (monitored at 290 nm) 

and an extinction coefficient of 2.8 mM
-1

 cm
-1

was used for calculations. 

3.2.2.3. Catalase 

The assay for cellular catalase (EC 1.11.1.6) activity followed Lima et al. (2002) and 

was performed using ca. 400 mgfw of leaf material. Enzyme activity was estimated by 

following the rate of H2O2 consumption for 200 s, at 240 nm, promoted by a 200 L 
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aliquot that was added to 50 L of 50 mM H2O2 and 2.75 mL of 25 mM Na–phosphate 

buffer (pH 7.0). A freshly made H2O2 standard curve was used for quantification. 

 

3.2.3. Non-enzymatic antioxidants 

3.2.3.1. Ascorbate (vitamin C) 

Determinations followed Romero-Rodrigues et al. (1992), with some modifications. 

Leaf samples (ca. 100 mgfw) were homogenized in 2 mL of a solution of 3% (w/v) 

meta-phosphoric acid and 4% (v/v) glacial acetic acid, left for 15 min with agitation and 

submitted to ultrasounds (5 min). The samples were then centrifuged (10000 g, 5 min, 4 

ºC) and filtered (PVDF, 0.45 m) prior to a reversed-phase HPLC analysis, using an 

end-capped, C18, 5 m Spherisorb ODS-2 column (250 x 4.6 mm), with detection at 254 

nm. Elution of a 20 L injection was performed with H2O at pH 2.2 (achieved by 

addition of H2SO4) for 15 min, with a flow rate of 0.4 mL min
-1

, and UV–vis detector 

(mod. 440, Waters-Millipore Associates, USA). For quantification, a standard curve of 

ascorbic acid concentrations was used. 

3.2.3.2. α-tocopherol (vitamin E) 

Determinations were based on Havaux and Kloppstech (2001) and Munné -Bosch and 

Cela (2006), with some changes. Leaf samples (500 mgfw) were homogenized in 7.5 mL 

methanol (containing 0.23 mM citric acid and 0.28 mM isoascorbic acid), submitted to 

ultrasounds, centrifuged (10000 g, 5min, 3 ºC) and dried. After re-suspension in 2 mL 

acetonitrile, samples were centrifuged again and filtered (PVDF, 0.45 m). -

tocopherol was separated through a reversed-phase HPLC analysis, using an end-

capped, C18, 5 m Spherisorb ODS-2 column (250 x 4.6 mm). A 20 L injection was 

eluted with methanol at 23–24 ºC, over 20 min, with a 1 mL min
-1

 flow rate, using a 

fluorescence detector (Jasco, FP1520, Japan), with 295 nm for excitation and 325 nm 

for detection. 

3.2.3.3. Chlorogenic and caffeic acids 

Determinations were made according to Grace et al. (1998), with some changes. Leaf 

samples (400 mgfw) were homogenized in 5 mL methanol (with 1% HCl). After 

centrifugation (10000 g, 10 min, 4 ºC) the supernatant was divided for determination of 

chlorogenic and caffeic acids. For the CGA determination, no extra processing was 

required before filtering. 
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For caffeic acid (3,4-dihydroxycinnamic acid), the sample was vacuum dried in a 

rotavapor and the residue dissolved in 2 mL of 2 M HCl and boiled for 1 h at 100 ºC. 

After cooling, extraction was carried out with 5 mL ethyl acetate. The sample was then 

centrifuged (5000 g, 10 min, 20 ºC), dried once again, and the obtained residue 

dissolved in 400 L methanol (with 1% HCl). 

Samples for both chlorogenic and caffeic acids were filtered (PVDF, 0.45 mm) prior to 

a reversed-phase HPLC analysis, using an end-capped, C18, 5 mm Spherisorb ODS-2 

column (250 x 4.6 mm). 

The elution of a 20 L injection was performed at 23–24 ºC, over 30 min, with a 1 mL 

min
-1

 flow rate, using an optimized linear gradient, 20–70% methanol (with 1% HCl) in 

phosphoric acid (10 mM, pH 2.5). Detection was performed at 325 nm using a diode-

array detector (mod. 168, Beckman). The identification and quantification was 

performed using 5-caffeoylquinic acid (5-CQA) or caffeic acid with known 

concentrations. 

 

3.2.4. ROS quantification 

3.2.4.1. Hydrogen peroxide 

Quantification followed the method of Alexieva et al. (2001). After homogenization of 

ca. 750 mgfw of leaf material in 10 mL of 0.1% TCA, the homogenate was centrifuged 

(12000 g, 15 min, 4 ºC). Readings of Abs390 nm were obtained after 10 min of color 

development, promoted by the addition of 750 L of supernatant to 750 L of 10 mM 

K-phosphate buffer (pH 7.0) and 1.5 mL of 1 M KI. H2O2 quantification was performed 

using a standard curve. 

3.2.4.2. Hydroxyl radical 

The production of hydroxyl radicals (OH) was measured in a trapping reaction with 

dimethyl sulfoxide. The concentration of methanesulfinic acid produced in that reaction 

was thereafter measured colorimetrically with Fast Blue BB salt (Babbs and Gale, 

1987), with the modifications introduced by Lidon and Teixeira (2000), using 2 gfw of 

freshly collected leaves. The values for OH were obtained at 420 nm, assuming an 

extinction coefficient 11000 M
-1

 cm
-1

. 
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3.2.5. mRNA expression studies by real-time quantitative PCR (qPCR) 

Based on cDNA coffee sequences available from NCBI database (Fernandez et al., 

2004) and Santos (2005), specific primers were designed in order to perform the 

expression studies of 6 genes (Table 3.1) by real-time PCR. 

Total RNA was isolated from 100 mg of fresh plant material using the kit RNeasy Plant 

(Qiagen, Germany). The RNA preparation was then treated with DNase I (Qiagen, 

Germany), following the manufacturer’s instructions. cDNA was synthesized from 1 µg 

total RNA in a volume of 20 µL using Cloned AMV Reverse Transcriptase (Invitrogen, 

USA). The quantitative PCRs were performed in a iQ5 System (BIO-RAD, USA) using 

a PCR mixture containing 2 µL of a 1:10 dilution of the synthesized cDNA, primers to a 

final concentration of 0.3 mM each, 12.5 µL of the Maxima
TM

 SYBR Green qPCR 

Master Mix (Fermentas, Canada) and PCR-grade water up to a total volume of 25 µL. 

All PCR reactions were performed as follows: 10 min at 95 ºC (1cycle); 15 s at 95 ºC, 

30 s at 60 ºC and 30 s at 72 ºC (40 cycles). Ubiquitin primers were used as internal 

controls and confirmation of amplicon specificity was based on the dissociation curve at 

the end of each run. PCR reactions in the absence of template were also performed as 

negative controls for each primer pair. Expression levels were calculated by the 2
-ΔΔCt

 

method (Livak and Schmittgen, 2001). The results are from 2 replicates from 3 

independent sets of biological experiments. 

 

Table 3.1 – Genes, homologies and primer sequences used for real-time qPCR.  

Gene (accession number) Homologies Primers bp 

    

caGRed (CA0024_G04) Glutathione reductase 

fragment 

(F) 5’-CGAGATGCGTGCAGTAGTTG-3’ 

(R) 5’-CTGGAGTGAGATTAACTCG-3’ 

270 

caDHAR (CA0014-D06) Dehydroascorbate 

reductase 

(F) 5’-CCTGCAATCTCAACCTCCAG-3’ 

(R) 5’-CGAGCTTGTTGGGAGTGGTG-3’ 

174 

 

caMT1 (CF588839) Metallothionein I (F) 5’-CCGAGTTGAGCTACACC-3’ 

(R) 5’-GCTGACAAACCGACAACC-3’ 

220 

cachi3-1 (CF588617) Chitinase class III (F) 5’-GGTTACATCCCATATGAGG-3’ 

(R) 5’-CCTCTAGCATGAAGAGCC-3’ 

246 

cachi3-2 (CF589150) Chitinase class III (F) 5’-GGCTGAGTTCTGCAGGCGAG-3’ 

(R) 5’-GCTCGGCAAAGGATGACTTA-3’ 

150 

cachi4-1 (CF588708) Chitinase class IV (F) 5’-GGTAATAGTGGCGTTTCAGTTGC-3’ 

(R) 5’ GGTTCCAAACTGGGGATACG-3’ 

150 

F = forward primer; R = reverse primer; bp = amplicon size.  
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3.2.6. Statistical analysis 

A two-wayANOVA(P < 0.05) was applied to evaluate differences between temperatures 

and between genotypes, followed by a Tukey test for mean comparisons (95% 

confidence level). 

 

3.3. Results 

 

3.3.1. Antioxidant enzymatic activity 

3.3.1.1. Chloroplastic Cu,Zn-SOD 

This enzyme showed a significant activity increase by the end of the gradual 

temperature decrease period (13/8 
o
C) in Apoatã (69%), Catuaí (83%) and Icatu (260%) 

(Fig. 3.1 A). Under chilling, Apoatã showed a stronger increase (280%), Icatu 

maintained its high activity, while Catuaí and Piatã suffered significant declines to half 

of their control values. Upon recovery, Catuaí, Piatã and Apoatã tended towards the 

control values (the latter still showed a 98% higher value), while Icatu maintained high 

Cu,Zn-SOD activity. In contrast, C. dewevrei showed a completely different trend, with 

a gradual decrease under cold imposition, which was maintained under recovery 

conditions. 

3.3.1.2. Chloroplastic APX 

Significant differences in APX activity were detected among genotypes (Fig. 3.1 B). 

The potential for H2O2 removal was continuously enhanced in Icatu, with doubled 

activity by the end of the acclimation period, and increases of 300% after the chilling 

cycles and 900% upon recovery conditions. Catuaí (at 13/8 ºC) and C. dewevrei (after 3 

x 13/4 ºC) also significantly increased, but after the chilling cycles, Icatu presented 

762%, 585%, 503% and 152% higher values than Piatã, Apoatã, Catuaí and C. 

dewevrei, respectively. Upon recovery, all genotypes showed small increases in relation 

to their controls (significant in C. dewevrei), but Icatu displayed at least 10-fold higher 

activity compared to the other genotypes. 

3.3.1.3. Catalase 

During the acclimation period, catalase activity increased only in Apoatã (216%) and 

Catuaí (46%), with the latter showing by far the highest activity among all the 

genotypes at 13/8 ºC (Fig. 3.1 C). However, after exposure to chilling, all genotypes 

showed decreased activity, retaining only 22% in C. dewevrei, 25% in Piatã, 28% in 
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Catuaí and 69% in Icatu (the latter was not significant) of their control activities. In 

Apoatã, activity was undetectable. It seems noteworthy that by this time, catalase 

activity in Icatu was 2-, 3- and 7-times higher than in Catuaí, C. dewevrei and Piatã, 

respectively. Upon recovery, all genotypes presented activity increases, reaching 

particularly high values in C. dewevrei and Catuaí (208% and 75% increases) when 

compared to their controls. 

 

3.3.2. Non-enzymatic antioxidants 

3.3.2.1. Ascorbate 

Significant differences in ascorbate content were observed among genotypes, even 

before stress imposition, when Icatu had double the content of Apoatã and about one-

third more than the other genotypes. Also, cold conditions had a different impact on the 

genotypes (Fig. 3.2 A), with increases only in Apoatã, Catuaí and Icatu at 13/8 ºC. After 

chilling exposure, Catuaí and Icatu showed further increases, to 87% and 94% higher 

values than their controls. Additionally, Icatu displayed the highest ascorbate content. 

Upon recovery, all genotypes except Piatã showed significant decreases in relation to 

the chilling exposure, although Catuaí and Icatu still presented values 37% and 34% 

higher than their controls. Piatã and C. dewevrei maintained ascorbate content along 

cold exposure, but upon recovery conditions, the latter presented a 42% decrease. 

3.3.2.2. α-tocopherol 

Apoatã and Icatu showed the greatest increases in α-tocopherol content with gradual 

cold imposition (Fig. 3.2 B). Both genotypes showed significant increases at 18/13 ºC 

and maximal increases of 165% for Apoatã (at 13/8 ºC) and 142% for Icatu (after 

3x13/4 ºC). On the other hand, Catuaí and Piatã showed only transient (mostly non-

significant) changes during the time-course of the experiment. C. dewevrei also 

presented a 49% increase at 13/8 ºC, but the maximal reinforcement was observed only 

upon recovery (59%). 

3.3.2.3. Chlorogenic and caffeic acids 

Caffeic acid content changed slightly among the genotypes during cold imposition, 

being particularly stable in Icatu (Fig. 3.2 C). Some significant increases were found in 

C. dewevrei (maximal 45% enhancement at 18/13 ºC) and in Piatã (maximal 42% 

enhancement after chilling exposure). Catuaí showed a continuous increase after 18/13 

ºC and a 35% increase upon recovery (none were significant). Individual CGAs (3-, 4- 
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and 5-CQA, the latter representing ca. 85% of the total) showed no significant 

differences among genotypes or during cold imposition (data not shown). However, 

taken together, the total CQA content (Fig. 3.2 D) showed clear increases in Icatu and 

Catuaí with onset of cold. Maximal increases of 50% (Icatu) and 30% (Catuaí) were 

detected at 13/8 ºC, but significantly high values were also observed after chilling 

exposure (3x13/4 ºC). Apoatã, C. dewevrei and Piatã did not show any increase with 

cold decrease. Upon recovery, only C. dewevrei and Catuaí showed significant 

reinforcements (45% and 27%, respectively) compared to their controls. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1 – Changes in leaf maximal activities of (A) chloroplastic Cu,Zn-superoxide 

dismutase (Cu,Zn-SOD), (B) chloroplastic ascorbate peroxidase (APX) and (C) cellular catalase 

in the studied Coffea spp. genotypes, under control conditions (25/20 
o
C), by the end of the 

acclimation period (13/8 
o
C), after 3 chilling cycles (3x13/4 

o
C) and at the end of the rewarming 

period (Rec 25/20 
o
C). Each value represent the mean + SE (n = 6). ANOVA for Cu,Zn-SOD, 

APX and catalase showed significant differences among genotypes and temperatures, as well as 

for the interaction between genotype and temperature. 
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Figure 3.2 – Changes in the cellular content of (A) ascorbate, (B) -tocopherol, (C) caffeic 

acid and (D) total chlorogenic acids (sum of 3-, 4- and 5-CQA) in the studied Coffea spp. 

genotypes, under control conditions (25/20 
o
C), by the middle (18/13 

o
C) and by the end of the 

acclimation period (13/8 
o
C), after 3 chilling cycles (3x13/4 

o
C) and at the end of the rewarming 

period (Rec 25/20 
o
C). Values at 18/13 

o
C for ascorbate in Catuaí and Piatã are absent due to 

loss of stored frozen material. Each value represent the mean + SE (n = 6, except on caffeic acid 

n=3). ANOVA for ascorbate, -tocopherol, and total CQA showed significant differences 

among genotypes and temperatures, as well as for the interaction between genotype and 

temperature. For caffeic acid there were no significant differences for any of the factors or for 

the interaction. 
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3.3.3. ROS production and cellular localization 
 

3.3.3.1. Hydrogen peroxide 

In Icatu, the H2O2 content showed significant decreases of ca. 40% at 13/8 ºC and 

3x13/4 ºC, and 60% thereafter. The other genotypes showed different tendencies (Fig. 

3.3 A). Catuaí and Piatã showed no significant changes during cold exposure and 

presented significantly lower levels (44% in Catuaí and 18% in Piatã) upon recovery. In 

Apoatã and C. dewevrei, the levels of H2O2 significantly decreased at 13/8 ºC (and after 

chilling in C. dewevrei), but both genotypes showed significantly increased values 

during the recovery period. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3 – Changes in the detected of (A) hydrogen peroxide (H2O2) and (B) hydroxyl 

radical (OH), in the studied Coffea spp. genotypes, under control conditions (25/20 
o
C), by 

the end of the acclimation period (13/8 
o
C), after 3 chilling cycles (3x13/4 

o
C) and at the end of 

the rewarming period (Rec 25/20 
o
C). Each value represent the mean + SE (n = 5). ANOVA for 

H2O2 and OHshowed significant differences among genotypes and temperatures, as well as 

for the interaction between genotype and temperature.  

 

3.3.3.2. Hydroxyl radical 

With cold exposure, OH levels varied markedly among genotypes (Fig. 3.3 B). 

Catuaí showed significant decreases until 3x13/4 ºC), while Icatu maintained 

physiologically balanced contents, as compared to their controls. The remaining 



____________________║    3 – Coffee antioxidative system    ║_____________________ 

44 

 

genotypes showed strong increases after chilling exposure, with Apoatã and C. dewevrei 

displaying increases close to 400% and 650%, respectively. These increased values 

were still observed under recovery conditions. However, the absolute values were 

similar to those of Catuaí and Icatu. Piatã showed a 120% increase only under chilling, 

with values significantly higher than all the other genotypes. 

 

3.3.4. Expression studies of selected genes related to antioxidative 

protection 

GRed gene 

caGlred expression significantly changed with cold (Fig. 3.4 A), especially in Catuaí 

and Icatu, which showed increases throughout the experimental regime. Noteworthy is 

that maximal expression was detected after chilling (except for Icatu), representing a ca. 

2-5-fold increase relative to controls. 

 

DHAR gene 

caDhar showed increased transcriptional activity in Icatu during cold imposition (until 

13/8 ºC), followed by a return to control levels. Apoatã also presented a significant 

enhancement at 18/13 ºC. The other genotypes showed lower expression levels, which 

were significant in Catuaí and C. dewevrei. 

 

Metallothionein gene 

caMT showed strong (although nonsignificant) expression increases in C. dewevrei at 

13/8 ºC and upon chilling. Among the other genotypes, Icatu and Apoatã presented 

increases at 18/13 ºC and at the end of the experiment, while Piatã showed an increase 

under chilling. 

 

Chitinase-coding genes 

The expression of three genes, encoding two class III (cachi3-1 and cachi3-2) and one 

class IV (cachi4) chitinases was studied. cachi3-1 expression showed high variability 

among genotypes, but all (except C. dewevrei) showed increased expression levels 

during the recovery period. Icatu and Piatã presented some increased values at other 

temperatures as well, while C. dewevrei showed a significant enhancement only under 

13/8 ºC. With respect to cachi3-2 expression, Icatu was clearly the genotype with more 
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marked changes in expression along the temperature changes, with increases between 

8.5- (13/8 ºC) and 22-fold (recovery). In the other genotypes, significant isolated 

increases were observed under recovery conditions in Apoatã and Catuaí, and under 

chilling conditions in C. dewevrei. The class IV cachi4 gene showed a different 

expression pattern compared to class III genes, with higher expression levels during 

cold exposure in all genotypes. Nevertheless, at 18/13 ºC and 13/8 ºC, C. dewevrei 

showed expression levels below the control, while Icatu (11-fold), Piatã (7.4- and 5-

fold), Catuaí (3.7- and 4.5-fold) and Apoatã (3- and 4.1-fold) showed significant 

increases. Notably, after chilling all genotypes showed higher expression levels, from 

2.74-fold in Catuaí to 29-fold in Apoatã and Piatã. Upon recovery, the transcriptional 

values tended towards control levels in all genotypes. 

 

3.4. Discussion 

 

3.4.1. Enzymatic antioxidants 

Previous work has highlighted different degrees of cold tolerance within the Coffea 

genus, with the best performance reported in Icatu (Campos et al., 2003; Ramalho et al., 

2003). That could be related to greater control of oxidative stress, since it was the sole 

genotype that presented strong significant increases of Cu,Zn-SOD activity (that 

dismutates O2) together with an increased potential for H2O2 removal through 

chloroplastic APX (Fig. 3.1). This was confirmed by the decrease of H2O2 and the 

maintenance of OH contents close to control levels in Icatu (Fig. 3.3), and is consistent 

with the small changes in membrane leakage and decreased MDA content throughout 

cold imposition (Campos et al., 2003). Furthermore, the gradual decrease of Cu,Zn-

SOD activity in C. dewevrei and the increased Cu,Zn-SOD activity, but not in APX in 

Apoatã, suggests less efficient control of O2
-
 (and of OH), which is consistent with 

their greater cold sensitivity reported previously (Campos et al., 2003; Ramalho et al., 

2003). Furthermore, Icatu presented the smallest variations in catalase activity 

throughout the course of the experiment. This enzyme has high protein turnover and is 

inhibited by light and O2, thus requiring continuous synthesis that could be 

compromised under stress conditions. Strong losses of activity were reported under cold 

even with moderate irradiance (Feierabend, 2005), which was observed after chilling 

exposure in all coffee genotypes, except in Icatu. 
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Figure 3.4 – Real-Time PCR expression 

studies of glutathione reductase, caGlred 

(A), dehydroascorbate reductase, caDhar 

(B), metallothionein I, caMT (C), 

chitinases class III, cachi3-1 (D) and 

cachi3-2 (E) and chitinase class IV, 

cachi4-1 (F) in the studied Coffea spp. 

genotypes, under control conditions 

(25/20 ºC), by the middle (18/13 ºC) and 

at the end of the acclimation period (13/8 

ºC), after 3 chilling cycles (3x13/4 ºC) 

and at the end of the rewarming period 

(Rec 25/20 ºC). Each value represent the 

mean + SE (n = 4-8), from 3 independent 

biological assays. ANOVA for caGlred, 

caDhar, cachi3-1, cachi3-2 and cachi4-1 

showed significant differences among 

genotypes and temperatures, as well as 

for the interaction between genotype and 

temperature. For caMT were found 

differences among genotypes and in the 

interaction, but not in relation to the 

temperature. 

 

 

 



____________________║    3 – Coffee antioxidative system    ║_____________________ 

47 

 

This suggests a higher cold tolerance status in Icatu since, in cold-acclimated plants, 

leaf catalases are better protected against photoinactivation (Feierabend, 2005) and 

synthesis is less suppressed by low temperature (Shang et al., 2003). Complementary 

studies have revealed that a simultaneous increase in dehydroascorbate reductase 

(caDhar) and GRed (caGlred) gene expression occurred only in Icatu, which is 

consistent with the integrated action with Cu,Zn-SOD and APX (Fig. 3.1). However, 

differences at the post-transcriptional regulation level could also contribute to different 

acclimation ability, as appears to be the case of Apoatã, which shows high transcript 

levels at some temperatures, but still displays high cold sensitivity. In summary, the 

changes in Cu,Zn-SOD, APX, catalase and, presumably, GRed and DHAR, contributed 

to ROS control (particularly of OH), whose levels were maintained or decreased only 

in Icatu and Catuaí. Thus, the upregulation of these enzymes is an important part of the 

response in Coffea spp. to cold, similar to what has been observed after prolonged low 

temperature exposure in chilling-tolerant species (Feierabend 2005; Grace 2005). 

 

3.4.2. Non-enzymatic antioxidants 

Ascorbate is a potent ROS scavenger that reacts with H2O2 in a reaction catalyzed by 

APX, and non-enzymatically with 
1
O2, O2

-
, OH and lipid hydroperoxides (Asada, 

1994; Foyer, 2002; Logan, 2005). Thus, the highest ascorbate content shown by Icatu, 

along with its higher APX activity, could contribute to the observed decrease of H2O2 in 

this genotype under cold. Moreover, ascorbate is used by violaxanthin de-epoxidase to 

form zeaxanthin from violaxanthin (Logan, 2005; Smirnoff, 2005). Therefore, its higher 

levels could allow efficient zeaxanthin production, which is consistent with the higher 

zeaxanthin pool shown by Icatu compared to C. dewevrei and Apoatã (Ramalho et al., 

2003), further indicating greater antioxidant ability, since zeaxanthin reacts with 
1
chl 

(Adams et al., 2002). In contrast, C. dewevrei, a cold-sensitive genotype (Ramalho et 

al., 2003), did not show increased ascorbate under cold which, together with antioxidant 

enzyme data, could explain its weak ability to cope with cold.  

The remarkable increase in α-tocopherol contents in Icatu (and Apoatã) with cold, 

particularly under the harsh chilling conditions, is characteristic of stress-tolerant plants, 

as it confers enhanced protection against ROS (Munné-Bosch, 2005). In fact, this 

compound deactivates 
1
O2, O2

-
, OH and limits lipid peroxidation by reducing lipid 

peroxyl radicals (Karpinski et al., 2002; Smirnoff, 2005; Munné-Bosch and Cela, 2006), 
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helping also to preserve an adequate redox state in chloroplasts and stabilizing 

membrane structures due to its interactions with polyunsaturated fatty acyl chains 

(Karpinski et al., 2002; Smirnoff, 2005). The simultaneous presence of high β-carotene 

(Ramalho et al., 2003) and α-tocopherol contents in Icatu after chilling exposure may 

promote cooperation of these 2 molecules, limiting damage caused by 
1
O2 (Munné-

Bosch, 2005; Munné-Bosch and Cela, 2006) and regenerating carotenoid radicals 

produced with the reaction of carotenoid with lipid peroxyl radicals (Smirnoff, 2005). α-

tocopherol may become even more important under conditions requiring high 

photoprotection when xanthophyll cycle-dependent energy dissipation is saturated 

(Munné-Bosch and Cela, 2006), as occurs in Coffea genotypes (including Icatu) after 

chilling exposure (Ramalho et al., 2003). The simultaneous upregulation of β-carotene, 

zeaxanthin, lutein (Ramalho et al., 2003) and α-tocopherol, observed particularly in 

Icatu, also outlines the importance of the biosynthetic pathway of isoprenoid 

compounds shared by these molecules in photoprotective/antioxidative defenses.  

Other phenolic compounds, like CQAs, are often involved in plant adaptation to 

environmental stresses (Grace et al., 1998). In this study, 5-CQA was by far the major 

component of total CQA content, as found in other plants (Grace, 2005), but consistent 

increases were detected in Icatu and Catuaí at 13/8 ºC only when considering the sum of 

3-, 4- and 5-CQA. This would strengthen the antioxidative ability of the 2 genotypes, 

since CQAs are efficient scavengers of free radicals (e.g., O2
-
), surpassing the activity 

of other antioxidants, including ascorbate, acting particularly against lipid peroxidation 

(Mondolot et al., 2006) and protecting the photosynthetic apparatus against 

photoinhibition induced by cold (Grace et al., 1998) and high irradiance (Bidel et al., 

2007). Upon recovery, C. dewevrei showed a CQA increase (as for α-tocopherol and 

catalase activity), denoting the need to maintain higher antioxidant activity, linked to an 

incomplete cell metabolic recovery.  

Caffeic acid showed no consistent differences among genotypes, but it is noteworthy 

that the values found were quite high compared to other species (Bidel et al., 2007). 

This could help to reduce oxidative pressure, since caffeic acid shows high radical 

scavenging activity and was reported to increase both under drought (Grace, 2005) and 

high irradiance (Bidel et al., 2007) stresses. However, this would not explain the cold 

tolerance differences amongst genotypes. 

It is known that ROS accumulation provokes changes in the redox potential that are 

implicated in gene induction (Buskirk and Tomashow, 2006). Cold stress involves tight 
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regulation of expression of transcription factors and effector genes collectively called 

cold-regulated (COR) genes (Chinnusamy et al., 2007). Expression studies of selected 

genes related to abiotic stress protection were performed. Metallothioneins (MT) are 

metal-sequestering proteins that may function as antioxidants, since the removal of, e.g., 

Cu ions from the cell solution indirectly controls the spontaneous Haber–Weiss reaction 

that uses Cu (or Fe) ions and H2O2 to produce OH (Cobbett and Goldsbrough, 2002). 

Enhanced caMT gene expression during cold imposition was obtained only in C. 

dewevrei, but the levels of OH strongly increased upon chilling and recovery. 

Therefore, MTs were not decisive per se or a post-transcriptional or post-translational 

limitation prevented protein synthesis or function in C. dewevrei, contrary to what 

occurred in Chloris virgata, where the ChlMT1 gene was suggested to be involved in 

plant adaptation to abiotic stresses through ROS control (Nishiuchi et al., 2007).  

Chitinases have a broad range of cell functions, and are involved in plant biotic and 

abiotic stress responses. In relation to class III genes, cachi3-1 showed isolated 

increases in expression under cold in Piatã, Icatu and C. dewevrei, as well as upon 

recovery in all genotypes, except in C. dewevrei. On the other hand, only Icatu showed 

strong transcriptional increases of the cachi3-2 gene throughout the entire experiment, 

suggesting the involvement of this gene in cold tolerance, as has been found for 

chitinase class III genes in plants under cold, drought, high light and salt stresses 

(Sasaki et al., 2006). With respect to cachi4-1 expression, Icatu showed the greatest 

increases during the acclimation period, while Apoatã and Piatã also showed markedly 

increased values upon chilling, suggesting an involvement in the Coffea spp. cold 

response. This result is in agreement with the reports of enhanced expression of class IV 

chitinase genes under wounding, drought and flooding stresses (Dong and Dunstan, 

1997). Nevertheless, since this gene is also over expressed in cold-sensitive genotypes 

(such as Apoatã), post-transcriptional or post-translational regulation cannot be 

excluded, meaning that cold acclimation differences could rely on the effective protein 

production or its conformational status when produced, as well as relying on 

cooperation with other protection mechanisms. 
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3.5. Conclusions 

 

Icatu showed the greatest ability to control oxidative stress and showed rapid recovery 

of most of the studied parameters, with values close to controls just after 7 days of cold 

stress ending. These results support reports of lower impact and better recovery of the 

photosynthetic metabolism (Ramalho et al., 2003) and membranes (Campos et al., 

2003). By the end of the experiment, Icatu maintained increased activities of Cu,Zn-

SOD and APX and of cachi3-1 and cachi3-2 genes, which could confer some advantage 

in the face of new cold exposure. It is noteworthy that, instead of dramatic changes in a 

single component, a somewhat moderate but generalized enhancement of antioxidant 

molecules was found. This reflects the presence of a highly integrated and regulated 

system that scavenges and detoxifies ROS, comprising several enzymes and non-

enzyme molecules, as well as the involvement of COR genes, as class III cachi3-2 and 

class IV cachi4-1 chitinases genes. Catuaí, considered to have intermediate acclimation 

ability, also presented reinforcements in some antioxidative components, but often to a 

lesser extent than Icatu. On the other hand, C. dewevrei showed the poorest response in 

most of the antioxidant molecules and the greatest increase in OH content, reflecting 

a weaker ability to achieve cold acclimation among the studied genotypes. Despite the 

known sensitivity of the Coffea genus to cold, our results indicate important different 

acclimation capabilities that could be exploited in breeding programs for cold tolerance, 

and that the antioxidative network can constitute a useful probe to identify tolerant 

genotypes. 
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Abstract 

 

Low temperatures affect many plant physiological and biochemical components, 

amongst them the lipid phase of membranes. The present work aimed to characterize the 

main lipid composition of chloroplast membranes from Coffea spp. (3 species; 5 

genotypes) under adequate environmental conditions, as well as the adjustments 

triggered during a gradual temperature decrease, after chilling exposure and in the 

rewarming period thereafter. Under adequate temperature (25/20 ºC, day/night) the lipid 

composition of chloroplast membranes was quite similar amongst the genotypes 

concerning the TFA content, individual FAs, MGDG/DGDG ratio and the relative 

weight of galactolipids to phospholipids, suggesting a stable lipid composition across 

the Coffea genus, which can be considered “C18:3” plants. Under cold exposure and 

subsequent recovery, the genotypes undergo adjustments, some of them with 

acclimation potential. Several genotypes presented quantitative (global FA synthesis) 

and qualitative (preferential synthesis of phospholipids, mainly of PG, and of saturated 

FAs, reflected in the unsaturation degree increase in DGDG, PG, PC and PI) changes 

under cold exposure (even at 4 ºC). These important features were observed in the cold 

tolerant Icatu, the moderately sensitive Catuaí, as well as in the highly sensitive Apoatã 

and C. dewevrei. Thus, those changes alone would not explain the differences in cold 

sensitivity between genotypes. However, when analyzing the PA (a stress metabolite) 

content, and the FA composition within each lipid class, differences were observed. 

Icatu showed lower PA values than Apoatã and C. dewevrei during most of the 

experiment. In addition, a cold induced rise in the unsaturation degree of MGDG was 

only observed in Icatu, Catuaí and Piatã. Moreover, the strongest differential changes 

were observed on PG, a key class for photosynthetic apparatus functioning. Icatu and 

Catuaí showed the highest PG unsaturation degree and the smaller reductions in C16:1t 

after chilling, which completely recovered afterwards. Increased levels of C16:0 were 

also observed in Icatu, C. dewevrei and, partially, Catuaí through almost the entire 

experiment. We conclude that lipid qualitative and quantitative adjustments constitute a 

flexible mechanism that decisively contributes to cold acclimation in Coffea spp. 

 

Keywords 

Acclimation, chloroplast membranes, coffee tree, cold, fatty acids, lipid classes, 
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unsaturation degree. 

 

 

4.1. Introduction 

 

For most plants, the exposure to low positive temperatures impairs growth and 

productivity, affecting several photosynthetic components, including chloroplast 

membranes lipids (Bohn et al., 2007; Harwood, 1998; Öquist, 1982). Most of these 

effects were observed in coffee plants under cold, although with different intensities 

amongst species, thus reflecting diverse morphological, physiological and biochemical 

characteristics (Campos et al., 2003; Ramalho et al., 2003; Silva et al., 2004; Partelli et 

al., 2009; Chapter 3). 

Cellular membranes are dynamic structures formed essentially by lipids and proteins, 

constituting permeable selective barriers that support many biophysical and biochemical 

reactions and the development of numerous biological responses. However, they are 

also a main target of environmental stresses, therefore playing a major role in the 

acclimation to environmental adverse conditions, including low temperatures (Leshem, 

1992; Routaboul et al., 2000). Lipid changes from the fluid-crystalline to a solid-gel 

stage are believed to occur under temperatures varying from 10 to 15 
o
C in some 

tropical species (Harwood, 1997), provoking flexibility loss in the membrane lipid 

bilayer. This impairs protein transport and favors the action of hydrolytic enzymes, 

resulting in membrane fissures and the consequent loss of solutes, constraining 

acclimation and threatening cell integrity, ultimately leading to cell death. 

Temperature induced changes in membrane fluidity might be the first signal in the 

perception and/or damage (Siegenthaler and Trémolières, 1998). Membrane fluidity is 

strongly influenced by the lipid molecular species composition, unsaturation degree and 

environmental temperature (Harwood, 1998). Unsaturation of glycerolipid fatty acids 

(FAs) of photosynthetic organisms can be modified in response to temperature changes 

(Wada et al., 1994). A gradual reduction of temperature may promote a higher 

unsaturation of FA in order to maintain appropriate membrane fluidity, optimal 

photochemical and electron-transport reactions, ultrastructural integrity and thermal 

stability of the photosynthetic apparatus (Öquist, 1982; Kodama et al., 1995; Gombos 

and Murata, 1998; Siegenthaler and Trémolières, 1998; Vijayan et al., 1998; Routaboul 
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et al., 2000). In fact, these changes in FA and, lipid class composition, as well as in the 

unsaturation degree may play a decisive role in plant stress acclimation/survival to low 

temperatures (Routaboul et al., 2000; Campos et al., 2003; Wang et al., 2006; Shaleva 

et al., 2008), granting cultivation viability in potentially less adequate regions. 

Important crops, such as cotton, soybean, maize and many tropical and sub-tropical 

plants are considered as chilling sensitive. Functional definitions of chilling sensitivity 

vary to some extent but, in general, plants will be recognized as sensitive if they suffer 

irreversible damages in their structures, impairing growth or even promoting death after 

one or several days of cold (0-12 ºC) exposure (Vijayan et al., 1998). On the other hand, 

chilling-resistant plants are able, namely, to preserve the integrity of their 

photosynthetic apparatus (Siegenthaler and Trémolières, 1998). 

The genus Coffea includes at least 103 species, with particular relevance for C. arabica 

and C. canephora, which together are responsible for ca. 99% of world coffee 

production (Partelli et al., 2009). Low temperatures limit coffee geographical 

distribution, having strong negative effects on plant growth when month average 

temperatures are below 15-16
 o

C (Barros et al., 1997). Photosynthesis is affected below 

18 
o
C (Ramalho et al., 2003) and chilling strongly depresses photosynthetic 

performance and yield (DaMatta et al., 1997; Ramalho et al., 2003; Silva et al., 2004; 

Partelli et al., 2009), with older leaves, root and shoot meristems being particularly 

affected (Larcher, 1995; Alonso et al., 1997). However, coffee plants display some 

ability to cold acclimate, related to the maintenance of higher cell membrane stability 

(Campos et al., 2003) and to a better protection against oxidative stress (Ramalho et al., 

2003; Fortunato et al., 2010 - Chapter 3). 

This work presents a thorough characterization of the main lipid components of 

chloroplast membranes in 5 Coffea spp. genotypes, covering 3 species (C. arabica, C. 

canephora and C. dewevrei) and 2 interspecific hybrids (Icatu and Piatã), with 

commercial or breeding value. As far as we know, this is the first time that such study is 

reported for the Coffea genus. It is intended to provide new insights concerning the lipid 

composition under adequate temperature conditions, as well as about the responses to a 

gradual cold exposure, to harsh chilling conditions and in the recovery thereafter. 

Moreover, the work is a contribution to evaluate the role of qualitative and quantitative 

lipid changes to the cold acclimation process in coffee plants, with implications on the 

management and selection of adequate genotypes to areas prone to the incidence of low 

positive temperatures, constituting an important tool in Coffea spp. breeding programs. 
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4.2. Material and Methods 

 

4.2.1. Plant material and growth conditions 

The experiments were carried out as previously described in Chapter 2.2.1, with minor 

changes, related to the monitoring of the plants under rewarming conditions for an extra 

week, thus up to 15 days after stress ends. 

 

4.2.2. Quantification of chloroplast membrane lipids 

Chloroplast membranes were obtained from 3-4 gfw of leaf tissue as described earlier 

(Ramalho et al., 1998). Leaf material was collected and immediately homogenized in 25 

mL of a cold 50 mM MES buffer (pH 6.4), containing 0.4 M D-sorbitol, 10 mM NaCl, 

5 mM MgCl2, 2 mM EDTA, 1 mM MnCl2, 0.4 % (p/v) BSA and 2 mM Na-ascorbate, 

filtered (with 8 layers of cheesecloth) and centrifuged (3000 g, 5 min, 4 
o
C). The 

obtained pellet was used for FA and polar lipid analysis, as previously described (Pham 

Thi et al., 1985) with some modifications for Coffea spp. (Ramalho et al., 1998; 

Campos et al., 2003). For that, the pellet was ressuspended in 9 mL of a 

chloroform/methanol/water (1/1/1, v/v/v) solution (Allen et al., 1966) and centrifuged 

(4500 g, 10 min, 4 
o
C), after which FAs were saponified and methylated with BF3 using 

the method of Metcalfe et al. (1966) and the addition of heptadecanoic acid (C17:0) as 

an internal standard. Fatty acid methyl esters were analyzed by gas-liquid 

chromatography (Unicam 610 Series Gas Chromatograph, Unicam Ltd., U.K.), 

equipped with a hydrogen flame-ionisation detector. Separation was performed using a 

fused silica capillary column (DB-Wax, J & W Scientific, USA) with 0.25 mm i.d. x 30 

m, coated with polyethylene glycol (Carbowax) at a thickness of 0.25 μm. Column 

temperature was programmed to rise from 80 to 200 
o
C at 12 

o
C min

-1
, after 2 min at the 

initial temperature. Injector and detector temperatures were 200 
o
C and 250 

o
C, 

respectively. Carrier gas was hydrogen with a flow rate of 1 mL min
-1

, at a split ratio of 

1:100 of the sample. Lipid classes were separated by thin layer chromatography on G60 

silicagel plates (Merck) in chloroform/acetone/methanol/acetic acid/water 

(50/20/10/10/5, vol.) according to Lepage (1967), and subsequently in petroleum 

ether/diethyl ether/acetic acid (70/30/0.4, vol.), according to Mangold (1961). After 

spraying with primuline 0.01% in 80% acetone and visualization under UV, the lipid 

bands were scraped off, saponified and methylated as described above. Individual FAs 
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and lipid classes were identified by comparison with known standards (Sigma). The 

value for the total fatty acids (TFA) corresponds to the sum of individual FAs, while the 

double bond index (DBI) was calculated according to Mazliak (1983) (DBI = [(% 

monoenes + 2 x % dienes + 3 x % trienes / (% saturated FAs)]. 

 

4.2.3. Statistical analysis 

Statistical analysis was performed as described in chapter 2.2.5. 

 

4.3. Results 

 

4.3.1. Main chloroplast membrane lipid components under control 

conditions 

Under adequate temperature growth conditions (25/20 
o
C) the TFA content revealed 

close values (between 8.8 and 10.5 mg g
-1

 dw) amongst the 5 genotypes (Fig. 4.1), with 

linoleic acid (C18:3) presenting the highest values (ca. 44-53%), followed by palmitic 

acid (C16:0) (ca. 26-35%). In opposition C18:0 revealed faint values, usually below 

the detection limit (data not shown). This analysis did not depict significant differences 

between genotypes, concerning FA composition and DBI values, with the latter 

ranging from 4.9 to 8.1. 
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Figure 4.1 Changes in total fatty acids (TFA) contents of chloroplast membrane lipids in 5 

Coffea spp. genotypes, under control conditions (25/20 
o
C), at the middle (18/13 

o
C) and by the 

end of the acclimation period (13/8 
o
C), after 3 chilling cycles (3 x13/4 

o
C) and after 7 (7d Rec 

25/20 
o
C) and 15 (15d Rec 25/20 

o
C) days under rewarming conditions. Each value represents 

the mean + SE (n=3). ANOVA showed significant differences among genotypes and 

temperatures, as well as for the interaction between genotype and temperature. 
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Amongst lipid classes, galactolipids were the most representative chloroplast lipids, 

accounting for 75 to 77% of the total class lipid contents (Tab. 4.1), with 

digalactosyldiacylglycerol (DGDG) presenting higher values than 

monogalactosyldiacylglycerol (MGDG). Icatu displayed the highest absolute contents 

for both DGDG and MGDG, while Apoatã and C. dewevrei the lowest, but all 

genotypes showed close values of the MGDG/DGDG ratio. 

Concerning the phospholipid classes, phosphatidylglycerol (PG), phosphatidylcholine 

(PC), phosphatidylinositol (PI) and phosphatidic acid (PA) accounted for 8.3-9.9%, 5.3-

8.1%, 4.4-5.5% and 2.2-5.6% of total lipids, respectively, showing no significant 

differences between genotypes. Despite the absence of large differences between 

genotypes in the phospholipid classes PC, PG and PI, in Icatu and Piatã showed 

consistently the highest contents. 

It should be noted that the phospholipid class phosphatidylethanolamine (PE) was also 

detected, representing utmost 2% of lipid classes considering the entire experiment (data 

not shown). This lipid class may account for up to ca. 17% of total lipid classes in 

cellular membranes of coffee plants (Campos et al., 2003), but is usually considered 

absent from chloroplast membranes (Joyard et al., 1998). In this way, the low PE levels 

might reveal a negligible contamination of extrachloroplastidial membranes in our 

samples. 

Under control conditions, lipid classes differed qualitatively and quantitatively in their 

FA composition (Tabs. 4.2 to 4.7). Galactolipid classes strongly differed from 

phospholipid ones, presenting particularly high C18:3 and unsaturation degree values 

and only 3 FAs, C16:0, C18:2 and C18:3. MGDG was by far the most unsaturated class 

(Tab. 4.2). That was a consequence of the more than 90% of unsaturated FAs, 

predominantly C18:3 that showed values between 84 and 89%. 

Amongst genotypes, the differences in C16:0, C18:2 and C18:3 (the later non-

significant) implicated clear differences in DBI of MGDG, with the highest and lowest 

values registered in Catuaí (49) and Piatã (27), respectively. 

C18:3 also predominated in DGDG, representing 47 to 57% of the FAs, while C16:0 

showed values between 30 and 38% and C18:2 between 13 and 18% (Tab. 4.3). Such 

FAs distribution led to lower DBI values, when compared to MGDG, with significant 

differences detected between Apoatã (6.7) and Piatã (4.5). 
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Table 4.1 Lipid classes content (mg g
-1

 dw) and relative weight (in parentheses) in the chloroplast membranes 

lipids of the 5 Coffea spp. genotypes, under control conditions (25/20 
o
C), at the middle (18/13 

o
C) and by the 

end of the acclimation period (13/8 
o
C), after 3 chilling cycles (3 x13/4 

o
C) and after 7 (7d Rec 25/20 

o
C) and 

15 (15d Rec 25/20 
o
C) days under rewarming conditions. ANOVA (P = 0.05) for each lipid class showed 

significant differences among genotypes and temperatures, as well as for the interaction between genotype and 

temperature. Mean values (n=3) followed by different letters express significant differences between 

genotypes for the same temperature (A, B, C) or between temperatures for the same genotype (a, b, c) based 

upon Tukey’s HSD means separation test at P < 0.05; A and a represent the highest values. 

 

Temperatures (day/night, 
o
C)

Lipid Class Genotype

MGDG Apoatã 3.9 d A (29) 5.4 cd B (25) 6.4 bc C (23) 5.6 cd B (18) 11.1 a A (29) 7.9 b AB (29)

Catuaí 4.0 e A (29) 8.3 d A (33) 16.0 a A (39) 11.8 b A (29) 10.8 bc A (30) 9.2 cd A (26)

C. dewevrei 3.7 c A (27) 4.7 c B (24) 8.9 ab B (29) 9.8 a A (23) 9.2 ab AB (26) 7.2 b ABC (28)

Icatu 4.7 bc A (29) 5.2 bc B (29) 7.5 a BC (29) 6.5 ab B (25) 3.9 c B (22) 6.3 ab BC (32)

Piatã 4.3 ab A (29) 5.2 ab B (29) 3.4 bc D (24) 1.8 c C (21) 5.9 a B (32) 5.2 ab C (26)

DGDG Apoatã 6.6 c A (48) 11.2 ab A (52) 10.3 b A (38) 11.9 ab BC (39) 14.2 a A (37) 8.4 bc AB (31)

Catuaí 6.7 c A (48) 9.4 bc AB (37) 6.9 c BC (17) 16.4 a A (40) 14.1 ab A (39) 11.1 b A (32)

C. dewevrei 6.4 c A (47) 6.8 bc B (35) 10.2 b A (33) 14.6 a AB (35) 10.2 b B (29) 8.7 bc AB (34)

Icatu 7.5 a A (47) 7.2 a B (40) 9.5 a AB (37) 9.8 a C (38) 6.4 a C (37) 6.7 a B (34)

Piatã 6.7 a A (46) 6.4 a B (37) 5.9 a C (41) 3.8 a D (43) 5.7 a C (31) 6.0 a B (30)

MGDG/DGDG * Apoatã 0.6 0.5 0.6 0.5 0.8 0.9

Catuaí 0.6 0.9 2.3 0.7 0.8 0.8

C. dewevrei 0.6 0.7 0.9 0.7 0.9 0.8

Icatu 0.6 0.7 0.8 0.7 0.6 0.9

Piatã 0.6 0.8 0.6 0.5 1.0 0.9

PG Apoatã 1.3 d A (9.8) 1.1 d BC (5.1) 5.1 c B (19) 7.8 ab B (26) 8.8 a A (23) 7.3 b AB (26)

Catuaí 1.4 d A (9.9) 4.7 c A (19) 9.7 a A (24) 8.2 ab B (20) 6.7 b B (18) 8.9 a A (25)

C. dewevrei 1.1 d A (8.3) 4.3 c A (22) 6.0 b B (19) 11.2 a A (26) 10.1 a A (29) 6.0 b B (23)

Icatu 1.4 c A (8.8) 3.0 b A (17) 4.7 ab B (18) 5.5 a C (21) 4.1 ab C (24) 3.6 b C (18)

Piatã 1.3 d A (8.6) 3.1 bc A (18) 0.6 d C (4.2) 2.0 cd D (23) 4.3 ab C (23) 5.6 a C (28)

PC Apoatã 0.9 c A (6.4) 1.2 c A (5.6) 1.7 ab B (6.2) 1.8 a B (5.9) 2.1 a AB (5.5) 1.3 bc AB (4.6)

Catuaí 0.7 d A (5.3) 1.2 cd A (4.8) 3.4 a A (8.2) 1.2 c C (3.0) 2.2 b A (6.0) 1.5 c A (4.3)

C. dewevrei 0.9 d A (6.7) 1.4 cd A (7.0) 2.0 b B (6.4) 2.8 a A (6.6) 1.7  bc B (4.7) 1.4 c AB (5.5)

Icatu 1.1 b A (6.8) 1.0 b A (5.8) 1.8 a B (6.8) 1.9 a B (7.2) 1.0 b C (5.5) 1.0 b B (5.0)

Piatã 1.2 a A (8.1) 1.1 a A (6.5) 0.7 ab C (5.1) 0.3 b D (3.9) 0.9 a C (5.0) 1.0 a B (4.9)

PI Apoatã 0.7 c A (4.9) 0.9 bc A (4.4) 1.4 ab C (5.0) 1.3 b B (4.2) 1.1 bc B (2.8) 1.8 a AB (6.6)

Catuaí 0.6 c A (4.4) 0.8 c A (3.4) 2.3 a B (5.7) 2.1 a A (5.1) 1.6 b B (4.4) 2.3 a A (6.7)

C. dewevrei 0.6 c A (4.5) 1.0 c A (5.4) 1.7 b C (5.3) 2.1  b A (5.0) 2.6 a A (7.4) 1.7 b B (6.4)

Icatu 0.8 b A (4.8) 0.8 b A (4.7) 1.3 ab C (4.9) 1.3  a B (5.1) 1.3 a B (7.7) 1.4 a B (7.1)

Piatã 0.8 cd A (5.5) 0.8 cd A (4.7) 2.9 a A (21) 0.4 d C (4.2) 1.2 bc B (6.4) 1.5 b B (7.5)

PA Apoatã 0.3 e A (2.2) 1.6 c A (7.4) 2.5 a A (9.0) 2.0 b A (6.7) 1.2 cd AB (3.1) 1.0 d B (3.5)

Catuaí 0.5 e A (3.2) 0.8 d BC (3.4) 2.6 a A (6.4) 1.3 c B (3.1) 1.0 cd BC (2.8) 2.0 b A (5.8)

C. dewevrei 0.8 d A (5.6) 1.3 c AB (6.6) 2.2 a A (7.1) 1.8 b A (4.2) 1.6 bc A (4.6) 0.9 cd B (3.6)

Icatu 0.6 c A (3.8) 0.5 c C (2.9) 1.3 a B (4.8) 1.0 ab B (3.9) 0.7 bc CD (4.2) 0.8 bc B (4.2)

Piatã 0.4 bc A (2.8) 0.9 a BC (5.1) 0.7 abc C (4.8) 0.4 c C (4.2) 0.6 abc D (3.1) 0.8 ab B (3.9)

Galatolipids     ** Apoatã 3.3 3.4 1.6 1.4 1.9 1.4

Phospholipids Catuaí 3.4 2.3 1.3 2.2 2.2 1.4

C. dewevrei 3.0 1.4 1.6 1.4 1.2 1.6

Icatu 3.1 2.3 1.9 1.7 1.4 1.9

Piatã 3.0 1.9 1.9 1.8 1.6 1.3

* using the mean values of the MGDG and DGDG classes given in this table;

 ** using the sum of the mean values of galalactolipids (MGDG+DGDG) and phospholipids (PG+PC+PI+PA) given in this table.

25/20ºC 18/13ºC

25/20ºC 18/13ºC

25/20ºC 18/13ºC

25/20ºC 18/13ºC

13/8ºC 3x13/4ºC 7d Rec 25/20ºC 15d Rec 25/20ºC

13/8ºC 3x13/4ºC 7d Rec 25/20ºC 15d Rec 25/20ºC

13/8ºC 3x13/4ºC 7d Rec 25/20ºC 15d Rec 25/20ºC

13/8ºC 3x13/4ºC 7d Rec 25/20ºC 15d Rec 25/20ºC

25/20ºC 18/13ºC 13/8ºC 3x13/4ºC

7d Rec 25/20ºC 15d Rec 25/20ºC

25/20ºC 18/13ºC 13/8ºC 3x13/4ºC

7d Rec 25/20ºC 15d Rec 25/20ºC

7d Rec 25/20ºC 15d Rec 25/20ºC

7d Rec 25/20ºC 15d Rec 25/20ºC

25/20ºC 18/13ºC

25/20ºC 18/13ºC 13/8ºC 3x13/4ºC

13/8ºC 3x13/4ºC
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Temperatures (day/night, 
o
C)

Lipid Class / FA Genotype

MGDG

C16:0 Apoatã 6.0 b B 4.8 b BC 5.3 b B 6.3 ab B 6.3 ab BC 8.8 a AB

Catuaí 5.6 bc B 5.7 bc AB 7.4 ab AB 3.2 c C 5.9 b C 9.3 a A

C. dewevrei 6.5 c B 7.7 bc A 8.7 abc A 9.3 ab A 10.4 a A 6.8 bc BC

Icatu 7.1 a B 5.3 ab AB 6.3 ab B 5.1 ab BC 6.0 ab C 4.5 b C

Piatã 9.7 a A 5.2 b B 5.2 b B 4.6 b BC 8.6 a AB 8.3 a AB

C18:2 Apoatã 5.5 a BC 3.6 bc B 3.3 bc B 4.9 ab A 2.3 c C 5.4 a A

Catuaí 7.7 a A 5.8 b A 5.5 b A 0.0 d C 3.5 c BC 4.5 bc AB

C. dewevrei 4.6 b C 5.4 ab A 0.0 c C 6.0 a A 6.4 a A 4.3 b AB

Icatu 6.7 a AB 0.0 c C 4.0 b AB 3.0 b B 4.5 b B 3.0 b B

Piatã 6.5 a AB 0.0 c C 3.1 b B 3.0 b B 6.6 a A 4.7 b AB

C18:3 Apoatã 88.5 a A 91.7 a A 91.5 a A 88.7 a A 91.4 a A 85.8 a A

Catuaí 86.8 a A 88.5 a A 87.1 a A 96.8 a A 90.5 a A 86.2 a A

C. dewevrei 88.9 a A 86.9 a A 91.3 a A 84.7 a A 83.2 a A 88.9 a A

Icatu 86.1 a A 94.7 a A 89.7 a A 91.9 a A 89.6 a A 92.4 a A

Piatã 83.8 a A 94.8 a A 91.7 a A 92.4 a A 84.8 a A 87.0 a A

DBI Apoatã 46.1 bc A 59.1 a A 53.4 ab A 43.5 c C 44.0 c A 30.4 d C

Catuaí 49.4 b A 49.0 b B 36.7 c BC 89.6 a A 47.1 b A 28.8 d C

C. dewevrei 42.8 a AB 35.0 bc C 31.4 cd C 28.7 cd D 25.2 c BC 40.7 ab B

Icatu 38.1 e B 53.4 bc AB 44.0 de B 55.6 ab B 46.5 cd A 62.7 a A

Piatã 27.1 b C 54.4 a AB 53.8 a A 61.5 a B 31.2 b B 32.5 b C

7d Rec 25/20ºC 15d Rec 25/20ºC25/20ºC 18/13ºC 13/8ºC 3x13/4ºC

Table 4.2. Fatty acid composition (mol %) and unsaturation degree (DBI) of galactolipid MGDG of 

chloroplast membranes from the 5 Coffea spp. genotypes. Experimental conditions as in Tab. 1. ANOVA (P 

= 0.05) for each FA and DBI within the lipid classes showed significant differences among genotypes and 

temperatures, as well as for the interaction between genotype and temperature, except in C18:2 and C18:3. 

Mean values (n=3) followed by different letters express significant differences between genotypes for the 

same temperature (A, B, C) or between temperatures for the same genotype (a, b, c) based upon Tukey’s 

HSD means separation test at P < 0.05; A and a represent the highest values. 
 

 

 

 

 

 

 

 

 

 

 

 

 

The FA composition of PG (Tab. 4.4) was quite unique, particularly due to the presence 

of C16:1t, which is the major FA with values between 36% (Catuaí) and 47% (Piatã). 

The 2
nd

 main FA was C16:0 with variations amongst genotypes, Icatu presenting the 

lowest value and Apoatã the highest. The unsaturated C18:3 and C18:2 represented 

together between ca. 20% (Apoatã, Piatã) and ca. 35% (Icatu, Catuaí). C18:1 was more 

represented in PG (up to 10%) than in the other phospholipids. These differences in the 

FA composition led to strong differences in the DBI of PG, with values ranging from 

2.9 (Apoatã) to 12 (Icatu). 

PC (Tab. 4.5) and PI (Tab. 4.6) classes showed a predominance of C16:0, without 

significant differences amongst genotypes. In PC this FA represented between 56% 

(Icatu) and 68% (Piatã), while the 2
nd

 major FA, C18:3 represented 19-28%. C18:1 was 

detected in all genotypes under control conditions, but representing as much as 4%. DBI 

values between 1.2 and 2 reflected a high saturation state of PC.  
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Temperatures (day/night, 
o
C)

Lipid Class / FA Genotype

DGDG

C16:0 Apoatã 29.7 a A 18.5 b A 13.9 b B 16.3 b A 16.5 b AB 17.4 b B

Catuaí 35.3 a A 26.3 ab A 21.1 b AB 21.6 b A 20.1 b AB 27.0 ab A

C. dewevrei 33.0 a A 25.9 ab A 19.3 bc AB 17.0 bc A 15.0 c B 15.6 c B

Icatu 33.5 a A 25.3 ab A 23.9 ab A 22.2 b A 20.8 b AB 20.8 b AB

Piatã 37.9 a A 26.3 b A 25.5 b A 24.5 b A 25.0 b A 24.4 b AB

C18:2 Apoatã 13.3 a B 13.2 a A 7.0 b A 7.1 b A 6.1 b B 7.0 b A

Catuaí 17.6 a A 9.7 b AB 9.7 b A 10.0 b A 13.9 a A 7.0 b A

C. dewevrei 16.9 a AB 9.1 b B 9.3 b A 9.0 b A 7.0 b B 7.4 b A

Icatu 16.6 a AB 9.5 b AB 8.4 b A 8.0 b A 7.9 a B 8.4 b A

Piatã 15.4 a AB 10.0 b AB 9.0 ab A 8.5 b A 7.5 b B 6.8 b A

C18:3 Apoatã 57.0 a A 68.3 a A 79.1 a A 76.6 a A 77.4 a A 75.6 a A

Catuaí 47.2 a A 64.0 a A 69.2 a A 68.5 a A 66.0 a A 66.0 a A

C. dewevrei 50.1 b A 65.0 ab A 71.4 ab A 74.0 ab A 78.0 a A 77.0 a A

Icatu 50.0 a A 65.2 a A 67.7 a A 69.8 a A 71.4 a A 70.8 a A

Piatã 46.7 a A 63.7 a A 65.5 a A 67.1 a A 67.5 a A 68.8 a A

DBI Apoatã 6.7 d A 12.5 c A 18.1 a A 15.0 b A 14.8 b A 13.9 bc B

Catuaí 5.0 c AB 8.0 b B 10.8 a BC 10.5 a B 11.2 a B 7.9 b D

C. dewevrei 5.6 e AB 8.2 d B 12.1 c B 14.1 b A 16.5 a A 15.7 a A

Icatu 5.5 d AB 8.5 c B 9.2 bc CD 10.2 ab B 11.1 a B 11.0 a C

Piatã 4.5 b B 8.0 a B 8.4 a D 8.9 a B 8.7 a C 9.0 a D

7d Rec 25/20ºC 15d Rec 25/20ºC25/20ºC 18/13ºC 13/8ºC 3x13/4ºC

Table 4.3. Fatty acid composition (mol %) and unsaturation degree (DBI) of galactolipid DGDG of 

chloroplast membranes from the 5 Coffea spp. genotypes. Experimental conditions as in Tab. 1. ANOVA 

(P = 0.05) for each FA and DBI within the lipid classes showed significant differences among genotypes 

and temperatures, as well as for the interaction between genotype and temperature. Mean values (n=3) 

followed by different letters express significant differences between genotypes for the same temperature 

(A, B, C) or between temperatures for the same genotype (a, b, c) based upon Tukey’s HSD means 

separation test at P < 0.05; A and a represent the highest values. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Concerning the PI class, C16:0 represented between 42 and 56% of FAs, while C18:3 

and C18:2 accounted for 25-40% and 12-32%, respectively. As in PC, this led to a high 

saturation state, with DBI values between 2.1 (Apoatã) and 3.8 (Piatã). C18:1 presence 

was quite low and detected only in Apoatã and Icatu. 

Depending on the genotype, C16:0, C18:2 or C18:3 predominated on PA class (Tab. 

4.7), implicating a wide variation on DBI values that ranged between 3.5 (C. dewevrei) 

and 6.4 (Icatu). C18:1 was not detected in C. dewevrei, while the other genotypes 

showed values up to 5.2 (Piatã). 

 

4.3.2. Cold induced changes in lipid classes, fatty acid and unsaturation 

degree and recovery 

Under gradual cold imposition TFA content showed a tendency to increase in all 

genotypes, significant only for Catuaí at the moderate 18/13 ºC temperature (Fig. 4.1). 
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Temperatures (day/night, 
o
C)

Lipid Class / FA Genotype

PG

C16:0 Apoatã 32.8 a A 25.4 ab B 28.1 ab A 19.8 bc AB 14.6 c B 23.4 abc A

Catuaí 20.0 abc BC 28.6 a AB 23.7 ab A 11.8 c BC 17.1 bc B 22.8 ab AB

C. dewevrei 23.2 bc B 36.1 a A 30.4 ab A 24.7 bc A 31.2 ab A 16.7 c ABC

Icatu 11.7 c C 27.0 a B 23.1 ab AB 10.5 c C 15.8 bc B 14.5 bc C

Piatã 19.3 b BC 31.9 a AB 15.4 b B 18.8 b AB 18.9 b B 15.0 b BC

C16:1t Apoatã 41.6 a A 48.0 a A 11.8 c B 11.1 c C 5.5 c B 27.8 b B

Catuaí 36.4 a A 15.1 c B 15.7 c AB 22.7 bc AB 25.2 abc A 33.5 ab AB

C. dewevrei 44.4 a A 12.7 d B 10.8 d B 15.8 cd BC 27.9 bc A 33.3 ab AB

Icatu 45.3 a A 18.5 c B 18.0 c AB 30.6 bc A 30.1 c A 43.7 ab A

Piatã 46.9 a A 14.4 c B 26.2 bc A 23.0 bc AB 27.0 bc A 30.8 b B

C18:1 Apoatã 5.7 a C 5.1 a A 0.0 c B 2.2 b B 1.2 bc A 0.0 c B

Catuaí 9.0 a AB 0.2 b B 0.0 b B 0.6 b C 0.0 b A 0.0 b B

C. dewevrei 4.0 b D 0.0 c B 5.8 a A 0.3 c C 0.0 b A 0.3 c B

Icatu 8.6 a B 0.2 c B 0.1 c B 0.3 c C 0.0 b A 3.2 b A

Piatã 10.4 a A 0.0 c B 5.4 b A 4.2 b A 0.0 c A 0.0 c B

C18:2 Apoatã 10.8 e A 13.1 de B 19.5 cd A 28.3 b AB 36.1 a A 22.6 bc A

Catuaí 15.4 b A 25.9 a A 25.7 a A 27.2 a AB 28.0 a AB 25.7 a A

C. dewevrei 11.7 c A 28.3 ab A 24.0 b A 35.7 a A 26.6 b B 25.4 b A

Icatu 16.6 b A 25.2 a A 24.3 a A 25.4 a B 20.4 ab B 19.8 ab A

Piatã 11.9 b A 23.5 a A 26.3 a A 25.5 a B 26.2 a B 25.8 a A

C18:3 Apoatã 9.2 c A 8.3 c B 40.5 a A 38.5 a A 42.7 a A 26.3 b AB

Catuaí 19.3 b A 30.3 b A 34.8 b AB 37.6 a A 29.8 b B 18.0 b B

C. dewevrei 16.7 bc A 22.8 abc A 29.0 a B 23.5 ab B 14.2 c C 24.3 ab AB

Icatu 17.7 b A 29.0 a A 34.5 a AB 33.2 a AB 33.7 a AB 18.8 b B

Piatã 11.4 b A 30.2 a A 26.7 a B 28.5 a AB 28.0 a B 28.4 a A

DBI Apoatã 2.9 d D 4.1 d BC 6.1 c BC 9.4 b B 14.2 a A 6.5 c C

Catuaí 6.7 cd B 5.5 d A 7.2 c B 16.1 a A 10.0 b BC 6.1 cd C

C. dewevrei 5.3 bc C 3.8 d C 5.0 cd C 6.4 b C 4.0 cd D 9.4 a B

Icatu 12.0 b A 5.8 e A 7.4 d B 17.3 a A 10.5 bc B 9.9 c AB

Piatã 6.0 c BC 4.8 c ABC 10.7 a A 8.7 b B 8.7 b C 11.1 a A

7d Rec 25/20ºC 15d Rec 25/20ºC25/20ºC 18/13ºC 13/8ºC 3x13/4ºC

Table 4.4. Fatty acid composition (mol %) and unsaturation degree (DBI) of phospholipid PG of 

chloroplast membranes from the 5 Coffea spp. genotypes. Experimental conditions as in Tab. 1. ANOVA 

(P = 0.05) for each FA and DBI within the lipid classes showed significant differences among genotypes 

and temperatures, as well as for the interaction between genotype and temperature. Mean values (n=3) 

followed by different letters express significant differences between genotypes for the same temperature 

(A, B, C) or between temperatures for the same genotype (a, b, c) based upon Tukey’s HSD means 

separation test at P < 0.05; A and a represent the highest values. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Further temperature reduction to 13/8 ºC provoked different impacts in the TFA content 

of genotypes, with significant increases in Apoatã (108%), Catuaí (295%), C. dewevrei 

(134%) and Icatu (64%), denoting an ability to perform de novo synthesis under quite 

low temperature. Under chilling these genotypes maintained significantly high TFA 

contents while Piatã showed a 52% reduction when compared to the content at 18/13 

ºC. 

After 7 days of rewarming, Icatu and Piatã returned to values close to control, while the 

other genotypes still maintained significantly high values, particularly Apoatã which 

presented its maximal value at this stage. 
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Temperatures (day/night, 
o
C)

Lipid Class / FA Genotype

PC

C16:0 Apoatã 57.2 a A 51.3 a A 47.5 a A 46.4 a A 49.6 a A 51.8 a A

Catuaí 59.9 a A 56.6 a A 50.5 a A 60.4 a A 56.2 a A 58.9 a A

C. dewevrei 62.8 a A 60.2 a A 51.5 a A 51.0 a A 48.0 a A 48.7 a A

Icatu 55.6 a A 54.4 a A 50.3 a A 50.0 a A 52.5 a A 53.2 a A

Piatã 67.7 a A 55.9 a A 56.7 a A 57.9 a A 59.1 a A 60.0 a A

C18:1 Apoatã 2.3 a C 2.6 a A 0.3 b BC 0.4 b B 0.0 b B 0.0 b A

Catuaí 4.0 a A 2.5 b A 0.3 c C 0.0 c C 0.0 c B 0.0 c A

C. dewevrei 2.0 a C 1.9 a B 0.5 b BC 0.0 b C 0.0 b B 0.0 b A

Icatu 3.0 a B 0.0 c C 0.6 b B 0.0 c C 0.0 c B 0.0 c A

Piatã 2.4 a C 1.5 b B 1.7 b A 1.9 ab A 1.5 b A 0.0 b A

C18:2 Apoatã 12.3 a A 14.3 a A 15.9 a A 16.3 a A 14.8 a B 13.3 a B

Catuaí 14.8 a A 15.1 a A 17.0 a A 15.4 a A 11.9 a b 11.6 a B

C. dewevrei 12.7 b A 14.1 b A 18.0 ab A 17.9 ab A 22.0 a A 21.8 ab A

Icatu 15.9 a A 17.9 a A 16.9 a A 17.1 a A 16.0 a B 15.9 a ab

Piatã 10.9 a A 14.0 a A 14.2 a A 14.3 a A 15.0 a B 13.7 a B

C18:3 Apoatã 28.2 a A 31.7 a A 36.3 a A 36.9 a A 35.6 a A 34.9 a A

Catuaí 21.4 b A 25.7 ab A 32.5 a A 24.2 ab B 31.9 ab AB 29.5 ab A

C. dewevrei 22.5 a A 23.9 a A 30.1 a A 31.1 a B 30.0 a AB 29.4 a A

Icatu 25.5 a A 27.7 a A 32.2 a A 32.9 a AB 31.5 a AB 31.0 a A

Piatã 19.0 a A 28.6 a A 27.3 a A 25.9 a B 24.5 a B 24.6 a A

DBI Apoatã 1.9 d AB 2.5 c A 3.0 ab A 3.1 a A 2.7 bc AB 2.5 c AB

Catuaí 1.6 c BC 1.9 bc BC 2.6 a B 1.7 c C 2.1 b CD 1.9 bc C

C. dewevrei 1.5 b CD 1.7 b C 2.5 a B 2.5 a B 2.8 a A 2.7 a A

Icatu 2.0 d A 2.2 cd AB 2.6 ab B 2.7 a B 2.4 abc BC 2.3 abcd B

Piatã 1.2 c D 2.1 a BC 2.0 ab C 1.9 ab C 1.8 ab D 1.7 b C

7d Rec 25/20ºC 15d Rec 25/20ºC25/20ºC 18/13ºC 13/8ºC 3x13/4ºC

Table 4.5. Fatty acid composition (mol %) and unsaturation degree (DBI) of phospholipid PC of 

chloroplast membranes from the 5 Coffea spp. genotypes. Experimental conditions as in Tab. 1. ANOVA 

(P = 0.05) for each FA and DBI within the lipid classes showed significant differences among genotypes 

and temperatures, as well as for the interaction between genotype and temperature. Mean values (n=3) 

followed by different letters express significant differences between genotypes for the same temperature 

(A, B, C) or between temperatures for the same genotype (a, b, c) based upon Tukey’s HSD means 

separation test at P < 0.05; A and a represent the highest values. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Upon one more week under adequate temperature, all genotypes tended to the control 

values, with Apoatã, Catuaí and C. dewevrei still maintaining significantly higher TFA 

contents. Looking at the entire experiment, Icatu showed the smaller TFA variations, 

contrasting to Apoatã, Catuaí and C. dewevrei, which presented also the highest 

absolute values. 

The FA analysis without class separation did not show a species-dependent composition 

or consistent differences between genotypes in FA distribution and DBI. In fact, C18:3, 

C16:0 and C16:1t showed mostly non-significant changes of the relative weight within 

each genotype along the experiment. A few significant cold-induced variations were 

observed in the third most representative FA, C18:2, with decreases in Catuaí and Icatu, 

which were reverted upon recovery. In Apoatã and C. dewevrei C18:2 tended to 

increase under cold (data not shown). 
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Temperatures (day/night, 
o
C)

Lipid Class / FA Genotype

PI

C16:0 Apoatã 56.0 a A 50.3 ab A 49.8 ab A 35.7 b A 41.3 ab A 41.8 ab A

Catuaí 43.3 a A 50.6 a A 47.2 a A 33.1 a A 37.2 a A 44.2 a A

C. dewevrei 53.9 a A 48.8 a A 47.8 a A 36.6 a A 38.9 a A 36.7 a A

Icatu 43.1 a A 48.2 a A 44.1 a A 35.7 a A 37.8 a A 38.8 a A

Piatã 41.6 a A 47.9 a A 39.3 a A 34.6 a A 38.6 a A 36.1 a A

C18:1 Apoatã 1.8 b B 2.4 a A 1.1 c A 0.0 d A 0.0 d A 0.0 d A

Catuaí 0.0 a C 0.0 a B 0.0 a B 0.0 a A 0.0 a A 0.0 a A

C. dewevrei 0.0 a C 0.0 a B 0.0 a B 0.0 a A 0.0 a A 0.0 a A

Icatu 2.4 a A 2.8 a A 0.3 b B 0.0 c A 0.0 c A 0.0 c A

Piatã 0.0 a C 0.0 a B 0.0 a B 0.0 a A 0.0 a A 0.0 a A

C18:2 Apoatã 12.0 b D 12.6 ab A 10.7 b C 19.3 a B 19.5 a B 18.9 a A

Catuaí 32.0 a A 17.6 c A 20.1 bc AB 24.2 bc AB 24.8 abc AB 26.1 ab A

C. dewevrei 21.1 bc BC 19.2 c A 17.1 c ABC 28.5 ab A 30.6 a A 26.5 abc A

Icatu 28.0 a AB 20.0 b A 21.1 ab AB 21.6 ab AB 23.7 ab AB 26.5 ab A

Piatã 18.3 b CD 19.6 ab A 21.4 ab A 21.4 ab AB 23.0 ab AB 26.7 a A

C18:3 Apoatã 30.1 b AB 34.7 ab A 38.3 ab A 45.0 a A 39.2 ab A 39.3 ab A

Catuaí 24.7 c B 31.8 abc A 32.6 abc A 42.7 a A 38.0 ab A 29.7 bc A

C. dewevrei 24.9 a B 32.0 a A 35.1 a A 34.9 a A 30.5 a A 36.8 a A

Icatu 26.5 b B 29.0 b A 34.5 ab A 42.7 a A 38.6 ab A 34.8 ab A

Piatã 40.1 a A 32.5 a A 39.3 a A 43.9 a A 38.4 a A 37.2 a A

DBI Apoatã 2.1 d B 2.6 c A 2.8 c B 4.9 a AB 3.8 b B 3.7 b B

Catuaí 3.2 c A 2.6 d A 2.9 cd B 5.3 a A 4.4 b A 3.2 c B

C. dewevrei 2.2 c B 2.8  b A 2.9 b B 4.4 a B 3.9 a AB 4.5 a A

Icatu 3.2 cd A 2.7 d A 3.3 c B 4.8 a AB 4.3 ab AB 4.1 b AB

Piatã 3.8 c A 2.9 d A 4.1 bc A 5.0 a A 4.2 bc AB 4.6 ab A

7d Rec 25/20ºC 15d Rec 25/20ºC25/20ºC 18/13ºC 13/8ºC 3x13/4ºC

Table 4.6. Fatty acid composition (mol %) and unsaturation degree (DBI) of phospholipid PI of chloroplast 

membranes from the 5 Coffea spp. genotypes. Experimental conditions as in Tab. 1. ANOVA (P = 0.05) for 

each FA and DBI within the lipid classes showed significant differences among genotypes and temperatures, 

as well as for the interaction between genotype and temperature. Mean values (n=3) followed by different 

letters express significant differences between genotypes for the same temperature (A, B, C) or between 

temperatures for the same genotype (a, b, c) based upon Tukey’s HSD means separation test at P < 0.05; A 

and a represent the highest values. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Temperature effects became evident in the analysis of individual lipid class contents 

(Tab. 4.1). Following the TFA trend (Fig. 4.1), MGDG and DGDG contents strongly 

increased during the gradual cold exposure in several genotypes. At 13/8 ºC MGDG 

showed enhancements of ca. 60% in Apoatã and Icatu, 140% in C. dewevrei and as 

much as 300% in Catuaí. DGDG increased 27% in Icatu and ca. 58% in Apoatã and C. 

dewevrei. However, upon chilling MGDG reversed that trend in most genotypes while 

DGDG values were maintained (Apoatã and Icatu) or increased (Catuaí and C. 

dewevrei). 

Catuaí presented the highest values for both classes after chilling exposure. Piatã did not 

show significant increases in both MGDG and DGDG along the gradual temperature 

decrease but presented strong decreases under chilling. Upon recovery, galactolipid 

contents tended to control values, but still remained particularly high in Catuaí for both 

classes and in Apoatã and C. dewevrei for MGDG. 
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Temperatures (day/night, 
o
C)

Lipid Class / FA Genotype

PA

C16:0 Apoatã 29.5 a AB 29.8 a A 28.9 a A 35.0 a A 39.3 a A 35.7 a AB

Catuaí 30.4 a AB 26.7 a A 27.0 a A 30.7 a A 32.4 a A 39.0 a A

C. dewevrei 40.4 a A 35.0 a A 30.5 a A 37.2 a A 37.6 a A 28.8 a AB

Icatu 27.1 a B 25.9 a A 25.9 a A 27.3 a A 28.3 a A 26.2 a B

Piatã 36.3 a AB 30.4 a A 33.4 a A 37.6 a A 36.5 a A 36.4 a AB

C18:1 Apoatã 3.9 a B 1.3 b A 0.6 c A 1.4 b D 0.0 d B 0.0 d B

Catuaí 3.1 a C 1.5 b A 0.0 c A 2.7 ab B 0.0 c B 0.0 c B

C. dewevrei 0.0 d E 0.0 d B 0.6 c A 1.7 b CD 2.1 b A 3.0 a A

Icatu 1.6 c D 0.1 d B 0.0 d A 2.4 b BC 0.0 d B 3.1 a A

Piatã 5.2 b A 1.2 d A 0.0 e A 8.0 a A 2.0 c A 0.0 e B

C18:2 Apoatã 23.0 a C 24.8 a B 22.2 a A 23.8 a A 25.0 a AB 23.5 a A

Catuaí 38.0 a AB 35.9 ab AB 32.2 ab A 25.6 b A 28.9 ab AB 28.0 ab A

C. dewevrei 36.3 a AB 33.6 a AB 32.6 a A 30.7 a A 30.1 a A 26.2 a A

Icatu 42.7 a A 43.0 a A 31.3 b A 27.5 bc A 18.3 c B 23.2 bc A

Piatã 31.5 a BC 29.4 a B 26.1 a A 22.6 a A 21.0 a AB 24.8 a A

C18:3 Apoatã 43.5 a A 44.1 a A 48.3 a A 39.8 a A 35.7 a B 40.8 a AB

Catuaí 28.5 a B 35.8 a A 40.9 a A 40.9 a A 38.6 a B 33.0 a B

C. dewevrei 23.3 b B 31.4 ab A 36.2 ab A 30.4 ab A 30.2 ab B 42.0 a AB

Icatu 28.6 c B 31.0 c A 42.8 abc A 42.8 abc A 53.4 a A 47.5 ab A

Piatã 27.0 a B 39.0 a A 40.5 a A 31.8 a A 40.5 a AB 38.8 a AB

DBI Apoatã 6.1 a AB 6.1 a AB 6.6 a AB 4.8 b C 4.0 b C 4.7 b C

Catuaí 5.4 b B 6.8 a A 6.9 a A 5.8 b B 5.4 b B 4.0 c C

C. dewevrei 3.5 c C 4.6 b C 5.7 a BC 4.2 bc C 4.1 bc C 6.3 a B

Icatu 6.4 a A 6.9 a A 7.4 a A 6.8 a A 7.0 a A 7.3 a A

Piatã 4.1 c C 5.8 a B 5.2 ab C 3.9 c C 4.5 bc BC 4.6 bc C

7d Rec 25/20ºC 15d Rec 25/20ºC25/20ºC 18/13ºC 13/8ºC 3x13/4ºC

Table 4.7. Fatty acid composition (mol %) and unsaturation degree (DBI) of phospholipid PA of chloroplast 

membranes from the 5 Coffea spp. genotypes. Experimental conditions as in Tab. 1. ANOVA (P = 0.05) for 

each FA and DBI within the lipid classes showed significant differences among genotypes and temperatures, 

as well as for the interaction between genotype and temperature. Mean values (n=3) followed by different 

letters express significant differences between genotypes for the same temperature (A, B, C) or between 

temperatures for the same genotype (a, b, c) based upon Tukey’s HSD means separation test at P < 0.05; A 

and a represent the highest values. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Until 13/8 ºC the MGDG/DGDG ratio tended to increase in Catuaí, C. dewevrei and 

Icatu, but from that temperature to 4º C exposure the values decreased in all genotypes. 

This ratio tended to recover by the end of the experiment, with all genotypes showing 

close values above their controls. 

Despite galactolipids synthesis with cold, their relative weight amongst total lipid 

classes declined. MGDG+DGDG represented 75% (C. dewevrei) to 77% (Catuaí) at 

25/20 
o
C, declining to values between 56% (Catuaí) and 64% (Piatã) at 13/8ºC or after 

chilling, which were maintained thereafter. This was a consequence of a higher 

phospholipid synthesis, that leads to a clear decrease of the Galactolipids/Phospholipids 

ratio along the cold exposure, which was maintained upon rewarming conditions. 

Among the phospholipid classes, PG, the third most representative class of chloroplast 

membranes, showed the strongest increases in most genotypes, denoting a preferential 

synthesis under cold and recovery, leading to an enhancement of its relative weight. 

Except for Apoatã, all genotypes presented significant PG rises already at 18/13ºC, but 
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maximal rises were observed in Apoatã (478%), Catuaí (604%), C. dewevrei (892%) 

and Icatu (290%) by the end of the acclimation period or after chilling exposure. 

Consequently, PG content, represented between 20% (Catuaí) and 26% (Apoatã and C. 

dewevrei) of the lipid classes after chilling, contrasting with the values between 8.3% 

(C. dewevrei) and 9.9% (Catuaí) under control conditions. Upon rewarming conditions, 

PG values remained high in all genotypes. 

Except in Piatã, PC gradually rose with temperature decline, but without a clear impact 

on their weight amongst lipid classes. Maximal content rises were detected at 13/8ºC or 

upon chilling in all genotypes, ranging from 62% (Icatu) to 357% (Catuaí). After the 

rewarming period PC values approached the control in all genotypes.  

PI also showed marked changes under cold in all genotypes, with increases between 

64% (Icatu) and 278% (Catuaí) at 13/8 ºC or after chilling. Increased values persisted in 

several genotypes upon rewarming, with emphasis for Apoatã, Catuaí and Icatu that 

presented their maxima by the end of the experiment. PI relative weight was quite 

constant within each genotype under cold, but a tendency to increase was detected by 

the end of the rewarming period, representing ca. 6.4-7.5% of total lipid classes (against 

4.4-5.5% in controls). 

The less representative class, PA, showed a pattern similar to that of PI. All genotypes 

showed increases of PA at 13/8 ºC, ranging from 67% in Piatã up to 698% in Apoatã, 

becoming as important as PI. At this timepoint the highest values were observed in 

Apoatã, Catuaí and C. dewevrei, implicating an enhancement of the relative weight of 

PA to values between 6.4 (Catuaí) and 9% (Apoatã). The relative weight decreased to 

values close to control (ca. 2.2-5.6%) thereafter. Icatu maintained the relative weight of 

this class (4-5%) throughout the experiment and lower PA values than Apoatã and C. 

dewevrei from 18/13ºC until the 7
th

 day after recovery. 

With the objective of detecting fine adjustments in membrane lipids, which may 

endorse the genotype differences concerning cold tolerance, a detailed analysis of the 

FAs composition of each lipid class was further performed (Tabs. 2-7). The 2 

galactolipid classes showed different FA distribution and unsaturation degree since the 

beginning of the experiment. In MGDG (Tab. 4.2) the highly unsaturated C18:3 showed 

only non-significant variations under cold within each genotype or between genotypes, 

while C16:0 tended to increase after chilling in C. dewevrei, was maintained in Apoatã 

and tended to decrease in Piatã and Icatu. However, C18:3 and C16:0 variations 

frequently occurred with cumulative opposite tendencies, leading to significant 
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variations on the DBI of MGDG. That was particularly evident upon chilling exposure 

in C. dewevrei (DBI reduced), as well as in Catuaí, Icatu and Piatã (DBI increased). 

Upon rewarming, some convergence to control values was observed in FAs and DBI 

values for some genotypes, except in Icatu where it was amplified due to a 

simultaneously C16:0 reduction and C18:3 rise by the end of the experiment. 

The FA composition of DGDG was also modified under cold (Tab. 4.3). At 13/8 ºC and 

thereafter most of the genotypes that showed increases in DGDG content (Apoatã, 

Catuaí, C. dewevrei and Icatu) (Tab. 4.1), presented a clear (although not significant) 

preferential synthesis of C18:3, instead of C16:0 and C18:2, leading to significant 

increases of the unsaturation degree. DBI increased also in Piatã, but associated to 

decreases in this class content (Tab. 4.1). 

Following the changes in its content (Tab. 4.1) and relative weight amongst lipid 

classes, PG showed also significant modifications in the FAs proportion in all genotypes 

under cold conditions (Tab. 4.4). C16:0 tended to decrease in Apoatã after control 

conditions, while the other 4 genotypes presented a 2 phase response, with a C16:0 rise 

during the acclimation period (Piatã only at 18/13 ºC) followed by a decrease to values 

similar to controls upon chilling and thereafter. The unsaturated C18:2 and C18:3 

showed similar trends, with strong enhancements in all genotypes from the very 

beginning of cold onset, often followed by reductions upon rewarming conditions. 

C16:1t suffered the strongest variations in some genotypes (Tab. 4.4). At 13/8 ºC 

significant reductions were observed in Apoatã (72%), Catuaí (57%), C. dewevrei 

(76%), Icatu (60%) and Piatã (44%). This was reversed after chilling or upon 

rewarming, especially in Icatu and Catuaí which returned to control values by the end of 

the experiment. C18:1 showed strong reductions after the control in all genotypes. 

These FA changes affected the unsaturation status of PG, with significant DBI increases 

in Apoatã, Piatã, Catuaí and Icatu after chilling, with the last 2 showing the highest 

values for this phospholipid class. 

Amongst the main lipid classes, PC was the less affected in their FAs relative 

distribution (Tab. 4.5). In fact, only the less abundant C18:1 was strongly depressed 

after the control measurements in all genotypes. With cold imposition C16:0 followed a 

tendency to decrease in Apoatã, C. dewevrei, Icatu and Piatã. In general C18:2 and 

C18:3 followed the contrary trend of C16:0. These opposite (mostly not significant) 

changes of saturated/non-saturated FAs provoked some significant modifications in 

DBI, although to a less extent than in the lipid classes previously referred. DBI values 
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increased at 13/8 ºC or after chilling in all genotypes. 

Under cold, the FAs of PI displayed different changes amongst genotypes (Tab. 4.6). 

C16:0 tended to decrease accompanying the temperature reduction in Apoatã and C. 

dewevrei. Nevertheless, after chilling all genotypes showed lowered C16:0 values 

(significantly only in Apoatã). On the other hand, C18:3 (and C18:2 in Apoatã and C. 

dewevrei) showed an opposite tendency. As a consequence, PI unsaturation degree 

significantly increased in all genotypes, being partially maintained upon recovery. 

PA presented only few consistent changes in FAs relative weight along the experiment 

(Tab. 4.7). C16:0 increased from 13/8 ºC onwards, particularly upon rewarming 

conditions, although not significantly. In Catuaí and Icatu significant reductions were 

detected upon chilling and thereafter in C18:2, while C18:3 followed an opposite 

behavior. DBI values did not show clear changes, except in Apoatã where it was 

reduced after the chilling exposure. C. dewevrei often showed higher DBI values along 

the experiment as compared to their control. 

 

4.4. Discussion 

 

Chloroplast membranes are characterized by a unique lipid composition, which strongly 

differs from other cell membranes. The main chloroplast membrane lipids are mostly 

polar glycerolipids, such as glycolipids and phospholipids (Murata and Siegenthaler, 

1998), which represent ca. 20% of the chloroplast dry mass and accounts for 75% of 

total leaf glycerolipids (Joyard et al., 1998). Due to the well-known importance of cell 

membranes in multiple metabolic processes, the characterization of its lipid phase is 

crucial to understand some responses to environmental limiting conditions, namely at 

photosynthetic level. In this way, a thorough characterization of chloroplast membranes 

was carried out in 5 Coffea spp. genotypes, grown under adequate temperature 

conditions and later on submitted to low positive temperatures, covering TFA and lipid 

classes, as well as the relative distribution of FAs within each lipid class and their 

unsaturation. 

 

4.4.1. Characterization of chloroplast membrane lipid composition in 

Coffea spp. 

Under adequate environmental conditions (25/20 ºC) no striking differences were found 
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between genotypes concerning TFA values (Fig. 4.1) and FA distribution (data not 

shown). C18:3 was the major chloroplast FA, representing up to 53%, which, 

nonetheless, was below the 60-80% reported in other plants (Girotti, 1990, Joyard et al., 

1998; Murata and Siegenthaler, 1998). It is noteworthy that, together, C18:3 and C16:0 

accounted for 76 to 82% of TFA, thus playing a major role in some differences 

observed in the unsaturation degree. However, those differences were not species 

dependent since, globally, C. arabica cv. Catuaí, C. dewevrei and C. canephora cv. 

Apoatã genotypes presented similar DBI values. 

In all genotypes, MGDG and DGDG were clearly the main chloroplast lipid classes, 

with values similar to those found in other plants (Murata and Siegenthaler, 1998; 

Williams, 1998). The content of these 2 classes showed a steady equilibrium across 

Coffea spp., with DGDG prevailing over MGDG (Tab. 4.1), as in the perennial Pinus 

silvestris (Öquist, 1982), but contrasting to some reports for other plants (Harwood, 

1998; Joyard et al., 1998). 

The phospholipid PG usually accounts for 5-12% of total lipids (Murata and 

Siegenthaler, 1998; Williams, 1998), as happened here for coffee, where it was the 3
rd

 

most representative class. 

The chloroplasts PC is largely (if not exclusively) present in the outer membrane (as it 

is the case of PI) where it could represent up to 35% of glycerolipid content (Joyard et 

al., 1998; Williams, 1998). The analysis of FAs distribution within each class (Tab. 4.2-

4.7) showed small differences between genotypes under control conditions, but enough 

to induce DBI differences between genotypes in all classes. C18:3 clearly predominated 

in MGDG (ca. 90%), as observed in other plants and also in DGDG, contrary to other 

observations referring the primacy for C16:0 in this class (Joyard et al., 1998; Murata 

and Siegenthaler, 1998). Such high C18:3 content in galactolipids may confer a high 

fluidity to membranes that is needed for the diffusion of lipophilic compounds (e.g., 

plastoquinone - PQ) and protein complexes (Öquist, 1982; Siegenthaler, 1998). 

Moreover, the presence of high levels of C18:3 and the absence of C16:3 in MGDG (as 

well as in any other lipid class) confirmed earlier results on Coffea spp. (Ramalho et al., 

1998; Campos et al., 2003), suggesting that MGDG chloroplast synthesis is based on 

cytoplasm synthesized PC that is later transported to chloroplasts (“eukaryotic way”). 

Plants with this composition are known as “C18:3 plants” (Murata and Siegenthaler, 

1998). 

The highly saturated C16:0 was the 2
nd

 more representative FA due to its predominance 
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in the phospholipids classes PC and PI, and its high contribution in DGDG and PG, 

mostly without significant differences amongst genotypes. 

Concerning other FAs, the specific FA of thylakoid PG, C16:1t (Öquist, 1982), 

predominated in this class, as also reported by Murata and Siegenthaler (1998) and 

Vijayan et al. (1998). PG and its unique C16:1t contribute to maintain thylakoid 

membrane organization and an optimal conformation of D1, as well as to stabilize the 

photosystems complexes, influence molecular organization of proteins and pigments 

and allow an efficient non-cyclic electron flow (Siegenthaler and Trémolières, 1998; 

Yang et al., 2005). In coffee, PG composition showed clear differences between 

genotypes, reflected in a higher unsaturation of this class in Icatu, in clear opposition to 

Apoatã. That could be related to the better photosynthetic performance of the former 

genotype under cold (Ramalho et al., 2003). 

 

4.4.2 Cold induced changes in lipid components of chloroplast 

membranes and recovery 

Temperature changes may lead to the induction of enzymes used for acclimation in 

tolerant plants (as acyl-lipid desaturases) (Gombos and Murata, 1998) or to severe lipid 

catabolism in susceptible species (Harwood, 1998). In fact, plants may adjust membrane 

composition so that the fluidity remains approximately constant over a wide range of 

environmental temperatures. Thus, the analysis of glycerolipids profile and its acyl 

residues, the degree of unsaturation, changes in FA chain length and in the proportions 

of different lipid classes, is highly relevant to evaluate the ability of plants to cope with 

cold stress (Harwood, 1998). 

Previous data showed that Icatu and Catuaí (Ramalho et al., 2003) were less sensitive to 

cold than Apoatã and C. dewevrei at the photosynthetic level. Furthermore, Apoatã and 

C. dewevrei presented severe leaf necrosis and 85-100% of leaf shed in many plants, 

contrasting to Icatu and Catuaí that presented leaf losses up to 15% (Chapter 2) and 

displayed a prompt recovery of most photosynthetic parameters after the end of 4 ºC 

exposure (Ramalho et al., 2003; Chapter 2), might being related to membrane stability 

(Campos et al., 2003). 

One remarkable feature of several coffee genotypes was the increase of chloroplast 

membrane lipids (Fig. 4.1, Tab. 4.1) during cold imposition, indicating an active lipid 

synthesis at low temperature. This has been reported to be related to cold acclimation 
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(Öquist, 1982), probably linked to the repair of damaged structures and to the 

implementation of qualitative adjustments (Campos et al., 2003). Although important, 

this response by itself would not confer cold tolerance, since the cold sensitive Apoatã 

and C. dewevrei showed higher TFA rises than the less sensitive Icatu, which presented 

the smallest quantitative variations along the experiment. Furthermore, the sensitive 

genotypes still presented high TFA contents upon recovery, probably denoting a higher 

need to repair lipid structures due to a higher impact during stress imposition. Such lipid 

synthesis, considering all compounds for glycerolipid and FA synthesis, as well as ATP 

and reducing equivalents, TFA synthesis, probably relies mostly on the respiration 

pathway since respiratory enzymes maintained considerable activity (DaMatta and 

Ramalho, 2006), contrary to photosynthesis that became negligible below 13ºC 

(Ramalho et al., 2003; Partelli et al., 2009; Chapter 2). 

Some Coffea spp. genotypes submitted to cold undergo an increase of unsaturated FAs 

in cellular membranes, especially at the beginning of acclimation (Campos et al., 2003). 

Such increase of cis double bonds induces the formation of curvatures that increases 

chain flexibility, favoring membrane fluidity and photosynthetic activity (Xin and 

Browse, 2000). However, FA composition (mainly the major C16:0 and C18:3) and 

DBI of chloroplast membranes did not show striking variations amongst genotypes 

(data not shown), denoting the need for a deeper analysis that may elucidate the 

physiological differences detected between these genotypes when exposed to cold. In 

this context the balance between lipid classes and the analysis of FAs within each lipid 

class was studied, since it can reveal fine tuned responses in membranes (Gombos and 

Murata, 1998). Changes in the amount and proportions of lipid classes are often 

reported in chilling stress acclimation, in a slower process than the unsaturation degree 

modifications. Synthesis of the two most representative classes, MGDG and DGDG, 

observed here in Apoatã, Catuaí, C. dewevrei and Icatu, could be important for cold 

tolerance, as also found for drought tolerance (Torres-Franklin et al., 2007). In fact, the 

packing arrangement of MGDG in the thylakoid outer monolayer is closely related to 

the rate of photo and dark-phosphorylation, being absolutely required for the 

functioning of the ATP synthase in the thylakoid membrane (Siegenthaler and 

Trémolières, 1998) and is implicated in the regulation of the PS II structures, as well as 

in the efficiency of energy transfer between the LHC and the reaction centers (Iba, 

2002) and in PQ mobility (Öquist, 1982). Additionally, in the inner monolayer DGDG 

(and PG) are needed for the stability and functioning of photosynthetic complexes, 
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being involved in the formation/functioning of LHCII trimers (Murata and Siegenthaler, 

1998). 

Furthermore, changes in the proportions of galactolipid classes may allow membrane 

structural and functional modifications. Decreases of the MGDG/DGDG ratio due to 

DGDG synthesis were reported in drought tolerant genotypes under mild water deficit 

(Torres-Franklin et al., 2007) and under cold, considering both the whole cells and the 

chloroplast fraction (Harwood, 1998). Moreover, higher levels of DGDG, converted 

from MGDG, decreased the temperature at which membrane lipid-phase transition 

might occur contributing to plant survival under low temperature (Harwood, 1998). In 

coffee, MGDG/DGDG ratio tended to increase until 13/8 ºC in Catuaí and Icatu (more 

tolerant genotypes) and C. dewevrei (sensitive). However, from 13/8 ºC to 4 ºC 

exposure this ratio tended to decrease in all genotypes, due to opposite tendencies in 

MGDG and DGDG contents in Apoatã, Catuaí and Icatu. So at this temperature the 

conversion of DGDG from MGDG could have prevailed in these genotypes. Although 

these changes include sensitive and tolerant genotypes, thus making it difficult to 

interpret in terms of cold sensitivity, coffee plants (Apoatã, Catuaí, C. dewevrei and 

Icatu) would benefit from the fact that DGDG predominated over MGDG and that both 

galactolipid classes increased under cold. 

Phospholipid classes showed an even greater increase than galactolipids in all 

genotypes, leading to decreases in the (Galactolipids/Phospholipids) ratio, what was 

associated to cold acclimation in other plants (Uemura et al., 1995; Wang et al., 2006). 

Again, this does not explain the different cold sensitivities amongst genotypes, although 

the membrane enrichment in PG relative weight (more than doubled), might have 

contributed to preserve the macro-organization of photosynthetic complexes, linked to 

membrane superficial electrical charge (Apostolova et al., 2008), and to maintain an 

optimal configuration of D1 protein and an efficient functioning of PS I and II 

(Siegenthaler and Trémolières, 1998; Yang et al., 2005; Apostolova et al., 2008). 

With temperature reduction, the bilayer-stabilizing lipid PC (Wang et al., 2006) also 

increased in Apoatã, Catuaí, C. dewevrei and Icatu, as observed in other plants (Bohn et 

al., 2007; Harwood, 1997) and in cell membranes of Coffea spp. genotypes (Campos et 

al., 2003), suggesting a relative degree of membrane restoration (Harwood, 1997). 

As for coffee genotypes, PI increase was observed in seedlings of a winter-hardy wheat 

variety after cold acclimation (Bohn et al., 2007) and has been implicated in chilling 

response and acclimation (Leshem, 1992). This could be related to its role as a structural 
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component of mitochondrial and chloroplast membranes (Joyard et al., 1998), justifying 

also its relative weight rise by the end of the recovery period (Tab. 4.1). 

Despite some reports of PA involvement in leaf senescence, stomatal closing, induction 

of leaf cell death and elevation of ROS levels, its physiological role in stress response 

remains largely unknown (Park et al., 2004). However, its increase was observed under 

stress conditions (e.g., cold and drought) (Park et al., 2004) and may be considered a 

stress metabolite, resulting from the activation of specific lipolytic enzymes, as 

phospholipases D. In this way, the particularly high PA increase in Apoatã, C. dewevrei 

and Catuaí, after the acclimation period or upon chilling, suggested the presence of 

degradation events and a higher cold sensitivity. This might also be related to the fact 

that PA tends to form hexagonal II phase, which was suggested to be a key event in 

freezing injury (Wang et al., 2006). In this way, it seems noteworthy that contrary to 

what happens in Icatu, the cold sensitive genotypes Apoatã and C. dewevrei displayed 

high PA content and/or relative weight simultaneously with higher ROS contents and a 

less efficient antioxidative system under cold and upon recovery (Fortunato et al., 2010 

– Chapter 3). 

Although the content of the lipid classes may not completely depict differences in cold 

acclimation ability between plant species (Siegenthaler, 1998), changes in the 

unsaturation of a specific class could reveal important roles (Harwood, 1998). The 

increase of unsaturation degree, through de novo lipid synthesis or through 

transacylation with insertion of cis-double bonds in pre-existing FAs (Harwood, 1998; 

Williams, 1998), is considered the most common effect in membrane lipids after low 

temperature exposure (Wada et al., 1994). That allows a quick response, with little 

disruption of the membrane structure while significant modifications in the physical 

properties of the lipids are occurring (Harwood, 1998). Photosynthesis (Vijayan et al., 

1998) and cell growth (Gombos and Murata, 1998) requires the presence of 

polyunsaturated FAs under cold. Sensitive tobacco plants over expressing a desaturase 

gene from the chilling tolerant Arabidopsis increased the levels of C16:3 and C18:3 and 

acquired significant chilling tolerance (Kodama et al., 1995). Also, the deficiency of 

trienoic FAs in thylakoid lipids revealed a chilling-induced inhibition on the reducing 

site of PSII after 5 days at 4ºC, which was not reversed by transferring the leaves to 

25ºC (Vijayan et al., 1998). This suggests that those FAs enhanced the cold tolerance of 

photosynthesis and decreased low-temperature photoinhibition (Murata and 

Siegenthaler, 1998; Routaboul et al., 2000; Vijayan et al., 1998). In this way, the 
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tendency to reduce C16:0 and increase C18:3 and DBI, usually from 18/13ºC until the 

end of the experiment, in DGDG, PC and PI, in Apoatã, Catuaí, C. dewevrei and Icatu 

(Tabs. 4-7), could have potential benefits to the photosynthetic apparatus, but did not 

separate genotypes according to their cold sensitivity. Similar tendencies were observed 

in Piatã, but are probably linked to degradation processes since the TFA content showed 

a strong reduction after chilling exposure (Fig. 4.1; Tab. 4.1). Moreover, Arabidopsis 

plants acclimated at 4 ºC showed increases of polyunsaturated FAs in PC, PE, PG, 

MGDG and DGDG of cell membranes, and reductions of the more saturated ones 

(Wang et al., 2006) as happens here in several coffee genotypes. Regardless the 

moderate changes in C16:0 and C18:3, MGDG showed strong unsaturation increases in 

the tolerant Icatu and in the moderately sensitive Catuaí and Piatã, but not in C. 

dewevrei and Apoatã (Tab. 4.2). Such higher MGDG unsaturation status aid PQ 

mobility, resulting in the maintenance of thylakoid electron transport under cold 

(Öquist, 1982), which is in agreement with the higher electron transport rates of Icatu 

when compared to Apoatã and C. dewevrei (Ramalho et al., 2003).  

The abundance of polyunsaturated FAs as the major component of thylakoid lipids is 

remarkable since they are preferential targets of hydrolytic enzymes, peroxidases and 

highly reactive oxygen species and free radicals (Girotti, 1990; Öquist, 1982), leading to 

the need to reinforce the antioxidative mechanisms. Such reinforcement occurred in 

Icatu and Catuaí (partly) but not in Apoatã and C. dewevrei (Fortunato et al., 2010; 

Chapter 3), probably constituting a decisive point for cold acclimation, as suggested by 

PA values (Tab. 4.1). 

Notable unsaturation increases were also detected in PG for all genotypes (Tab. 4.4), 

with particularly strong C18:3 increments and C16:1t reductions. However, a closer 

look revealed that, after chilling exposure Catuaí and Icatu showed significantly higher 

DBI than the other 3 genotypes and, together with Apoatã, showed the highest C18:3 

values. Furthermore, Apoatã and C. dewevrei presented the strongest reductions and the 

lowest values of C16:1t, while Catuaí and Icatu displayed the lowest decreases in 

C16:1t and a full recovery by the end of the experiment. PG is believed to be directly 

implicated to cold acclimation, through FAs unsaturation and specific roles of some 

FAs (Siegenthaler and Trémolières, 1998). In fact, increases of C18:3 and C16:1t were 

associated to acclimation to declining temperatures in Cucurbita moschata (Xu and 

Siegenthaler, 1997) and to high irradiance in Dioscorea zingiberensis (Liao et al., 

2004), and the proportion of PG unsaturated FAs strongly differs when comparing 
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spinach (a chilling resistant plant) and squash (a chilling sensitive plant) (Siegenthaler, 

1998). Also, Arabidopsis (Gombos and Murata, 1998) and tobacco (Sakamoto et al., 

2003) plants, transformed to have PG with increased levels of saturated and trans-

monounsaturated FAs, revealed a strong increase in chilling sensitivity. 

From a functional point of view, photosynthetic tolerance is closely related to the ability 

of plants to repair PSII photoinhibitory damages, in which D1 protein is the primary 

target. (Gombos and Murata, 1998; Williams, 1998). C16:1t has been implicated in the 

supramolecular organization of LHCII, by inducing the trimerization of the antenna 

complex, necessary for the formation of grana stacks and State 1/State 2 transitions 

under chilling (Vijayan et al., 1998; Dubertret et al., 2002). Its presence was also related 

to decreases of stress damage under excess of light energy and cold and to the process 

of replacement of damaged D1 protein (Horváth et al., 1987; Harwood, 1998; 

Siegenthaler and Trémolières, 1998; Iba, 2002; Gray et al., 2005). Additionally, a 

higher PG unsaturation also contributes to the renewal of photodamaged D1, reducing 

PSII photoinhibition and allowing a higher rate of the recovery from the photoinhibited 

state (Gombos and Murata, 1998; Siegenthaler and Trémolières, 1998). In this way, the 

higher DBI value and lower C16:1t decreases would be related to the lower negative 

impact on the photosynthetic capacity upon chilling and to the prompt recovery of 

photosynthesis rate observed in Icatu and Catuaí, but not in Apoatã and C. dewevrei 

(Ramalho et al., 2003). Finally, D1 protein must be covalently bounded to C16:0 to 

reach its correct place in PSII reaction center (Siegenthaler, 1998). That would be 

facilitated in Icatu, as well as in C. dewevrei, due to their C16:0 increases throughout 

the all experiment, except after chilling. 

PC showed the lowest FAs changes, but even so DBI values increased at 13/8 ºC or 

after chilling in all genotypes, reflecting the opposite tendencies of the predominating 

C16:0 and of C18:3/C18:2 (Tab. 4.5). The increase in the proportion of unsaturated FAs 

in PC of plasma membrane during cold acclimation was also observed in rye, oat and 

Arabidopsis, with saturated FAs still predominating in the last 2 species (Uemura et al., 

1995), as here for coffee plants. Increases in the unsaturation status of PI (Tab. 4.6) 

were also observed in the studied genotypes, contrary to what was reported for other 

plants, where it remained unchanged (Wang et al., 2006). The relative distribution 

weight of FAs within PA did not point a clear tendency amongst genotypes (Tab. 4.7), 

not having an obvious impact on the acclimation process. 
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4.5. Conclusions 

 

The lipid composition of chloroplast membrane was quite stable concerning TFA 

contents, individual FAs and relative weight of lipid classes in Coffea spp. under 

adequate environmental growth conditions, and showed a predominance of DGDG 

amongst galactolipids. The MGDG/DGDG ratio, as well as the weight of galactolipids 

and phospholipids, was similar amongst genotypes, suggesting a conservation of the 

lipid relations across the studied species, which can be considered as “C18:3” plants. 

Exception was higher DBI of PG in Icatu as a result of low C16:0 levels. 

However, differences were found under a gradual cold exposure, chilling conditions and 

a recovery period thereafter. The active lipid synthesis at low temperature in several 

coffee genotypes was quite notable, and would constitute a potential acclimation 

advantage, once it might allow coffee plants to repair damaged structures and to 

promote qualitative adjustments. However, at a first glance the results did not show a 

clear relationship between the observed lipid changes and cold acclimation ability. In 

fact, several genotypes showed the ability to increase TFA, galactolipid and 

phospholipid contents, particularly of PG, as well as preferential synthesis of 

polyunsaturated FAs and rise in DBI in several lipid classes (DGDG, PG, PC, PI). 

These changes would confer higher membrane fluidity under cold conditions, but they 

were observed both in the less cold sensitive Icatu and Catuaí, and in the highly 

sensitive Apoatã and C. dewevrei (Ramalho et al., 2003; Partelli et al., 2009; Fortunato 

et al., 2010). 

Differences emerged when analyzing the stress lipid metabolite, PA, and the 

composition within each lipid class. In fact, Apoatã and C. dewevrei showed PA content 

and relative weight higher than those of Icatu during most of the experiment, in parallel 

with a strong ROS presence (Fortunato et al., 2010; Chapter 3). Also with cold, the 

unsaturation degree of MGDG rose only in the tolerant Icatu and in the moderately 

sensitive Catuaí and Piatã. 

However, the strongest differential changes were observed on PG, with Catuaí and Icatu 

showing the highest DBI values and the lowest decreases in C16:1t after chilling, which 

completely recovered afterwards. Moreover, Icatu (as well as C. dewevrei) maintained 

increased levels of C16:0 through almost the entire experiment with possible positive 

impact on PSII repair. As discussed above, these simultaneously MGDG and PG 
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changes observed in Icatu, would contribute to promote the stabilization of PS 

complexes, to a higher photochemical efficiency and to minimize stress damage, 

allowing a better recovery under cold conditions and afterward, as previously reported 

(Ramalho et al., 2003). 

It seems noteworthy that Icatu, despite the absence of differences in TFA content by the 

end of the recovery period, showed a somewhat different lipid composition when 

compared to the control that might help if a new cold spell arises. In fact, by that time 

both galactolipid classes presented an increased DBI value, with MGDG showing the 

DBI maximal absolute value considering all genotypes and the entire experiment. 

This thorough characterization covering several Coffea species and hybrids, with 

productive or breeding value, provides new insights concerning lipids modifications in a 

changing environment. The overall results suggest a flexible mechanism, which is 

triggered already under mild cold conditions and, in most cases, reversed after stress. It 

is suggested that this mechanism must obligatory work in tandem with others (e.g., that 

controls oxidative stress) to achieve an effective cold acclimation. 
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Abstract 

 

Low temperature is a major limiting factor for plant metabolism and is often associated 

to a reduction in crop production, especially in tropical and sub-tropical plants. Low-

positive temperatures (chilling) can impair cell metabolism, with strong impacts on 

membranes and photosynthetic machinery. In order to contribute to the understanding 

of the molecular basis of the chilling acclimation process in Coffea spp., complementing 

previous physiological and biochemical analysis, the expression of a set of genes related 

to photosynthesis and lipid metabolisms were evaluated. The experiments were carried 

out along a slow cold imposition (to allow acclimation), after chilling (4 
o
C) exposure 

and in the rewarming period thereafter, using 5 Coffea spp. genotypes with different 

cold sensitivities: Coffea canephora cv. Apoatã, C. arabica cv. Catuaí, C. dewevrei and 

2 hybrids, Icatu (C. arabica x C. canephora) and Piatã (C. dewevrei x C. arabica). 

During cold exposure Icatu was the sole genotype to show a simultaneous up regulation 

of caCP22 (Chlorophyll a/b-binding 22kDa protein from PSII), caPI (Photosystem I 

subunit), caCytf (Cytochrome f), caRca (Rubisco activase), caSPS (Sucrose Phosphate 

Synthase), caPlip (Phospholipase-like protein) and caLox (Lipoxygenase), thus with 

relation to photosynthetic and lipid metabolisms. This genotype is known to present the 

best acclimation ability amongst the studied genotypes mostly due to an integrated 

regulation of photoprotection and repair mechanisms. On the other hand, the results 

obtained with the cold-sensitive Apoatã and C. dewevrei are generally in conformity to 

injury at the metabolism level: strong caLox after chilling, probably linked to 

degradation processes and overexpression of caCP24 (Chlorophyll a/b-binding 22kDa 

protein) during rewarming conditions, denoting a need for repair processes. The results 

show that changes in genes related to the photosynthetic metabolism/apparatus, linked 

to the ability to promote qualitative changes in the lipid components of membranes (as 

well as with the strengthening of the antioxidative mechanisms), would contribute to a 

minor impact on photosynthetic structures and might constitute useful criteria for cold 

(and oxidative stress) tolerance selection in coffee plants. 

 

Keywords 

Coffea spp., cold acclimation, gene expression, photosystem I and II, non-

photochemical quenching. 
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5.1. Introduction 

 

Plants are able to acclimate to environmental stress by reprogramming their growth, 

development, metabolism and survival. In the past two decades, important advances 

have been made for the understanding of the molecular events associated to 

environmental constraints (Yamaguchi-Shinozaki et al., 2006). The molecular response 

of plants to abiotic stresses has been often considered as a complex process mainly 

based on the modulation of transcriptional activity of stress-related genes. Latest 

advances in proteomics and metabolic profiling have provided chances to integrate gene 

expression and protein activities, suggesting new layers of regulation and complexity. 

Outcomes indicate that further levels of regulation based on post-transcriptional and 

post-translational mechanisms are involved in the abiotic stress response (Mazzucotelli, 

2008). These processes modulate the amount and activity of pre-existing transcripts and 

proteins, respectively, with an ultimate effect on proteome and metabolome complexity 

(Oksman-Caldenty and Saiko, 2004; Reinders et al., 2007). 

Low temperatures not only may suppress the expression of genes that are active at 

warmer temperatures, but also may induce the expression of inactive genes or increase 

the expression of specific genes that enhance cold tolerance (Chinnusamy et al., 2006, 

2007). Various studies have led to the identification of a core set of robustly cold-

regulated plant genes, which are known as COR (cold-regulated), KIN (cold-induced), 

LTI (low-temperature-induced) or RD (responsive to dehydration) genes (for a review 

see Tomashow, 1999). C-repeat (CRT)-binding factors (CBFs), also known as 

dehydration-responsive-element-binding proteins (DREBs), are upstream transcription 

factors in the APETALA2 (AP2)/ETHYLENE RESPONSE FACTOR (ERF) family 

that bind to the promoter cis-element and activate the expression of these cold-

responsive genes (Tomashow, 1999). According to Oono et al. (2006), there are two 

major groups of genes involved in cold response: (1) regulatory genes, involved in 

signal transduction and control of gene expression and (2) functional genes involved in 

metabolic processes. Amongst the later, are those related to the photosynthetic and lipid 

metabolism. 

It has been reported that chloroplasts are the most vulnerable organelles in the cell, 

while nuclei and mitochondria are less or insusceptible to chilling (Slack et al., 1974; 

Kratsch and Wise., 2000). According to Kratsch and Wise (2000), cold-treated 



______________________║    5. Gene expression analysis    ║_____________________ 

88 

 

chloroplasts present unstacked grana. On the other hand, ultrastructural studies with 

mung bean (Vigna radiata L. cv. 2937) revealed that chilling treatment inhibited 

chloroplast development and suppressed chloroplast-related genes (Yang et al., 2005). 

Transcript levels were remarkably reduced at low temperatures in rice (Hahn and 

Walbot, 1989; Yoshida et al., 1996). In maize (Nie and Baker, 1991) and barley (Krol et 

al., 1999), the expression of several chloroplast proteins was also found to be chilling 

sensitive. In the study of Hannah et al. (2006), it appears that enhanced freezing 

tolerance in Arabidopsis is linked with the down-regulation of genes for photosynthesis.  

On the other hand, it is known that soluble carbohydrates are a central resource in plants 

and have wide-ranging regulatory effects. They act as regulators of their own 

carbohydrate metabolism and assimilate partitioning, as well as in plant development 

processes, including vascular differentiation and expression of a large variety of genes 

(Rolland et al., 2006). Sugar ability to combine free radicals and, in this way, to prevent 

cold-induced destructive oxidation processes, such as peroxidation of lipids in the 

biological membranes, is also proposed to be an additional at low temperatures 

(Aver’yanov and Lapikova, 1989). The most abundant, as well as the most commonly 

accumulated free sugar in response to low temperature, is sucrose. The role of sucrose 

and other simple sugars in plant tolerance and adaptation under chilling stress was 

substantiated by data on sugar capacities for protection of protein and lipid-cell 

components (Yoshida et al., 1997; Bray et al., 2000), but protective functions of 

metabolites such as maltose, trehalose, proline, fructan, galactinol, and glycinebetaine 

are also well documented (Chen et al., 2002; Stitt et al., 2002; Kaplan and Guy, 2005). 

Additionally, plant cells can sense cold stress through low temperature-induced changes 

in membrane fluidity, protein and nucleic acid conformation (Bohnert et al., 1995; see 

also Chapter 4). For instance, plasma membrane rigidification has been shown to induce 

COR genes and result in cold acclimation in alfalfa and Brassica napus (Orvar et al., 

2000; Sangwan et al., 2001). It is very likely that the rigidification of membrane lipids 

at low temperatures is the primary trigger for the corresponding acclimatory responses 

in cells through the existence of sensors associated with membranes and transmembrane 

channels (Los and Zinchenko, 2009).  

Coffee is particularly sensitive to cold since photosynthesis is strongly suppressed 

below 18ºC (Ramalho et al., 2003; Chapter 2). However, a gradual exposure to low-

positive temperatures highlighted the possibility of photosynthetic cold acclimation in 

some coffee genotypes (Ramalho et al., 2003) related to membrane stability (Campos et 

http://jxb.oxfordjournals.org/content/59/15/4205.full#ref-43#ref-43
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al., 2003; Chapter 4), and linked to a reinforcement of antioxidative mechanisms 

(Fortunato et al., 2010; Chapter 3). In order to complement the studies performed by our 

group (included those presented in the previous chapters), the expression of several 

coffee genes related to the photosynthetic and lipid metabolisms were analysed. With 

this approach it is expected to obtain insights considering a better 

characterization/evaluation of different cold tolerance potential in the Coffea genus and 

to find markers that can be used to assist coffee selection and breeding. 

 

 

5.2. Material and Methods 

 

5.2.1. Plant material and growth conditions 

The experiments were carried out as previously described in Chapter 2.2.1. The 

collected fresh leaf material was immediately frozen in liquid N2 and stored at -80 ºC 

until use. 

 

5.2.2. mRNA expression studies by real-time quantitative PCR (qRT-

PCR) 

Based on cDNA coffee sequences available from NCBI database (Fernandez et al., 

2004) and Santos (2005), specific primers have been designed in order to perform the 

expression studies of 9 genes (Tab. 5.1) by real-time PCR, following the procedure 

described in Chapter 3.2.5. 

 

5.2.3. Statistical analysis 

Statistical analysis was performed as described in Chapter 2.2.5. 
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Table 5.1 – Genes, homologies and primer sequences used for real-time qPCR 

Gene (accession 

number) 

Homologies Primers bp 

    

caPII10a (CF588865) 

 

Photosystem II 10 kDa 

polypeptide precursor 

(F) 5’-GCAACCACAGTGATGAGTTCG-3’ 

(R) 5’-CCAGAAGCATCGAGTCCATCC-3’ 

152 

caCP22 (HQ130481) Chlorophyll a/b-binding 22kDa 

protein 

(F) 5’-GCATCCATATTGGGAGAAGC-3’ 

(R) 5’-CACCCAAAGCTCCTATTGC-3’ 

140 

caCP24 (GT010356.1) Chlorophyll a/b-binding protein 

CP24 

(F) 5’-GGTGTTAGAACTGGTCCAGG-3’ 

(R) 5’-CCATCTGCCATGAATGAGCTC-3’ 

106 

caCytf (EF044213.1) * Cytochrome f (F) 5’-CGACGGGAGCAAGAGTAAC-3’ 

(R) 5’-CGCCCTCTGAAACAAGAAG-3’ 

132 

caPI (EF044213.1) * Photosystem I subunit (F) 5’-CTAATTGACCAAAGTGAGAAGC-3’ 

(R) 5’-GGAGTAACCCATTACCTTCTG-3’ 

220 

caRca (EF044213.1) * Rubisco activase (F) 5’-GCTCGTTGTTCACATAACC-3’ 

(R) 5’-GCAATGTTCATGAGGGTGG-3’ 

315 

caSPS (DQ834321.1) Sucrose Phosphate Synthase (F) 5’-GTTCCACAGACAAAGGTGACC-3’ 

(R) 5’-TAGAAGCACCACAATCCACTGC-3’ 

102 

caPlip (CF589037) Phospholipase-like protein (F) 5’-GTTGCGGAAGCTAACGAGAAG-3’ 

(R) 5’-CATGGACGACGCAGATGACG-3’ 

146 

caLox (CA0023_F03) Lipoxygenase fragment (F) 5’-GCAGAGGATCCCATCATAAAAGG-3’ 

(R) 5’-CACCAGTCCAGCTCCAAATCTG-3’ 

126 

F = forward primer; R = reverse primer; bp = amplicon size. *NCBI access number from the Coffea arabica 

chloroplast complete genome. 

 

5.3. Results 

 

5.3.1. Genes related to the photosynthetic metabolism 

PII10a gene 

The expression of caPII10a highly increased in Apoatã and C. dewevrei during the 

acclimation period (Fig. 5.1 A). Comparing to their controls, at chilling conditions all 

genotypes showed strong decreases (non-significantly only in Apoatã) with the 

exception of C. dewevrei, where caPII10a gene expression remained 1.7-fold high, 

although the transcript levels decreased in relation to the end of the acclimation period. 

Upon re-warming expression differences were observed again, with Piatã being the only 

one that showed an incomplete recovery. 

 

CP22 gene 

The expression of caCP22 increased in Apoatã (significantly), C. dewevrei and in Icatu 

at 18/13 ºC and in Piatã at 13/8 ºC (Fig. 5.1 B). After chilling only Icatu presented 
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increased caCP22 expression (1.8-fold). Along the experiment Catuaí tended to lower 

transcript levels as compared to its control. Upon recovery only Apoatã and Icatu 

showed values higher than their respective controls (2.4 and 1.6-fold, respectively). 

 

CP24 gene 

The expression of caCP24 gene (Fig. 5.1 C) was strongly reduced with cold imposition 

in all the studied genotypes, to values between 5% (Icatu) and 17% (Piatã) after chilling 

exposure. Upon rewarming caCP24 expression recovered in all genotypes, with Apoatã 

and C. dewevrei showing significantly higher values than controls. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.1 – Real-Time PCR gene expression studies of caPII10a (A), caCP22 (B) and 

caCP24 (C) in the studied Coffea spp. genotypes, under control conditions (25/20 
o
C), by the 

middle (18/13 
o
C) and at the end of the acclimation period (13/8 

o
C), after 3 chilling cycles 

(3x13/4 
o
C) and at the end of the rewarming period (Rec 25/20 

o
C). Each value represents the 

mean + SE (n = 6-9), from 3 independent biological assays. ANOVA for the studied genes 

showed significant differences among genotypes and among temperatures, as well as for the 

interaction between genotype and temperature. 
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Cyt f gene 

The caCytf showed decreased transcriptional activity in Apoatã and C. dewevrei (Fig. 

5.2 A). In fact, significant transcript reductions of 48% and 67%, respectively, were 

already detected at 18/13 ºC, and were fairly maintained afterwards. Catuaí and Piatã 

showed rises at 18/13 ºC and at 13/8 ºC, respectively, and both upon rewarming. On the 

other hand, Icatu showed a clear transcript accumulation along the gradual cold 

imposition period with increases of 52% at 18/13 ºC and 99% at 13/8 ºC, approaching 

the control afterwards. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.2 – Real-Time PCR gene expression studies of cacytf (A) and caPI (B) in the studied 

Coffea spp. genotypes, under control conditions (25/20 
o
C), by the middle (18/13 

o
C) and at the 

end of the acclimation period (13/8 
o
C), after 3 chilling cycles (3x13/4 

o
C) and at the end of the 

rewarming period (Rec 25/20 
o
C). Each value represents the mean + SE (n = 6-9), from 3 

independent biological assays. ANOVA for the studied genes showed significant differences 

among genotypes and among temperatures, as well as for the interaction between genotype and 

temperature. 

 

 

PI gene 

Concerning the caPI transcript levels, Apoatã and C. dewevrei presented single 

transcript increments during cold imposition and reduced values (ca. 46%) after chilling 
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experiment. Icatu and Piatã revealed important expression rises upon cold exposure, 

with a particularly high increment of 2-fold (18/13 ºC) for the former and of 6-fold 

(13/8 ºC) for the later. 

 

Rca gene  

The caRca expression levels decreased in all genotypes at 18/13 ºC, although only 

significantly in Apoatã and Piatã (Fig. 5.3 A). Despite some increases in Piatã at 13/8 

ºC, all genotypes presented further down-regulation of this gene reaching the minimum 

values at chilling conditions. By the end of the experiment only Icatu showed a 

complete and significant recovery, almost doubling the control values. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.3 – Real-Time PCR gene expression studies of caRca (A) and caSPS (B) in the 

studied Coffea spp. genotypes, under control conditions (25/20 
o
C), by the middle (18/13 

o
C) 

and at the end of the acclimation period (13/8 
o
C), after 3 chilling cycles (3x13/4 

o
C) and at the 

end of the rewarming period (Rec 25/20 
o
C). Each value represents the mean + SE (n = 6-9), 

from 3 independent biological assays. ANOVA for the studied genes showed significant 

differences among genotypes and among temperatures, as well as for the interaction between 

genotype and temperature. 
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reduction. Upon chilling all genotypes presented some increased expression, between 

1.6- (C. dewevrei) and 14.7-fold (Catuaí), but on the following rewarming period only 

Catuaí and Icatu showed caSPS expression levels higher than their controls. 

 

5.3.2. Genes related to lipid metabolism 

Plip gene 

In what concerns caPlip, at the beginning of gradual temperature decrease (18/13 
o
C) all 

genotypes but Apoatã showed increased expression levels. However, at 13/8 
o
C only 

Icatu and Apoatã showed significantly higher expression values than their controls (Fig. 

5.4 A). At chilling conditions those 2 genotypes presented transcript levels close to their 

controls while the other showed lowered values. Upon rewarming Apoatã more than 

doubled the control values and Icatu showed values close to the control, while the other 

genotypes maintained decreased expression levels. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.4 – Real-Time PCR gene expression studies of Plip (A) and Lox (B), in the studied 

Coffea spp. genotypes, under control conditions (25/20 
o
C), by the middle (18/13 

o
C) and at the 

end of the acclimation period (13/8 
o
C), after 3 chilling cycles (3x13/4 

o
C) and at the end of the 

rewarming period (Rec 25/20 
o
C). Each value represents the mean + SE (n = 6-9), from 3 

independent biological assays. ANOVA for all studied genes showed significant differences 

among genotypes and among temperatures, as well as for the interaction between genotype and 

temperature. 
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Lox gene 

Catuaí and Icatu showed significant enhancements of caLox transcriptional activity 

already at 18/13 ºC with 3.4 and 1.7-fold increases, respectively, maintaining such 

enhanced values along the cold exposure period, including upon chilling (Fig. 5.4 B). It 

is noteworthy the significant increase of transcripts in Apoatã (4.4-fold) and C. 

dewevrei (2.9-fold) upon chilling. Piatã did not show significant variations with the cold 

imposition. By the end of the experiment the genotypes presented similar (Catuaí) or 

lower transcript levels as compared to their respective control values. 

 

5.4. Discussion 

 

Numerous physiological and molecular changes occur during cold acclimation. Among 

them, the transcriptional activation and repression of genes by low temperature are of 

central importance (Thomashow, 1999). During this work it was evaluated the cold 

effects on different coffee genotypes (with different cold-tolerance) using a 

transcriptomic approach. Thus, the expression of a total of 9 genes related to the 

phtosynthetic (caPII10a, caCP22, caCP24, caCytf, caPI and caRca, caSPS) and lipid 

(caPlip and caLox) metabolism were analysed. 

 

5.4.1. Genes related to the photosynthetic metabolism 

The potential for an energy imbalance between photophysical, photochemistry, electron 

transport and metabolic events is exacerbated under conditions of cold temperatures, 

which lead to increased excitation pressure over the photosystems. On a time scale of 

minutes, some plants can attempt to compensate for exposure to high PSII excitation 

pressure, namely, by reducing energy transfer efficiency to PSII either by diverting 

energy from PSII to PSI through the state transitions mechanism or by thermal energy 

dissipation through non-photochemical quenching (NPQ) and some xanthophylls action 

(Adams and Demmig-Adams, 1995; Huner et al., 1987). On a longer time scale, 

photosynthetic acclimation may also involve, namely, a reduction on PSII antenna size 

and qualitative and quantitative changes of pigments and lipid constituents of 

chloroplast membranes (Adams and Demmig-Adams, 1995; Harwood, 1997; Huner et 

al., 1987). 
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During cold exposure the expression of the gene caPII10a, encoding the 10 kDa protein 

of the water-splitting system of PSII, highly increased in Apoatã (1.8-fold) at 18/13 ºC, 

declining after that. With the exception of C. dewevrei, in the other genotypes a down 

regulation pattern was observed during cold exposure. Thus, at least in Apoatã and Piatã 

a possible need for repair through de novo synthesis would be limited, contributing to 

the impact on PSII functioning, since the elimination of this PSII 10 kDa protein was 

observed to retard QA reoxidation and to lead to a general disorder in the PSII complex 

in potato plants (Stockhaus et al., 1990). Upon rewarming these two genotypes showed 

a recovery in this gene transcript level that accompanied the restoration of PSII activity 

(Batista-Santos et al., 2011). Catuaí and Icatu also presented lower levels of expression 

during cold exposure, but PSII activity was reinforced, suggesting an absence of 10 kDa 

protein damages in these genotypes. 

The caCP22 gene encodes a 22 kDa protein, also known as PsbS protein, a chlorophyll 

a/b binding polypeptide from PSII (Funk et al., 1994). This nuclear-encoded PS II 

subunit is involved in the NPQ of chlorophyll fluorescence (Li et al., 2000; Dominici et 

al., 2002). Icatu, that revealed lower cold sensitivity, was the sole genotype with 

increased caCP22 expression after chilling exposure. Studies involving two potato 

species, a cold-tolerant Solanum sogarandinum and a cold-sensitive S. tuberosum (cv. 

Cisa) showed that PsbS transcripts were strongly amplified at 4°C (Rorat et al., 2001). 

However, no change in protein abundance was noticed in either Solanum species. 

However, PSII photochemistry and photosynthetic electron transport were severely 

decreased in S. tuberosum plants at low temperature, while parameters were only 

slightly affected in S. sogarandinum (Rorat et al., 2001). 

It has been suggested that plant acclimation involves an increased NPQ capacity 

through abundance adjustment of the gene encoding the CP22 protein (Rorat et al., 

2001; Logan, 2005). That might be the case in Icatu since the calculated NPQ (Chapter 

2) is probably underestimated due to overnight retention by zeaxanthin (Zea) (Batista-

Santos et al., 2011), accounting for thermal dissipation and acting as an antioxidant in 

the lipid phase of thylakoid membranes (Havaux and Niyogi, 1999). Thus, together with 

the increased levels of Zea, such higher caCP22 expression (and, presumably, higher 

protein content) might have contributed to optimize thermal dissipation events (Li et al., 

2000) in Icatu. 

On the other hand caCP24 transcript levels decreased in all genotypes during cold 

exposure. The light-harvesting chlorophyll a/b protein CP24 is a subunit of the PS II 
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antenna system (Pagano et al., 1998), with an important role in the structure and 

function of PSII. In fact, it provides the link for association of M-trimer into PSII 

complex allowing specific macroorganization that is necessary both for maximum 

quantum efficiency and for photoprotective dissipation of excess excitation energy 

(Kovács et al., 2006). The caCP24 down-regulation observed after chilling imposition 

might indicate that CP24 synthesis was not involved in the increase of PSII activity 

observed in some genotypes, namely Icatu and Catuaí (Batista-Santos et al., 2011). 

Thus, in those genotypes, the role of CP24 on PSII activity would probably result from 

an effective peptide protection rather than repair mechanisms, with the former most 

likely associated to the higher antioxidative capabilities observed in these genotypes 

(Fortunato et al., 2010; Chapter 3). Moreover, Apoatã C. dewevrei and Piatã showed 

expression values higher than control during the rewarming period, pointing to the need 

for repair processes, as suggested to occur in non-acclimated leaves of rye when 

returned from cold to adequate temperature (Shang et al., 2003). Thus, in Apoatã and 

Piatã the low level of caCP24 transcripts, concomitantly to a less efficient antioxidative 

system, might have contributed to the PSII activity impairment upon cold and in the 

recovery period thereafter. 

Comparative analysis between caCP24 expression and NPQ (Chapter1, Tab.1.1) 

showed that those parameters displayed an almost parallel trend (Fig. 5.4). Both 

parameters declined with the gradual temperature decrease, reaching its minimum 

values after chilling exposure in all genotypes. Furthermore, upon rewarming conditions 

there was an increase in the levels of both caCP24 and NPQ for all coffee genotypes. 

This was particularly evident for Catuaí that presented increases in NPQ levels superior 

than 50% of the control values. Assuming that caCP24 expression is related to the 

presence of the corresponding protein, our results are in agreement with those of Kovács 

et al. (2006) that reported a dramatic reduction in NPQ upon removal of the antenna 

complex, CP24, in higher plants. Based on these observations the authors suggested that 

CP24 is also involved in the build up of NPQ, providing the site of interaction with Psbs 

(CP22) and zeaxanthin. 
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Figure 5.5 – Evaluation of the variations of NPQ (Chapter 2, Tab. 1.1) and of the expression of 

caCP24 (Fig. 5.1 C) values along the gradual cold imposition and in the recovery thereafter. 

 

 

The cyt b6/f complex is a central component of the photosynthetic electron transport 

chain of higher plants, green algae and cyanobacteria (Anderson, 1992). It catalyses the 

oxidation of quinols and the reduction of plastocyanin and participates in the 

establishment of the proton motive force used in the synthesis of ATP. This protein 
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complex comprises four major chloroplast-encoded subunits, one of them is the petA 

gene product corresponding to a c-type cytochrome (cyt f) (Kuras and Wollman, 1994). 

From the very beginning of the acclimation period the caCytf expression increased only 

in Catuaí and Icatu. On the other hand, caCytf expression was strongly suppressed in 

Apoatã and C. dewevrei during the gradual temperature decrease and during the 

recovery period. Minimum expression levels were observed under chilling conditions, 

but after that, Catuaí, Icatu and Piatã presented an enhanced transcriptional activity. It 

was observed that the accumulation of thylakoid proteins, which are the products of 

chloroplast genes, (e.g., cyt f) is repressed as growth temperature is lowered (Nie and 

Baker, 1991). That probably occurred in a more pronounced way in Apoatã and C. 

dewevrei, as reflected in the stronger impacts on caCytf expression observed in those 

genotypes along the experiment. Furthermore, the low caPI expression in Apoatã, 

Catuaí and C. dewevrei upon chilling could have also contributed to reduce the repair 

ability, resulting in a higher impact on PSI activity (Batista-Santos et al., 2011). By 

contrast, the assumed higher production of these proteins in Icatu might have allowed 

PSI activity maintenance, since it is a cold sensitive key point in Coffea spp. In Piatã 

besides the enhanced expression of caCytf and caPI, the severe depressed PSI activity 

(Batista-Santos et al., 2011) suggested that the transcription process was somehow 

compromised and/or that the oxidative stress pressure was not overcome (Fortunato et 

al., 2010; Chapter 3). 

The activation state of ribulose-1,5-bisphosphate carboxylase/oxygenase determines the 

amount of Rubisco that can contribute to the overall rate of carboxylation by a leaf. 

Rubisco active sites that are not carbamylated bind ribulose bisphosphate (RuBP) very 

tightly to form a dead-end complex that carbamylates only after the very slow 

dissociation of RuBP (Jordan and Chollet, 1983). To facilitate the removal of sugar 

phosphates from Rubisco active sites, chloroplasts contain a AAA
+
 protein (Neuwald et 

al., 1999) called Rubisco activase (Portis, 1995; Salvucci and Ogren, 1996). 

Cen and Sage (2005) suggested that Rubisco activation state
 

decreased at low 

temperature due to a regulatory feedback reflecting
 
limitations in the RuBP regeneration 

ability. However, some
 
studies found little evidence for decreases in Rubisco activation

 

state at low temperatures in spinach (Yamori et al., 2006), 
 
rice (Makino and Sage, 

2007) and tobacco (Kubien
 
and Sage, 2008). Therefore, at lower temperatures,

 
Rubisco 

activation state seems to be maintained at usual high levels in many
 
plant species and 

does not limit CO2 assimilation rate (Yamori and von Caemmerer, 2009). 
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Low e values were observed in all coffee genotypes after cold exposure, both under 

environmental (Chapter 2) and saturated (Ramalho et al., 2003) [CO2] conditions. As 

the electron transport
 
capacity becomes limiting, ATP/ADP ratio and the redox potential

 

of the chloroplast decline, causing a loss of Rubisco activase
 
activity and, in turn, a 

reduction in the Rubisco activation
 
state (Zhang et al., 2002; Sage and

 
Kubien, 2007). 

That agrees with previous findings in Coffee spp. reporting reductions in Rubisco 

activation under cold conditions that happened concomitantly to lowered e values, both 

in sensitive (Apoatã) and less sensitive (Icatu) genotypes (Ramalho et al., 2003). 

Notably, the transcriptional activity of caRca also decreased in all coffee genotypes 

under cold conditions, reaching minimum values upon chilling exposure. In this way, 

the decline in the
 
Rubisco activation state at low temperature (Ramalho et al., 2003) 

could rely on the impact on rubisco activase. This enzyme action would then be limited 

both, by a shortage of ATP and NADPH, due to the observed low thylakoid electron 

transport (as stated by Zhang et al., 2002; Sage and
 
Kubien, 2007), together with a 

lowered ability to synthesise new protein, due to a lowered caRca expression. 

Noteworthy is also the observation that during the rewarming period Icatu showed the 

best recovery of caRca expression, suggesting that a synthesis de novo of Rubisco 

activase could have also contributed to the general better recoveries observed in the 

photosynthetic related parameters in this genotype (Ramalho et al., 2003; Chapter 2). 

Beyond its role in energy metabolism, sucrose is often accumulated in response to 

different environmental stresses (Yang et al., 2001; Strand et al., 2003). Sucrose 

phosphate synthase (SPS) catalyzes the formation of sucrose-6-P from fructose-6-P and 

UDP-Glucose, and is assumed to be the key enzyme controlling flux of carbon into 

sucrose (Huber and Huber, 1996). SPS is regulated by a hierarchy of mechanisms 

involving post-translational modification via phosphorylation, direct control by 

metabolic effectors, such as Glucose-6-P and inorganic phosphate (Huber and Huber, 

1996; Winter and Huber, 2000), and transcriptional regulation during sink-source 

transition (Harn et al., 1993; Klein et al., 1993; Chávez-Bárcenas et al., 2000). The SPS 

activity was reported to increase under cold conditions in leaves of several species (Guy 

et al. 1992; Holaday et al. 1992; Hurrry et al. 1995). In fact, cold conditions marked 

changes in kinetic properties of SPS, leading to an increased affinity for its substrates 

and a decreased sensitivity to inhibition by phosphate (Hill et al., 1996). However, 

sucrose did not increase in coffee genotypes submitted to cold conditions (Ramalho et 

al., 2003). In fact, decreased sucrose contents were observed under gradual cold 
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imposition and upon chilling in Apoatã and C. dewevrei, while in Icatu and Catuaí the 

values were maintained (Quartin, 2001; Ramalho et al., 2003). Such maintenance in the 

later two genotypes could be linked to a higher caSPS expression (particularly in 

Catuaí) along the entire experiment, contrary to what happened in Apoatã and C. 

dewevrei that showed only small or transient expression increases. Such sucrose 

maintenance along the cold exposure and in the rewarming period thereafter might have 

helped Catuaí and Icatu to better endure the low temperature, since accumulation of 

sucrose and other soluble sugars are involved in chilling tolerance due to their capacities 

for protection of protein and lipid-cell components (Yoshida et al., 1997; Bray et al., 

2000), contributing to the protection of the photosynthetic electron transport chain 

(Kaplan and Guy, 2005). 

 

5.4.2. Genes related to lipid metabolism 

Phospholipases are lipid-degrading enzymes that could be involved also in signal 

transduction events during stresses (Katagiri et al., 2001). Several phospholipases (PL) 

have been described in plants, including phospholipase D (PLD), phospholipase C 

(PLC) or phospholipase A (PLA) (Welti et al., 2002). 

In general, the studied genotypes presented some increased caPlip gene expression 

during part of the acclimation period. Concomitantly, total phospholipids content 

increased in these genotypes during the gradual temperature decrease (Chapter 4).  

A simultaneous increase in total phospholipid content and transcript levels of some PLs 

coding genes was previously observed in wheat plants submitted to cold (Skinner et al., 

2005). That was interpreted as reflecting a re-engineering of membranes, in order to 

change their physical properties, such as elasticity and tensile strength, as well as the 

relations with other associated components. 

PLs can use as substrate several common membrane phospholipids, such as PC, PE, and 

PG, to produce PA (Li et al., 2009). During cold exposure higher contents of PA were 

observed in the cold sensitive genotypes Apoatã and C. dewevrei in relation to Icatu 

(Chapter 4). However those genotypes presented lower caPlip transcripts upon chilling, 

suggesting that the cold-induced PA response was obtained independently of gene 

transcription (Ruelland et al. 2002), reflecting stress severity (Park et al., 2004). On the 

other hand, the higher caPlip transcription in Icatu could not necessarily indicate the 

protein production or be related to a higher PA production if a more efficient 
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antioxidative system is present (Fortunato et al., 2010 – see Chapter 3). Furthermore, 

PLs-derived PA might function in different steps in plant oxidative stress pathways: 

whereas PLDα1 promotes the ROS production, PLDδ mediates plant responses to ROS 

(Wang, 2005). Even though caPlip might have induced ROS production, Icatu had a 

particularly reinforced antioxidative system that contributed to control ROS prevalence 

(Fortunato et al., 2010; Chapter 3). On the contrary, the cold sensitive genotypes Apoatã 

and C. dewevrei displayed high PA values and/or relative weight simultaneously with 

higher ROS contents and a less efficient antioxidative system under cold and upon 

recovery, with Catuaí (and Piatã) assuming intermediate antioxidant capabilities. 

Moreover, several studies confirmed that PLs hydrolyze phospholipids to PA, which 

serve as substrates for Lipoxygenases (LOXs) causing the loss of cell-membrane 

integrity (Ryu and Wang, 1996; Bargmann et al., 2009). In bean seedlings,
 
LOX mRNA 

is accumulated in response to some types of stresses
 
such as cold and desiccation (Porta 

et al., 1999; Porta and Rocha-Sosa, 2002). It is worth mentioning the sharp and 

significant enhancements of caLox expression in Apoatã and C. dewevrei after chilling 

exposure possibly linked to degradation processes that coincide with the strongest 

impact at the metabolism level. Chilling stress often causes peroxidation of membrane 

lipids, a type of membrane damage that is also caused by oxidative stress (Lee et al., 

2005). Peroxidation of unsaturated lipids has been mentioned as a possible cause of 

increased membrane rigidity in coffee (Alonso et al., 1997). LOXs catalyze the 

hydroperoxidation of polyunsaturated fatty acids and thus the first step in the synthesis 

of fatty acid metabolites in plants (Rosahl, 1996). It is remarkable that Catuaí and Icatu 

presented high caLox transcripts from the very beginning of the acclimation period and 

maintained those values along chilling exposure. Since these two genotypes showed a 

lower cold sensitivity, it is unlike that such increased expression would be mainly 

related to degradations processes. It has been proposed that the liberated 

polyunsaturated fatty acids serve as substrates for LOX that produces activated oxygen 

and lipid peroxides leading to membrane damage (Zhao et al., 2010). This probably did 

not occur (mainly) in Icatu due to a presence of a set of mechanisms that helped this 

genotype to limit lipid peroxidation and to better cope with low temperatures, namely 

remarkable ascorbate and α-tocopherol increases (Fortunato et al., 2010; Chapter 3). 

On other hand, several studies have indicated an increase in LOX activity as a common 

feature of senescing plant tissues. Some of these studies induced senescence in tissues 

by detaching them from the intact plant (Grossman and Leshem, 1978) and thus, any 
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observed change in LOX could be a wound-induced response not related to senescence 

at all (Siedow, 1991). However, it should not be excluded that the increase in caLox 

expression in Apoatã and C. dewevrei only during the harsh chilling conditions could 

have contributed to the triggering of leaf abscission processes. That was then reflected 

in the leaf losses of these genotypes, particularly in the strong leaf shed observed in 

Apoatã after the stress ends (see Chapter 2). 

Still following this reasoning, another product from LOX reaction is jasmonic acid 

(Vicky and Zimmerman, 1983) that is reported to have growth-inhibitory properties in 

plants that mimic those seen with abscisic acid (Siedow, 1991). Again, if increases in 

caLox expression reflect the presence of the corresponding protein, a possible presence 

of jasmonic acid might have contributed to the abscission phenomena observed in 

Apoatã (Chapter 2). 

 

5.5. Conclusions 

 

Since an enhanced gene transcription, triggering de novo protein synthesis, would 

prompt a better repair ability, during cold exposure Icatu was the sole genotype to show 

simultaneous up regulation of caCP22, caPI, caCytf, caSPS, caPlip and caLox, related 

to, respectively, PSII, PSI, the complex Cyt b6/f, sucrose synthesis and lipid 

metabolism. By contrast, the low transcription of caCP24 and (partially) of caPII10a 

did not seem to impair PSII functioning in Icatu, indirectly suggesting the presence of 

complementary competent photoprotection mechanisms. 

On the other hand the simultaneous increase of caCytf and caPI might have helped Icatu 

to maintain PSI activity after exposure to chilling. It is also noteworthy the observation 

that during the rewarming period Icatu showed the best recovery of caRca expression, 

suggesting a de novo synthesis of Rubisco activase, contributing to the global recoveries 

of the photosynthetic related parameters. On the other hand, higher caSPS expression in 

Catuaí and, partially, in Icatu might have also contributed to maintain sugar levels 

allowing better cold tolerance of theese genotypes. It is as well remarkable that the cold 

sensitive genotypes, Apoatã and C. dewevrei, presented sharp and significant 

enhancements of caLox expression upon chilling exposure probably related to 

degradation processes that coincided with the strongest impact at the metabolism and 

leaf abscission level. 
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The results clearly agree with previous data (Chapters 2-4) giving altogether new 

insights concerning photosynthetic cold tolerance in Coffea spp., which relies in the 

cooperation between photoprotection and repair mechanisms. Thus, it can be concluded 

that the evaluation of gene expression changes associated to the presence of up-

regulated antioxidative mechanisms and to the ability to promote qualitative changes in 

the lipid components of thylakoid membranes, leads to a marginal impact on 

photosynthetic structures and constitutes useful criteria for cold (and oxidative stress) 

tolerance selection in coffee plants. 
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6.1 General Conclusions 

 

Coffee genotypes may show considerable differences in cold sensitivity and acclimation 

ability (Quartin, 2001; Campos et al.; 2003; Ramalho et al., 2003). The work developed 

under this PhD Program aimed at complementing previous studies, thus further 

contributing to deep the knowledge on the mechanisms underlying the ability of coffee 

genotypes to cope with low positive temperatures. 

In order to achieve our objectives we first characterized the impact of cold on the 

functioning of the photosynthetic apparatus from 5 Coffea spp. genotypes with known 

differences in cold sensitivity: Coffea canephora cv. Apoatã, C. arabica cv. Catuaí, C. 

dewevrei and 2 hybrids, Icatu (C. arabica x C. canephora) and Piatã (C. dewevrei x C. 

arabica) (Chapter 2). 

It is broadly recognized that the control of oxidative stress through the reinforcement of 

scavenging and detoxifying mechanisms is of crucial importance to plant tolerance and 

survival under cold conditions (Mano, 2002; Logan, 2005; Smirnoff, 2005). For this 

reason, photosynthesis data was further complemented by an integrated analysis of the 

activity of several enzymes, metabolites and genes related to chloroplastic and cellular 

antioxidant capabilities (Chapter 3). 

We proceeded with our work by examining the lipid contents and composition present 

in all genotypes during cold acclimation and chilling (Chapter 4). It is widely referred 

that temperature induces changes in membrane fluidity (Siegenthaler and Trémolières, 

1998), which in turn is strongly influenced by lipid class and fatty acids composition 

(Harwood, 1998). Quartin (2001) and Campos et al. (2003) evaluated cold-induced 

changes in the lipids of cellular membranes of coffee genotypes. However, since 

chloroplast is frequently the organelle that is first and more rapidly affected by low 

temperatures, and due to its key role to plant cell metabolism, it was decided to analyse 

the temperature effect on qualitative and quantitative changes of chloroplast membrane 

lipids. 

Finally, we complemented the transcriptional analysis initiated in Chapter 3, by 

extending it to a set of 9 genes from the photosynthetic and lipid metabolism, in order to 

better understand the cold responses at the molecular level and to attempt the selection 

of molecular markers for cold tolerance/sensitivity in Coffea spp. (chapter 5). 
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The results, most of which published or submitted for publication (Fortunato et al., 

2010; Partelli et al., 2010; Batista-Santos et al., 2011), confirmed earlier indications that 

low temperatures deeply affected coffee plants. However, it was possible to distinguish 

contrasting cold tolerance and recovery capabilities among the genotypes at 

physiological, biochemical and molecular level. 

The visual evaluation of temperature impact on leaves indicated that cold exposure 

induced different leaf area loss amongst genotypes, with particular negative effects on 

Apoatã and C. dewevrei. It was noteworthy that from the 3
rd

 rewarming day onwards, a 

large number of leaves, mostly without visual symptoms of cold impact, shed due to the 

abscission at the petiole level in Apoatã. On the other hand, contrasting to Apoatã and 

C. dewevrei, Icatu and Catuaí showed the lowest leaf loss, giving the first 

morphological indication of a lower cold sensitivity. In fact, Icatu was the less affected 

genotype during gradual cold exposure, as well as in the rewarming period thereafter, 

when it showed a prompt recovery of most photosynthetic parameters. 

Furthermore, Icatu showed an absence of significant differences in Amax, even after 

chilling exposure, as a result of, namely, a lower impact on the thylakoid electron 

transport rates and on both photosystems (see as well Batista-Santos et al., 2011). 

Moreover, the low cold impact on Amax in Icatu suggested that the mesophyll limitations 

imposed to Pn were mostly readily reversible. That would be most probably linked to 

the better protection against oxidative stress (Chapter 3), namely of thylakoid 

components, amongst them lipids. 

The general increase in TFA observed in most genotypes, reflected a potential positive 

feature, once it would allow the plants to undergo qualitative changes (and repair) of 

lipid thylakoid membrane components when exposed to low positive temperatures. 

However, Icatu presented the smallest quantitative variations along the entire 

experiment along with simultaneous increases in the unsaturation degree of MGDG and 

of PG and the lowest decreases of C16:1t after chilling and a complete recovery 

afterwards. That would have contributed to stabilize PSI and PSII complexes and agrees 

with the higher e obtained in that genotype (and Catuaí) when compared to Apoatã and 

C. dewevrei. The higher cold sensitivity of Apoatã and C. dewevrei is also in agreement 

with the increased PA content and relative weight, since it suggests the presence of 

degradation events. In fact, these genotypes also showed higher ROS contents and a less 

efficient antioxidative system under cold and upon recovery that together with 

considerable Amax reductions indicated the prevalence of, mainly, not readily reversible 
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effects. On the contrary, the best performance of photosynthetic related parameters in 

Icatu would be related to the observed triggering of antioxidative mechanisms. Indeed, 

Icatu was the sole genotype that showed strong significantly increases of Cu,Zn-SOD 

activity, together with an increased potential for H2O2 removal through chloroplastic 

APX, catalase and ascorbate content. This was further confirmed by the decrease of 

H2O2 and the maintenance of OH contents close to control levels in that genotype. 

Notably, Icatu showed as well a strong reinforcement of antioxidative pigments (e.g., 

lutein, zeaxanthin) which promotes thermal energy dissipation (Batista-Santos et al., 

2011). That will decrease the energy overcharge upon the photosystems, reducing the 

probability of production of highly reactive molecules of Chl and O2 (amongst them, 

ROS). Consistent with the integrated action of Cu,Zn-SOD and APX is the 

simultaneous increase of caDhar and caGlred gene expression that occurred only in 

Icatu. Higher membrane stability might also have been achieved in this genotype due to 

a reduction of lipid peroxyl radicals promoted by the protection carried out by lipophilic 

antioxidants, as zeaxanthin, β-carotene (Batista-Santos et al., 2011) and α-tocopherol, as 

well as by CQA (Chapter 3). On the other hand, as an increased gene transcription, 

triggering de novo protein synthesis, would prompt a better repair ability, during cold 

imposition Icatu was the sole genotype to present simultaneous up regulation of 

caCP22, caPI, caCytf, caSPS, caPlip and caLox, associated to, respectively, PSII, PSI, 

the complex Cyt b6/f, sucrose synthesis and lipid metabolism. By contrast, the low 

transcription of caCP24 and (partially) of caPII10a did not seem to impair PSII 

functioning in Icatu, indirectly suggesting the existence of complementary competent 

photoprotection mechanisms. Additionally the simultaneous increase of caCytf and caPI 

might have helped Icatu to maintain PSI activity after exposure to chilling. 

Upon rewarming conditions Icatu maintained increased activities of Cu,Zn-SOD, APX 

and of cachi3-1, cachi3-2, caCP22, caPI, caRca and caSPS genes indicating some 

advantage if a new cold arises, since the plants will be prepared to readily respond. 

On the other hand, under cold C. dewevrei showed a lowered Cu,Zn-SOD activity, 

while in Apoatã Cu,Zn-SOD activity increased without a corresponding raise in APX 

activity. This suggests the scavenging of O2
-
 but not of H2O2, explaining the higher 

OH 
production and thus the higher impact on the photosystems (Chapter 2), namely in 

PSI functioning (Batista-Santos et al., 2011). Furthermore, C. dewevrei did not show 

increased ascorbate content under cold in opposition to Icatu and Catuaí) which, 

together with antioxidant enzyme data, explained its weak ability to cope with cold. In 
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fact, upon rewarming conditions, C. dewevrei showed a CQA increase (as for α-

tocopherol and catalase activity), indicating the need to maintain higher antioxidant 

activity, associated to an incomplete cell metabolic recovery. Furthermore, Apoatã and 

C. dewevrei, presented sharp and significant enhancements of caLox expression upon 

chilling imposition possibly related to degradation processes that coincided with the 

strongest impact at the metabolism and leaf abscission level. 

Although Catuaí has followed Icatu in most parameters related to functioning of 

photosystems, antioxidative system and membrane stabilizers, it is noteworthy the 

significant reductions of Cu,Zn-SOD activity and of caDhar, caCP22 and caRca 

expression and the highest PA increases. These results, together with those previous 

reported (Campos et al., 2003; Ramalho et al., 2003) confirm a moderate cold tolerance 

in Catuaí. 

In relation to Piatã, a general maintenance of some antioxidative mechanisms was 

observed under cold exposure despite the higher OH increases. However, with cold 

imposition Amax and TFA were strongly affected, denoting some damages at PSs 

functioning, probably linked to degradation processes, conferring to Piatã only a lower 

acclimation ability, although higher than that observed for Apoatã and C. dewevrei. 

This multidisciplinary approach gave some new insights concerning photosynthetic cold 

tolerance in Coffea spp., particularly in Icatu, which was achieved through the 

cooperation between photoprotection and repair mechanisms. Considering a broader 

view combining previous results from our group, it can be concluded that the evaluation 

of gene expression changes, linked to the presence of up-regulated antioxidative 

mechanisms and to the ability to promote qualitative changes in the lipid components of 

thylakoid membranes, leads to a marginal impact on photosynthetic structures and 

constitutes useful criteria for cold (and oxidative stress) tolerance selection in coffee 

plants. 

 

6.2 Perspectives 

 

Considering that coffee is one of the most important crops in the world and that is of 

crucial importance for millions of people from the developing world, the study of 

climate changes effects on coffee, by characterizing, selecting and breeding coffee 

genotypes able to endure environmental stresses (e.g., extreme temperatures, high 
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atmosphere CO2) will be decisive in the following years to assure stable productions, 

thus with a positive social-economic impact.  

This PhD work gave new insights concerning the mechanisms of cold-tolerance in 

Coffea spp. The characterization of the antioxidative system and of lipid composition of 

chloroplast membranes sustained the better acclimation ability previous reported in 

Icatu. Transcriptional changes in genes involved in oxidative stress control and in 

photosynthetic and lipid metabolism also indicated differences among the studied 

genotypes. However, although important, the complexity of cold acclimation processes 

require the need to go further with these studies in order to better integrate all those 

molecular responses.  

Transcriptomics and proteomics are complementary techniques that allow the 

identification of genes and proteins whose expression levels vary along the period of 

stress. Data produced by this approach, when integrated in the metabolic networks will 

contribute to the comprehension of the metabolic pathways activated or repressed by 

cold and other environmental constraints. Indeed, the free access to the Coffea ESTs 

data base from Embrapa-Café (Brazil) will be possible in a near future, allowing the 

study of stress response genes in a much large scale. Under this context and following 

the results obtained during the course of this PhD Project, our group intends to undergo 

an enlarged transcriptomic analysis of up- and down-regulated genes. These include 

transcription factors and metabolic genes. On the other hand, a complementary 

proteomics approach is being established. The integration of the information gathered 

from the “omics” approach with physiology and biochemical and data, will allow to 

depict a global picture of the changes occurring in the cellular metabolism in response 

to environmental stresses, certainly contributing for the selection of the best adapted 

germoplasm. 
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