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ABSTRACT 

BARONI; Danilo Força; D.Sc.; Universidade Estadual do Norte Fluminense Darcy 

Ribeiro; April 2022; Root growth, water relations and photosynthetic efficiency in 

clones of Coffea canephora; Professor Advisor: Eliemar Campostrini 

In the process of selecting canéfora coffee genotypes with greater capacity to 

acclimatize to supra and infra-optimal environmental factors, notably soil and air 

water limitation, the knowledge of morphophysiological and anatomical responses 

from the leaf to the root is of great importance. The objective was to study the 

relationships between root system depth growth, midday photosynthesis 

depression, water relationships and shoot growth in Coffea canephora clones. 

Two experiments were carried out, the first being related to the depression of 

photosynthesis at noon (MDP) and the relationship with root system growth under 

conditions of good soil water availability, and the second being associated with 

morphophysiological and anatomical responses from root to leaf in clones of 

Coffea canephora contrasting with the growth in depth of the root system, when 

the plants were submitted to two consecutive events of water deficit submitted to 

consecutive events of soil water deficit and rehydration. Both experiments were 

carried out in a greenhouse, at Universidade Estadual do Norte Fluminense – 
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Darcy Ribeiro, with clones of Coffea canephora Pierre ex Froehner (clones 'A1' 

and '19' in the first experiment and clones '3V' and 'A1' in the second). In order to 

carry out more detailed analyzes of the root system, the plants were grown in PVC 

tubes measuring 0.2 m in diameter x 1.0 m in height. In the first study, under 

conditions of good soil water availability, a lower MDP was observed associated 

with the increase in the maintenance cost of the photosynthesis, not converting the 

greater assimilation of CO2 at the time of higher temperature and DPVar in greater 

plant growth. In the second study, after the withdrawal of irrigation water, in both 

water deficit events, root growth in deeper soil layers seems to be more 

advantageous at the beginning of the period (moderate water stress) and in the 

plant recovery after the rehydration, once the quick recovery time of 

photosynthetic rate and stomatal conductance was associated with deeper root 

system and greater plant growth. However, the combined hydraulic, anatomical, 

photosynthetic and photochemical adjustments seem to be more determinant as 

an acclimatization response to severe water deficit than a deep root system. 
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RESUMO 

BARONI; Danilo Força; D.Sc.; Universidade Estadual do Norte Fluminense Darcy 

Ribeiro; Abril de 2022; Crescimento radicular, relações hídricas e eficiência 

fotossintética em clones de Coffea canephora; Professor Orientador: Eliemar 

Campostrini 

No processo de seleção de genótipos do cafeeiro canéfora com maior capacidade 

de aclimatação aos fatores ambientais supra e infraótimos, notadamente a 

limitação hídrica do solo e do ar, o conhecimento de respostas morfofisiológicas e 

anatômicas a partir da folha até a raiz é de grande importância. O objetivo foi 

estudar as relações entre o crescimento em profunduidade do sistema radicular, a 

depressão da fotossíntese ao meio-dia, as relações hídricas e o crescimento da 

parte aérea em clones de Coffea canephora. Foram realizados dois experimentos, 

sendo o primeiro, relacionado à depressão da fotossíntese ao meio-dia (DFM) e 

as relações com o crescimento do sitema radicular em condições de boa 

disponibilidade hídrica do solo, e o segundo, foi associado às respostas 

morfofisiológicas e anatômicas da raiz à folha em clones de Coffea canephora 

constrastantes ao crescimento em profundidade do sistema radicular, quando as 

plantas foram submetidas a dois eventos consecutivos de déficit hídrico 

submetidos a eventos consecutivos de déficit hídrico do solo e reidratação. 
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Ambos os experimentos foram realizados em casa de vegetação, na Universidade 

Estadual do Norte Fluminense – Darcy Ribeiro, com clones de Coffea canephora 

Pierre ex Froehner (clones ‘A1’ e ‘19’ no primeiro experimento e clones ‘3V’ e ‘A1’ 

no segundo). Para a realização de análises mais detalhadas do sistema radicular, 

as plantas foram cultivadas em tubos de PVC com dimensão de 0,2 m de 

diâmetro x 1,0 m de altura. No primeiro estudo, em condições de boa 

disponibilidade hídrica do solo, uma menor DFM esteve associada ao aumento do 

custo de manutenção Da fotossíntese, não convertendo a maior assimilação de 

CO2 no horário de maior temperatura e DPVar em maior crescimento da planta. Já 

no segundo estudo, em ambos os eventos de déficit hídrico, o crescimento 

radicular em camadas mais profundas do solo parece ser mais vantajoso no início 

do período (estresse hídrico moderado) e na recuperação após a reidratação, 

uma vez que a rápida recuperação da taxa fotossintética e da condutância 

estomática foi associada ao sistema radicular mais profundo e maior crescimento 

das plantas. No entanto, os ajustes hidráulico, anatômico, fotossintético e 

fotoquímico combinados parecem ser mais determinantes como resposta de 

aclimatação ao déficit hídrico severo, do que um sistema radicular profundo. 
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1. INTRODUCTION 

Coffee production is one of the main responsible for Brazil's economic 

growth. Two species of coffee trees, Coffea arabica and C. canephora, are 

cultivated in several Brazilian states, and the production of fruits of these species 

drives internal and external trade, which promotes increased income for farmers 

and the entire chain around this important commodity, through direct and indirect 

jobs. Coffee growing is one of the main activities of Brazilian agribusiness, and is 

responsible for generating more than 8 million jobs in the country (MAPA, 2018). 

Coffee production, as other crops, could be negatively and intensely 

affected by future climate change. These climate changes are associated with 

changes in the frequency and severity of extreme events, including increased heat 

waves, floods and prolonged drought episodes (DaMatta et al., 2018). 

Although increasing atmospheric CO2 concentration can mitigate the effect 

of high temperatures on C. arabica and C. canephora (Rodrigues et al., 2016), 

these benefits can be progressively eliminated as the drought increase (Gray et 

al., 2016). In extreme events of rainfall and drought, associated with global climate 

variability, the predicted increases can bring great uncertainties as to how these 

environmental factors may affect productivity, coffee yield and beverage quality 
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(DaMatta et al., 2018), being this is an extremely harmful scenario for the growth 

and development of these species (Bunn et al., 2015). 

In the context of climate change, it is important to evaluate the adaptation 

and mitigation strategies of coffee trees, with the aim of improving the 

sustainability of crops (DaMatta et al., 2018). Among these strategies, there is the 

selection of superior genotypes in terms of tolerance/resistance to soil and air 

water limitation.  

Drought-adapted plants are often characterized by having vigorous 

(DaMatta, 2004) and deep (Pinheiro et al., 2004) root systems. However, detailed 

studies on the characteristics of the root system of coffee plants are still scarce in 

terms of growth (size, volume and depth) in various environments (Carvalho et al., 

2008; Andrade Júnior, 2013), as well as the relationship between root depth and 

photosynthetic capacity and anatomy of young coffee plants. Even more complex, 

under water limitation, is the quantification of how much the growth or reduction of 

the root system can interfere with the photosynthetic capacity and vice versa. 

The relative conditions of water deficit can also reduce the water transport 

capacity of the leaf, inducing a loss of turgor and thus a reduction in the growth of 

this organ (Scoffoni et al., 2014; 2017; Trifilo et al., 2016). These effects of water 

limitation on the leaf can interfere with thermoregulation. As well as roots, leaves 

are key components in the hydraulic system of plants, as they play an important 

role in gas exchange and in determining plant growth (Sack and Holbrook, 2006; 

Brodribb et al., 2007). Studies of the root and leaves hydraulic traits provide 

insights from the cellular scale, leaf/root scale to the whole plant scale (Sack and 

Scoffoni, 2012).  

The search for morphological, physiological and anatomical responses in 

the scale of organ and tissues from roots to leaves can bring information of great 

importance to the process of selecting genotypes with greater capacity of climatic 

conditions acclimation, notably the soil and air water limitation. We objective was 

to study the relationships between root system growth in soil depth, midday 

depression of photosynthesis (associated with increased atmospheric demand and 

solar radiation), percentage of photoinhibition, water relations and shoot growth in 

clones of C. canephora. 
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2. REVIEW OF LITERATURE 

2.1. Taxonomic classification, origin and characterization of the species 

The coffee plant belongs to the Rubiaceae family and the Coffea genus 

(Charrier and Berthaud, 1985) and has around 130 species (Davis and 

Rakotonasolo, 2021). However, world trade is supported only by the species C. 

arabica L. and C. canephora Pierre ex A. Froehner, which are responsible for 

almost 99% of coffee production (Partelli et al., 2011; Davis et al., 2012). 

The species C. arabica is popularly known as 'Arabica' and C. canephora 

Pierre as 'Robusta'. C. canephora is diploid (2n = 22 chromosomes), self-

incompatible and, therefore, cross-fertilized. Such incompatibility is of the 

gametophytic type and is linked to the S1, S2, S3 and S4 alleles (Conagin and 

Mendes, 1961; Berthaud, 1980; Mishra and Slater, 2012). 

C. canephora is native to the African rainforest and originates from a large 

area stretching from West Africa, including Cameroon, Central African Republic, 

Congo, Democratic Republic of Congo, Uganda and northern Tanzania to northern 

Angola (Musoli et al., 2009). The origins of the robusta/conilon coffee tree are 

located at altitudes of up to 1,200 meters, with an average annual temperature 

between 23 and 26 °C, with small variations, and annual rainfall can exceed 2000 

mm, distributed over 9 to 10 months (Coste and Cambrony, 1992; Davis et al., 

2006). Thus, canephora coffee is expected to develop better under an annual 
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average temperature of 22 to 26 °C (DaMatta and Ramalho, 2006; Matiello et al., 

2010). 

The reproductive traits and the existence of “Conilon” and “Robusta” 

variety within the species C. canephora allow a great heterogeneity between the 

genotypes. This statement was corroborated by Ferrão et al. (2009), in a study 

developed with several clones belonging to the “Conilon” and “Robusta” varieties, 

which found great divergence in plant architecture, leaf size and shape, disease 

response, drought tolerance/resistance and grain shape. 

According to Ferrão et al. (2017), the “Conilon” variety is characterized by 

plants with shrub growth, early flowering, branched stems, elongated leaves, 

greater susceptibility to diseases and greater tolerance to water deficit when 

compared to the “Robusta” variety. According to the same authors, these two 

varieties also present differences between the aroma and flavor of the drink, with 

“Robusta” having the highest proportion of classification as premium coffee. 

2.2. Economic importance 

According to Carvalho et al. (2017), coffee production and marketing are 

related to about 20 to 25 million families in more than 50 countries. For the 

2017/18 harvest, global production of this commodity was estimated at 159.66 

million bags, 1.2% higher than in 2016/17. Of this total, there was a 12.1% 

increase in the production of “Robusta” cultivars, largely due to increases in 

production in Vietnam, Indonesia and Brazil. 

Brazil is the largest exporter and producer of coffee and the second 

largest consumer of the beverage in the world. In the 2016/2017 harvest, 

production was 44.97 million of Arabica and Robusta coffee processed bags. In 

the production of both species, the estimate for the 2018 harvest was an increase 

of 29.1% (CONAB, 2018). 

In 2017, conilon coffee production was 10.721 million of bags, with 

Espírito Santo being the largest producer, with about 5.915 million bags (CONAB, 

2018). Despite being the largest producer, Espírito Santo has had a decrease in 

conilon coffee production in recent years (CONAB, 2017). This may be related to 

unfavorable weather conditions and increased production cost (Baitelle et al., 

2017). 
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The coffee production associated with robusta/conilon has great economic 

importance, since, in the roasting and grinding industries, it is raw material for the 

soluble coffee industry and acts as a component in the composition of blends with 

C. arabica. Thus, due to the higher industrial yield, higher content of soluble solids 

and lower average prices in the commercialization, this process associated with 

the robusta/conilon industry provides the final product with great ability to compete 

in the market (Ivoglo et al., 2008). 

2.3. Climate change and the influence on coffee culture 

Since pre-industrial times, the CO2 atmospheric concentration has 

increased. Currently has reached values above 418 ppm (NOAA, 2022). The 

global average surface temperature in 2021 was 0.84 °C above the 20th-century 

average. Is predicted the double of the actual atmospheric CO2 concentration for 

2060, in parallel with an increase in temperature of up to 4.8 °C (Sherwood et al., 

2020). These climate changes will have a great effect on the species, and 

specifically in C. arabica and C. canephora. For 2050, C. arabica could lose 56% 

of areas currently suitable for cultivation, particularly in Brazil, East Africa and 

Madagascar, and gain only 9% of new suitable areas (Magrach and Ghazoul, 

2015). 

According to developed models, C. canephora could lose 55% of the 

currently suitable areas, mainly in West Africa and Brazil. On the other hand, the 

suitable future area could double in size. However, of the future area suitable for 

the cultivation of C. canephora, 65% is under forest cover and 24% is currently 

under other crops growing (Magrach and Ghazoul, 2015). 

Although there are suggestions that the area suitable for growing Arabica 

and Robusta will be sufficient to meet expected future demand (Magrach and 

Ghazoul, 2015), there will be regional changes in the global suitability of coffee 

(Bunn et al., 2014). The areas suitable for future coffee cultivation in Brazil, 

currently the world's largest producer, are in decline (Magrach and Ghazoul, 

2015). This result is driven by changes in precipitation and temperatures, along 

with increasing seasonality, where extremes are increasingly stronger, i.e. dry 

seasons, increasingly drier and wet seasons, increasingly wetter and warmer. 

(Haggar and Schepp, 2012) and vice versa.  
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In C3 species, the higher CO2 concentration can increase the net 

photosynthetic rate, due to the higher ribulose-1,5-bisphosphate 

carboxylase/oxygenase (RuBisCO) carboxylation rate and photorespiration 

decrease, which simultaneously results in increases in the availability of substrate 

and competitive inhibition by O2 (Long et al., 2004; Kirschbaum, 2011). However, 

in the long term, this increase in photosynthetic rate can result in the 

photoassimilates accumulation, due to the inability to use them. It may reduce the 

photosynthetic potential due to the “negative feedback” effect of photosynthesis 

(Drake et al., 1999; Ainsworth and Rogers, 2007; Kirschbaum, 2011). 

Ramalho et al. (2013) studied C. arabica (cv. Icatú and IPR108.) and C. 

canephora (cv. Conilon Clone 153 - EMCAPA 8113), grown over a year under 

controlled environmental conditions. They found that both species showed an 

increase in photosynthesis when the CO2 concentration was increased from 380 to 

700 ppm, without any negative regulation of photosynthesis. This response was 

linked to the consumption of photoassimilates and the regeneration of ribulose 1,5-

bisphosphate (RuBP) and inorganic phosphorus - Pi (through the use of triose 

phosphate), associated with the continuous production of vegetative and 

reproductive structures during the experiment (Ramalho et al., 2013). 

The increase in atmospheric CO2 concentration can attenuate the effect of 

high temperatures in C. arabica and C. canephora under adequate conditions of 

water availability, since in the photosynthetic carbon assimilation, the 

photochemical and biochemical activities of the plants are improved under 

enrichment of CO2 (Rodrigues et al., 2016). However, in soybeans, the benefits of 

increasing CO2 concentration may be progressively diminished as drought 

increase (Gray et al., 2016). These authors found that gas exchange, biological 

nitrogen fixation and yield of several soybean cultivars were negatively influenced 

when high CO2 concentration occurs in association with soil water restriction. 

Additionally, water stress can intensify the impacts of high temperature 

(Brown et al., 2016). According to DaMatta et al. (2006), coffee plants exposed to 

higher temperatures tend to reduce net carbon gain by increasing respiration at a 

higher rate than photosynthesis. The magnitude of these impacts varies between 

plant species, however, there is indeed a consistent negative impact for all plants 

(Hatfield and Prueger, 2015). 
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Although there is evidence suggesting that in the absence of stressful 

conditions, C3 species are likely to be more productive with increasing 

atmospheric CO2 concentration than C4 species, there are great uncertainties 

about food production in a future scenario with general global warming and altered 

regional rainfall patterns (DaMatta et al., 2010). 

2.4. Abiotic factors (water, light and temperature): effects on leaf gas 

exchange 

As the plants coordinate the response to water deficit under drought 

conditions or high evaporative air demand strongly influences productivity and 

survival in different environments (Boyer, 1982). Stomatal control is at the heart of 

this process, responding quickly to small environmental changes to optimize the 

exchange of water for carbon (Farquhar and Sharkey, 1982). The stomata 

regulate the water status of the plant, controlling the rate of water loss to the 

atmosphere, corresponding to the capacity of the soil-plant hydraulic system to 

supply water to the leaves (Attia et al., 2015). As a result, stomatal control is used 

as an indicator of water stress and is an important factor in photosynthesis studies 

(McDermitt, 1990). 

The stomatal response to the increase in water demand is driven by two 

hypothetical mechanisms: the hydropassive mechanism, which occurs through 

changes in the turgor of the guard cells as a result of the variation of the leaf 

apoplastic water potential, and the hydroactive mechanism, which occurs through 

adjustment of the guard cell turgor through ion uptake or release, or synthesis of 

organic solutes in guard cells (Sussmilch et al., 2019). 

Both hypotheses have been advanced to explain stomatal closure as a 

function of increased air vapor pressure deficit (DPVar). The first hypothesis 

assumes that guard cells are hydraulically distal to epidermal cells in the 

transpiration flow – that is, the total hydraulic resistance of soil to guard cells is 

greater than that of soil to epidermis – so that a drop in air humidity, associated 

with high air temperature, causes a greater drop in water potential in guard cells 

than in epidermal cells (Farquhar, 1978; Maier-Maercker, 1983; Dewar, 1995), 

causing a hydropassive reduction of the opening stomata. The other hypothesis 

assumes that guard cells “hydroactively” release osmotic solutes in response to a 

drop in water status, as well as actively regulating solute content in response to 
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other environmental factors such as light and CO2 (Darwin, 1898; Stalfelt, 1929; 

Meidner, 1986; Buckley, 2005). 

In both hypothetical mechanisms, the epidermal mechanical advantage is 

outweighed by a disproportionate drop in guard cell turgor – this is caused by a 

disproportionate decline in the water potential of the guard cell in the first 

hypothesis, or in the osmotic pressure of the guard cell in the second hypothesis 

(Buckley, 2019). 

Recent studies have shown that abscisic acid (ABA), which is known to 

close stomata by inducing solute loss from guard cells, is quickly synthesized de 

novo within leaves in response to reduced air humidity (Xie et al., 2006; Bauer et 

al., 2013; McAdam et al., 2016b). A study developed by Ikegami et al. (2009) 

showed that when leaves and roots of Arabidopsis were isolated from each other 

and subjected to water stress, ABA concentrations greatly increased in leaves but 

not in roots. Much of the ABA present in roots may in fact originate in leaves 

(Ikegami et al., 2009; McAdam et al., 2016a; Castro et al., 2019), and ABA 

synthesis in roots may require transported precursors leaves (Ren et al., 2006; 

Manzi et al., 2015; Zhang et al., 2018). 

 Solar radiation on the leaf and the state of hydration of the same directly 

interfere in the process of opening and closing of the stomata, which in turn 

influence the productivity of the crop (Costa and Marenco, 2007). On sunny days, 

and around midday, higher levels of irradiance on the leaf increase the 

evaporative demand on the air (high VPDar) and between the leaf and air (VPDleaf-

air) and induce stomatal closure in response to excessive loss of water through 

transpiration. In this condition, even with adequate availability of water in the soil, if 

the water demand of air and leaf-air is high, the hydraulic resistances may not 

allow adequate access of water in the leaf, and thus the leaf water deficit is 

observed through the stomatal closure (Kitano and Eguchi, 1993). 

The high stomatal sensitivity of coffee plants is associated with 

environmental factors such as light, temperature and VPDar, in addition to VPDleaf-

air (Kanechi et al., 1996). Temperature, VPDar and DPVleaf-air are shown to be the 

most important in stomatal control when the soil is at field capacity (Nunes, 1988). 

Thus, the high VPDar and VPDleaf-air, which usually occur between midday and 3 

p.m., in a cloudless sky condition, influence the water balance of the plant, which 

can affect photosynthesis and plant growth (Devi and Redd, 2018). This MDP has 
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been frequently observed in various cultures (Hirasawa et al., 1989; Hu et al., 

2009). As photosynthesis is an important biochemical process for the growth and 

productivity of crops, MDP can be a limiting factor for the productivity of crops of 

agronomic and forestry interest (Yokoyama et al., 2019). 

It has been reported that stomatal limitation is a major cause of MDP 

under mild to moderate water stress (Flexas et al., 2004; Grassi and Magnani, 

2005). As a consequence, there is a reduction in the CO2 imput into the leaves, 

and therefore, the assimilation of CO2 is reduced. 

According to Larcher (2000), gas exchange changes during the plant 

development cycle and depends on the annual and daily course of environmental 

fluctuations around the plant. Thus, photosynthetic capacity is an intrinsic 

characteristic of each plant species, depending on phenophase and external 

conditions. Under saturating light conditions, it has been shown that, in coffee 

trees, the maximum values of photosynthetic rates are around 7 to 12 μmol of CO2 

m-2 s-1 (Rena et al., 1994). However, under conditions of high temperature and 

water-limited soil and air, this rate may be reduced because of an increase in the 

rate of photorespiration due to stomatal closure. Therefore, photosynthesis is 

extremely sensitive to the effects of water deficit (Lisar et al., 2012) and other 

environmental stresses. 

2.5. Abiotic factors (water, light and temperature): effects on leaf 

photochemistry 

Plants are sessile organisms subjected to daily abiotic stresses that 

determine harmful effects on the photosynthetic apparatus (Guidi et al., 2019). In 

C3 species, when stomata close in response to stresses such as drought or high 

temperature, CO2 assimilation is reduced, photosynthetic reduction of O2 via 

photorespiration increases and serves as a sink for excess excitation energy in the 

photosynthetic apparatus (Cornic and Briantais, 1991). However, increases in the 

photorespiratory reduction rate of O2 are not sufficient to dissipate excess 

excitation energy in photosystem II (PSII) antennas (Guo et al., 2009). Thus, the 

leaf may become unable to increase the dissipation of this energy, and 

photodamage to the PSII reaction centers may occur. In plants grown outdoors, 

and under high solar radiation and high temperature, the midday depression of the 

photochemical efficiency of PSII, evaluated mainly through the emission of 
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chlorophyll fluorescence, is reported by several authors (Horton et al., 1996; Pons 

and Welschen, 2003). In the leaf, supra-optimal light and temperature stress can 

limit plant productivity, although there is no tissue damage (Long et al., 1994). 

Non-stomatal limitations may be the primary cause of MDP in Myrica rubra plants, 

and stomatal closure at midday may accelerate photodamage and D1 protein 

degradation (Guo et al., 2009). 

Under field conditions, and throughout the day, plants are exposed to 

different intensities of solar radiation. When the plant canopy absorbs more 

photons than can be used by photosynthesis, photoinhibition occurs, evaluated 

through a decrease in the efficiency of the energy conversion of photons into ATP 

and NDPH, and consequently, into photoassimilates (Demmig-Adams and Adams, 

1992). Photoinhibition can be reversible or irreversible and is related to the large 

flux of photons when electron transport to acceptors is limited (Melis, 1999). The 

degree of photoinhibition depends on the balance between photodamage and PSII 

core repair via D1 polypeptide (Demmig-Adams et al., 2012). 

Light-induced inhibition of PSII activity is increased under water stress 

conditions. Although light energy is the primary source of energy for the 

photosynthesis process, excess light energy generates reactive oxygen species 

(ROS), mainly by excessive reduction of photosynthetic electron transport 

components, i.e. quinone A (QA), subsequently reducing molecular oxygen to 

produce ROS (Parkash and Singh, 2020). ROS production is also associated with 

supraoptimal temperatures (Todorov et al., 2003; Guo et al., 2006), since high 

temperatures can cause photosynthetic pigment degradation (Rodrigues et al., 

2018). The increase in temperature accelerates kinetic energy and the movement 

of molecules across membranes, accelerating chemical reactions, weakening 

chemical bonds, and making the lipid matrix membrane more fluid, and protein 

denaturation and degradation may occur (Wahid et al., 2007). Due to their high 

reactive capacity, ROS are highly harmful and, by inhibiting the synthesis of 

proteins necessary for PSII repair, they can inactivate PSII (Murata et al., 2012). 

2.6. Leaf hydraulics: importance in water transport and tolerance to water 

deficit 
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The rate of water loss from leaves or leaf transpiration (E) is mainly 

determined by the diffusion of water vapor from within the mesophyll to the air and 

evaluated using the VPDleaf-to-air (Xiong and Nadal, 2020). Although the distances 

that water must travel within the leaves are small in relation to the entire soil-plant-

atmosphere continuous, the interior of the leaves constitutes a resistance for the 

water transport (Sack and Holbrook, 2006), contributing significantly to the plant 

hydraulics resistance (Xiong and Nadal, 2020). 

In studies of leaf hydraulic dynamics, Martins et al. (2014) reported a great 

restriction in maximizing gas exchange of coffee leaves imposed by the hydraulic 

architecture of the leaves. According to Ribeiro et al. (2009), Nardini et al. (2014) 

and Mesquita et al. (2016), there is a correlation between gas exchange and leaf 

hydraulic conductance (KL), since the decrease in gas exchange is associated with 

a lower KL. Sinclair et al. (2007) found that in soybean genotypes with different 

levels of water deficit tolerance, the leaf hydraulic traits can influence the water 

relations of plants under conditions of higher evaporative demand (i.e. high 

VPDar). 

The loss of cellular turgor is arguably the most recognized classic indicator 

of plant water stress, having impacts on cellular structural integrity, metabolism, 

and whole plant performance (Kramer and Boyer 1995; McDowell 2011). 

Consequently, leaf water potential (Ψleaf) at the point of turgidity loss (ΨTLP, MPa 

units) has been used to assess physiological drought tolerance for decades 

(Bartlett et al., 2012; Zhu et al., 2018). 

ΨTLP is classically measured in drought tolerance assessments, as one of 

the six main leaf indices related to cellular water relationships, and structural 

properties typically calculated from a plot of Ψleaf versus leaf water content in 

dehydration, known as the pressure-volume curve (P-V curve) (Bartlett et al., 

2012). 

Plants with low ΨTLP tend to maintain stomatal conductance, hydraulic 

conductance, photosynthetic rate and growth even under reduced soil water 

potential, which is important in drought situations during the growing season 

(Abrams and Kubiske 1990; Sack et al., 2003; Baltzer et al., 2008; Mitchell et al., 

2008; Blackman et al., 2010). Therefore, ΨTLP is a trait that quantifies the ability to 

'tolerate' drought rather than 'avoid' drought by ceasing gas exchange and 
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surviving on stored water (Chaves et al., 2002; Brodribb and Holbrook, 2005; 

Ogburn and Edwards, 2010). Other indices of the P-V curve, such as the fraction 

of apoplastic water, modulus of elasticity (Ɛ), osmotic potential at total hydration 

(Ψo) and tissue capacitance (C) were also correlated with various aspects of 

drought tolerance (Niinemets, 2001; Brodribb and Holbrook, 2003; Lenz et al., 

2006; Baltzer et al., 2008). 

Plants of certain species improve drought tolerance by making the ΨTLP 

more negative, and this can be done by solutes accumulation (decreasing Ψo), 

reducing the symplastic water content, and redistributing more water outside the 

cell walls and/or increasing the flexibility of the cell wall (decreasing Ɛ) (Bartlett et 

al., 2012). While a more negative ΨTLP is thought to benefit drought tolerance, a 

less negative ΨTLP may be beneficial as it allows leaves to quickly lose turgor and 

close stomata as Ψleaf declines and thus maintain a high relative content of water 

at the turgor loss point- RWCTLP (Walter and Stadelmann, 1968; Read et al., 

2006). In fact, maintenance of cellular hydration is more important than turgor, as 

dehydration can induce shrinkage, causing structural damage to the wall, and 

potentially osmotic stress to the cell, due to an increase in ion concentration, which 

can disrupt metabolic processes (Bartlett et al., 2012), as an example the high 

concentration of Mg2+ in the stroma causing inhibition of ATP production. The 

synthesis of RuBP and several portains can also be inhibited by the high 

concentration of ions in the plant cell (Lawlor and Cornic, 2002). 

The relationship between a high Ɛ, ΨTLP and drought tolerance has been 

called one of the oldest controversies in ecology (Lamont et al., 2002), giving rise 

to numerous hypotheses, such as: (1) as leaves dehydrate, a high Ɛ causes the 

Ψleaf to decrease quickly allowing sustained uptake of water in dry soil (Bowman 

and Roberts 1985); (2) a high Ɛ is related to a lower ΨTLP  (Lenz et al., 2006); (3) a 

high Ɛ contributes to a less negative ΨTLP, allowing stomata to close quickly with 

loss of turgor, maintaining a high RWCTLP (Walter and Stadelmann, 1968; Read et 

al., 2006); (4) a high Ɛ is necessary to provide mechanical support for cells with 

very negative Ψo and ΨTLP, preventing disruption due to excessive turgor pressure 

when cells are fully hydrated (Jones, 1992); (5) a high Ɛ would mechanically 

restrict the shrinkage of cells with highly negative Ψo and ΨTLP, allowing RWCTLP 

to remain high (Cheung et al., 1975; Jones, 1992) and (6) a high Ɛ may not play a 
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direct role in drought tolerance and instead improve the carbon and/or nutrient 

balance, contributing to longer leaf life (Grubb, 1986; Sack 2004; Markesteijn et 

al., 2011). 

A high Ɛ would bring additional benefits to plants in arid areas through 

characteristics that are not directly linked to water relations, for example, through a 

high specific leaf mass and high leaf density, which can confer greater leaf 

longevity (Loveless, 1961; Groom and Lamont, 1999; Chaves et al., 2002; Wright 

and Westoby, 2002). On the other hand, in dry habitat plants with flaccid leaves 

and tissues with greater water storage, flexible cell walls may contribute even 

more to a greater water storage capacity after stomatal closure, being 

characterized by an impermeable cuticle (Ogburn and Edwards, 2010). 

Although leaf and whole-plant drought tolerance is generally coordinated, 

some species with relatively tolerant leaves may be sensitive to drought at the 

whole-plant level, as they have a superficial root system (Scoffoni et al., 2011). On 

the other hand, species with drought-sensitive leaves may have excellent drought 

survival, especially succulent species, when ΨTLP is likely to be less important than 

the capacitance of water storage cells (Chaves et al., 2002; Ogburn and Edwards, 

2010). 

2.7. Leaf anatomy and xylem vessel characteristics: importance in plant 

hydraulics 

Leaf anatomy is well documented as one of the intrinsic factors that 

determine the photosynthetic performance and plant water balance (Terashima et 

al., 2011). Several studies (Patakas et al., 2003; Tholen et al., 2008; Hassiotou et 

al., 2010; Scafaro et al., 2011) suggest that anatomical characteristics of leaves 

affect mesophilic conductance and thus cause the change in leaf net 

photosynthetic rate (Anet). Long-distance water transport in plants requires the 

coordination of all organs along the water transport pathway, and the hydraulic 

resilience of a species in a given environment is determined by a set of functional 

traits and the integration of these traits in a given environment organism level 

(Meinzer and McCulloh, 2013; McCulloh et al., 2014). 

The thickness of the photosynthetic cells of the palisade parenchyma is an 

important trait to rule the ability to resist water deficit (Ennajeh et al., 2010). Often, 
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in drought-tolerant cultivars, thicker spongy parenchyma with large intercellular 

space is observed, which facilitates CO2 diffusion (Hajnajari et al., 2019). The 

deposition of epicuticular waxes on the leaf surface provides protection against 

water loss. Likewise, the presence of trichomes or papillae can increase the leaf 

boundary air layer and reduce E, which confers greater drought tolerance (Baker 

and Myhre, 1969). 

The vessel element, the xylem unit, is the fundamental component in stem 

xylem for water transport (Hacke et al., 2017). The xylem hydraulic conductivity is 

proportional to the fourth power of the vessel lumen diameter, indicating that a 

vessel with a wider lumen provides greater conductivity (Tyree and Zimmermam, 

2002). However, vessels with a wider lumen are more prone to embolism, leading 

to water transport failure and tree death under water deficit conditions (Tyree and 

Sperry, 1988; Anderegg et al., 2012). Thus, a trade-off between hydraulic 

efficiency and cavitation resistance has been widely found in several tree species 

(Hacke et al., 2006; Worbes et al., 2013; Eilmann et al., 2014; Zhu et al., 2017). 

Regarding embolism caused by drought, frost, herbivory or mechanical 

damage to the xylem, several experiments have shown that vessel elements with 

a smaller diameter, smaller size and greater frequency are more resistant than 

large vessel elements (Sperry and Sullivan, 1992; Cavender-Bares et al., 2005; 

Bauerle et al., 2011; Cao et al., 2018). In environments limited by water, and for 

plants to have shoot growth, these adaptive characteristics mentioned above and 

related to the xylem anatomy are important to reduce the risk of embolism, and 

thus maintain the water transport capacity relatively stable in the plant (Boughalleb 

et al., 2015). According to Cao et al. (2018), leaf thickness, hydraulic conductivity 

and vessel element length are representative predictors associated with isotopic 

discrimination of δ13C carbon, when this variable is used in the selection of 

drought-tolerant genotypes. 

Therefore, measurement of hydraulic characteristics provides crucial 

information about the plant's ability to transport water to photosynthetic and 

growing tissues, which may postulate a sensitivity to abiotic stress factors and 

negatively affect species distribution (Brodribb, 2009). 

2.8. Root system: importance in maintaining the water status of the plant 
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When grown in environments with limited soil water, plants can adopt 

strategies to “avoid” drought or “tolerate” drought. Dehydration prevention is 

associated with a variety of adaptive traits to minimize water loss and maximize 

water uptake. Both can be caused by a combination of morphological, anatomical 

and physiological adaptations. In contrast, drought tolerance refers to ability of the 

plant to maintain normal functions during periods of low tissue water potential 

(Ennajeh et al., 2010). Therefore, root traits associated with drought tolerance are 

important for plant drought resistance mechanisms (Ma et al., 2013). 

The communication signaling between the root and the shoot can be 

divided into non-hydraulic signals originated by the root (chemical signals) and 

hydraulic signals. Under progressive soil drought conditions, chemical signals 

(mainly ABA) are first produced, which are transported through the transpiration 

pathway to the shoot, with negative effects on leaf expansion rate and stomatal 

opening (Blackman and Davies, 1985; Croker et al., 1998; Gutschick and 

Simonneau, 2002; Lorena and Ernesto, 2005). Chemical signals can substantially 

reduce water loss from the stomata, where water deficit in the shoot is sometimes 

not detectable. This action is considered the first defense against a possible 

drought (Blackman and Davies, 1985; Davies et al., 1994; Xiong et al., 2007). 

However, continuous drought establishes a hydraulic gradient between the leaf 

and the dry soil, which accelerates the development of leaf water deficit, through 

the reduction of leaf turgor pressure (ΨP) and consequently the Ψleaf (Croker et al., 

1998). The reduction in Ψleaf can decrease stomatal conductance (gs), reducing 

leaf gas exchange, and consequently delaying plant growth (Ma et al., 2013). 

Thus, under water stress conditions, the roots induce a signaling cascade to the 

branches, via the xylem, causing physiological changes that determine the level of 

adaptation to stress (Anjum et al., 2011). 

Soil drying can also change the allocation of dry matter between root and 

shoot (Ma et al., 2013), so that plants grown in dry soil tend to allocate more 

photoassimilates to build a deeper root system, since, for a plant to acquire water 

from the soil, a deep root system is generally more advantageous than a root 

system closer to the soil surface (Kramer, 1969). 

Morphology, as well as root growth, plays an essential role in maintaining 

water for the plant, so drought adaptation is related to deep, cheap, and vigorous 

root systems (Blum, 2005). For example, efficient root development (quick growth 
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in depth) is essential for the survival of seedlings in soils that are subjected to 

quick drying from the surface to the interior of the soil, since moisture remains 

available in the deeper layers of the soil (Wasaya et al., 2018). 

Plants with greater root diameter are more capable of exploiting compact 

soil (Bao et al., 2014). Other traits such as root tissue density, specific surface 

area and specific root length are correlated with increased crop productivity under 

drought conditions (Vadez et al., 2013). 

For water uptake from deeper soil layers under water stress, and in 

various crops such as sorghum, pulses, rice, corn and wheat, several studies 

report the importance of a deep root system, with low energy cost (larger air 

space), and steep (greater angle to the ground surface) (Eissenstat et al., 1992; 

Krishnamurthy et al., 1999; Kashiwagi et al., 2006; Reynolds et al., 2007; Hammer 

et al., 2009; Manschadi et al., 2010; Wasson et al., 2012; Steele et al., 2013), 

since in drought conditions, the ability of the plant to extract water from depth has 

great relevance in the balance of the water relationship, as well as in carbon 

assimilation (Wasaya et al., 2018). It is important to report that a greater hydraulic 

conductivity of the roots can contribute to a better absorption of water in soils with 

water limitation. Therefore, a good understanding of plant responses to abiotic 

stresses can be useful in selecting more resistant crop varieties (Den Herder et al., 

2010). 
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3. CHAPTER 1 

CONTRASTING Coffea canephora CLONES FOR MIDDAY DEPRESSION OF 

PHOTOSYNTHESIS: THE IMPACT IN THE GROWTH TRAITS 

 
 
 
 

ABSTRACT 
 
 
 

We study aimed at evaluating the underling mechanisms related to midday 

depression of photosynthesis (MDP) and its impact on the vegetative growth of 

Coffea canephora Pierre ex Froehner. The experiment was carried using two 

clones of C. canephora with contrasting MDP (clones ‘A1’ and ‘19’), maintaining 

the soil always well-watered. The growth analyzes, as leaf and plagiotropic branch 

number, were carried out in the end of the experiment, whilst the leaf gas 

exchanges, chlorophyll a fluorescence and leaf water potential, were carried out in 

a representative period, where the temperatures, VPDair and PPFD achieved 

elevated values around midday. The volume pressure curve was performed 
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immediately after the previous cited analyzes and in the final of experiment the dry 

mass of each segmentation of the plant was also measured. The leaf stomatal 

conductance (gs) was highly sensitive to changes in VPDleaf-air, even under well-

watered conditions, mainly in ‘A1’, that was more sensitive to midday VPD 

increase than ‘19’, due higher midday depression of gs and net photosynthesis. 

This response was highly associated to the leaf cell hydraulic traits. The ‘19’ 

showed a better elastic adjustment, that triggered less midday stomatal closing 

than the A1’. The ‘A1’ photochemical apparatus was less damaged over the daily 

period, manly at midday than in ‘19’, as observed through parameters related to 

energy specific fluxes, quantum yield and photosynthetic performance index. The 

high leaf hydraulic traits sensibility to dehydration in ‘A1’, enabled a leaf cell turgor 

loss, a higher stomatal closing to midday and hence a higher leaf wilt than in ‘19’, 

reducing leaf exposition to sunlight and a lower photochemical damage. Then, a 

considerable reason for ‘19’ had not showed a higher shoot growth may be by the 

energetical cost requested in the PSII repair mechanisms. As found in our study, 

specifically for ‘A1’, the MDP can be a result of mechanism that indirectly protects 

plants against later damage. Furthermore, lower MDP could be associated to the 

increase of the maintenance costs of this process, and would not be converted in 

higher plant growth, as observed in ‘19’. 

Key words: Coffea canephora, photochemical apparatus, root growth depth, 

stomatal conductance. 

 
 
 
 

RESUMO 

 
 
 
Nosso objetivo foi avaliar os mecanismos subjacentes relacionados à depressão 

da fotossíntese ao meio-dia (MDP) e seu impacto no crescimento vegetativo de 

Coffea canephora Pierre ex Froehner. O experimento foi realizado utilizando dois 

clones de C. canephora com MDP contrastante (clones ‘A1’ e ‘19’), mantendo o 

solo sempre bem irrigado. As análises de crescimento, como número de folhas e 

ramos plagiotrópicos, foram realizadas no final do experimento, enquanto as 

trocas gasosas foliares, clorofila a fluorescência e potencial hídrico foliar, foram 
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realizadas em um período representativo, onde as temperaturas, VPDair e PPFD 

atingiram valores elevados por volta do meio-dia. A curva de pressão de volume 

foi realizada imediatamente após as análises citadas anteriormente e no final do 

experimento também foi medida a massa seca de cada segmentação da planta. A 

condutância estomática foliar (gs) foi altamente sensível às mudanças no VPDfolha-

ar, mesmo em condições de boa irrigação, principalmente em 'A1', que foi mais 

sensível ao aumento do VPD ao meio-dia do que '19', devido à maior depressão 

do gs ao meio-dia e fotossíntese líquida. Esta resposta foi altamente associada às 

características hidráulicas das células foliares. O ‘19’ apresentou melhor ajuste 

elástico, que desencadeou menos fechamento estomático ao meio-dia do que o 

A1’. O aparato fotoquímico ‘A1’ foi menos danificado durante o período diário, 

principalmente ao meio-dia do que em ‘19’, conforme observado através de 

parâmetros relacionados a fluxos específicos de energia, rendimento quântico e 

índice de desempenho fotossintético. A alta sensibilidade das características 

hidráulicas foliares à desidratação em ‘A1’, possibilitou uma perda de 

turgescência das células foliares, um maior fechamento estomático ao meio-dia e, 

consequentemente, uma maior murcha foliar do que em ‘19’, reduzindo a 

exposição foliar à luz solar e um menor dano fotoquímico. Então, uma razão 

considerável para '19' não ter apresentado um maior crescimento de brotos pode 

ser pelo custo energético solicitado nos mecanismos de reparo do PSII. Conforme 

encontrado em nosso estudo, especificamente para ‘A1’, o MDP pode ser 

resultado de mecanismo que protege indiretamente as plantas contra danos 

posteriores. Além disso, menor MDP poderia estar associado ao aumento dos 

custos de manutenção desse processo, e não se converteria em maior 

crescimento da planta, como observado em ‘19’. 

Palavras-chave: Aparelho fotoquímico, Coffea canephora, condutância 

estomática, profundidade do crescimento radicular. 
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INTRODUCTION 

 
 
 

Coffee is one of the most traded agricultural commodities in the world. 

About 99% of coffee production worldwide is represented by two species, Coffea 

arabica L. and Coffea canephora Pierre ex A. Froehner (DaMatta et al., 2019). 

Espírito Santo State, Southeast Brazil, is responsible for ca. 15% of the world's C. 

canephora production (Venancio et al., 2020). This brasilian producing region is 

characterized by dry climate, with high air temperatures, low relative air humidity, 

elevated air vapor pressure deficit (VPDair), and excessive irradiance (Venancio et 

al., 2020; Machado Filho et al., 2021). These environment conditions have the 

most elevated values at midday, and are responsible for decreasing plant C-

assimilation, a functional response known as midday depression of photosynthesis 

- MDP (Xu and Shen, 1996).  

MDP is related to stomatal and/or nonstomatal effects (Xu and Shen, 

1996; Miao et al., 2021). Stomata are usually closing under low air humidity at 

midday, related to plant's inability to properly supply the leaves with water due to 

hydraulic resistance, occurring in roots and leaves, which reduced the CO2 

availability at active sites of Rubisco (Brodribb et al., 2015). Reduced water 

transport capacity through the plant under such dry and high light environmental 

conditions, drastically decreases leaf water potential, which triggers the stomatal 

closure through hydroactive stomatal responses, i.e., abscisic acid (ABA)-

mediated responses (McAdam and Brodribb, 2014; McAdam and Brodribb, 2015; 

Merilo et al., 2018; Buckley, 2019) or hydropassive stomatal response (El-

Sharkawy et al., 1985).   

Nonstomatal effects of MDP can occur due to decrease in the leaf water 

content impaired the photochemical and biochemical process, including impacts in 

photosynthetic pigment pools, photosystems system performance, enzyme 

activities (e.g., RuBisCO) and membrane integrity (Chaves et al., 2003, Muller et 

al., 2011, Ramalho et al., 2014; 2018; Fahad et al., 2017). Usually, nonstomatal 

effects of MPD are related to photoinhibition phenomenon, that is exacerbated in 

conditions of the strong light, soil water stress and high temperature at midday (Ma 

et al., 2021). In such conditions, the incoming light energy exceeds the maximum 
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utilization capacity of the photosynthetic apparatus and heat stress leads to a 

reduction in light use efficiency (Prasad et al., 2009; Dwivedi et al., 2019; Ma et al., 

2021), resulting in reactive oxygen species synthesis (Dwivedi et al., 2019). 

Singlet oxygen is synthetized due to excessive releasing of electrons in 

the electron transport chain, higher than consuming capacity of the Calvin cycle 

(Gururani et al., 2015). This can inhibit the translation of plastid PsbA mRNA, 

resulting in inactivation the photosystem II (PSII) repairing (Nishiyama et al., 2006; 

Takahashi and Murata, 2008; Nishiyama et al., 2011; Nishiyama and Murata, 

2014).  

Measurements of chlorophyll a fluorescence is one elegant and practical 

way to evaluate the photochemical machinery functionality, and to obtain insight 

into efficiencies of energy transfer and heat dissipation (Ripoll et al., 2016), as well 

as to characterize the effects of stress on adaptive mechanisms (Misra et al., 

2012; Kalaji et al., 2014; 2016). The JIP-test is based in chlorophyll a fluorescence 

measurements, able to provide information about structure and function of PSII, to 

detecte the type of stress, and to differ the specific responses for a given type of 

stress (Ripoll et al., 2016). 

Overall, stomata close when leaves begin to dehydrate. However, under 

specific environmental conditions, modification in root water uptake capacity plays 

a more important role than stomatal closure in avoiding stress-induced growth 

reduction (Matsuo et al., 2009). For example, increased root length density and 

deeper root systems are often viewed as desirable traits for drought adaptation 

(Valdez, 2014), due to increased uptake water capacity throughout the deep soil 

profiles. On the other hand, a robust root system, with both great water uptake 

capacity and transport could be less useful in an agricultural context whether the 

leaves have a high hydraulic resistance and a high stomatal sensibility. 

Both atmospheric water demand under high airvapor pressure deficit 

(VPDair) and soil water content are responsible in stomatal conductance (gs) 

regulation, through of processes that result in changes in the turgor pressure of 

the guard cells (Buckley, 2005), suggesting that gs is a key factor limiting both crop 

transpiration and yield (Roche, 2015). In fact, high stomatal sensitivity to VPDair 

could be disadvantageous under adequate water availability, or even during short 

periods of water deficit (Machado Filho et al., 2021) to maximize the productivity, 
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because the maximized CO2 assimilation becomes more important than 

decreased transpiration (DaMatta, 2003). 

The water relations in leaves can be described mainly through leaf water 

potential (Ψleaf), leaf water potential at turgor loss (ΨTLP), relative water content at 

turgor loss (RWCTLP), osmotic potential at full turgor (Ψo), and bulk modulus of 

elasticity (€) (Bartlett et al., 2012; Xiong and Nadal, 2019). ΨTLP indicates the 

capacity of a plant to maintain cell turgor pressure under drought stress, so that 

species with less negative ΨTLP tend to have wider hydraulic safety margins (Zhu 

et al., 2018; Liu et al., 2019). However, this can be one disadvantage in agriculture 

context, once a small change in water availability, whether in the soil and/or in 

atmosphere, could trigger a loss of the leaf cell turgescence and decrease gs. 

Therefore, plants with more negative ΨTLP can resist leaf dehydration, thereby 

sustaining gs, photosynthesis and growth under decreased water availability 

(Tognetti et al., 2000; Baltzer et al., 2008; Blackman et al., 2010; Zhu et al., 2018). 

 MDP could be a limiting factor for crop production even under non-soil 

water stress conditions (Yokoyama et al., 2019), mainly for coffee crop, that 

naturally show large limitations to CO2 diffusion from the atmosphere to the 

chloroplasts, due intrinsically low gs and mesophyll conductance (Batista et al., 

2012; DaMatta et al., 2019). In this context, selection of clones with lower MDP, a 

frequent factor in field-grown coffee (Batista et al., 2012; Santos et al., 2012; 

Martins et al., 2019) could maximize both plant growth and yield.  

Elevated correlation between photosynthetic capacity and photosynthate 

demands (growth, reproduction, and storage) is expected (Demmig-Adams et al., 

2017). However, the rate of photoassimilates supplying of sink organ depends on 

combined capacities of leaf photosynthesis, phloem loading and transport, and 

sink strength (Patrik and Colyvas, 2014). It is therefore not surprising that not 

always a higher photosynthesis will be translated into higher plant growth and/or 

yield, once a set of factors is underling to this process. In this sense, coffee plants 

(a perennial crop) did not show a down-regulation of photosynthesis when grown 

under elevated CO2 concentration due, among other things, to both high allocation 

of resources to continuous vegetative growth of leaves and branches (which can 

be reinforced by regular pruning) and to the growth of reproductive structures 

(Ghini et al., 2015; Rodrigues e al., 2016; Ramalho et al., 2018; Rakocevic et al., 
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2020). Therefore, screening responses of C. canephora clones to MPD can 

explain differences in clone specific reactions when cultivated without soil water 

deficit. 

Herein, some questions about C. canephora were addressed: (1) Would a 

lowering in MDP result in elevated carbon gain over the day, and hence increased 

vegetative growth? (2) Can the stomatal and non-stomatal effects that lead to 

MDP be different among coffee clones? (3) Which effect (stomatal or non-

stomatal) is more limiting for coffee growth? (4) Can the root growth depth impact 

on stomatal responses through the leaf water relations (especially ΨTLP) at midday 

in a well-watered soil?  

We hypothesized that: (1) the maintenance of leaf photosynthesis intensity 

around midday can contribute to higher net carbon gain over the day, resulting in 

higher plant growth, and (2) that root depth plays important role in maintenance of 

stomatal aperture associated with lower ΨTLP at midday even in a well-watered 

soil. This study aimed at evaluating the underling mechanisms related to MDP and 

its impact on the vegetative growth of C. canephora clones in a well-watered soil. 

 
 
 
 

MATERIAL AND METHODS 

 
 
 
Local of experiment, specie characterization and others useful information 

The experiment was carried out in the greenhouse at the State University 

of Northern Fluminense, Campos dos Goytacazes (21º44’47” S and 41º18’24” W 

at 10 m altitude), Brazil, using two clones of the C. canephora, differing in values 

of MDP measured from May 2019 to April 2020. On May 2019, five-months-old 

seedlings produced from cuttings, were transplanted to PVC tubes of 1.0 x 0.2 m 

(height and diameter), containing sand + soil substrate in the 1:1 proportion. 

Substrate chemical analysis was performed to determine the soil fertility and 

ensure the correct fertilization in a function of crop demands.  

Plants of two clones (clones ‘A1’ and ‘19’) were distributed in seven 

blocks, every one which represented one repetition (n=7) in completely random 
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design. During the experimental period, the plants were irrigated two times over 

the day (early morning and evening), maintaining the soil always well-watered. 

The micrometeorological variables as temperature (°C), relative humidity 

(%), air vapor pressure defict (VPDair, MPa) and photosynthetic photons fluxes 

density (PPFD, µmol m-2 s-1) were recorded each 60 minutes, using a data logger 

(model 2000 Weather Stations, Spectrum Technologies, Plain-field, Illinois, USA).  

The leaf gas exchanges, chlorophyll a fluorescence and leaf water 

potential were measureds seven months after transplanting in four representative 

days (December 13, 16, 17 and 18), where the temperatures, VPDair and PPFD 

achieved elevated values around midday. The volume pressure curve was 

performed immediately after the previously cited analyzes and in the final of 

experiment the dry mass of each segmentation of the plant was also measured. 

This measure will be detailed, as described below.  

Leaf gas exchange  

Net leaf photosynthetic rate (Anet), stomatal conductance (gs) and 

transpiration rate (E) were measured using a portable open-system IRGA (Li-Cor 

6400xt, LI-COR, Lincoln, USA), with an external CO2 supply of 400 µL L-1, and ca. 

1500 µmol m-2 s-1 of PPFD. The measurements were performed at four 

representative days (December 13, 16, 17 and 18), in two daily periods, morning 

(between 8-9 a.m.) and to midday (between 12-1 p.m.), on completely recently 

developed leaves (usually 4-5th pared from apex) of fully sun exposed plagiotropic 

branches. The results were expressed as the four days medium values relative to 

each daily period (morning and midday). 

The relation between the morning (Anet morning) and midday (Anet midday) net 

photosynthetic rates enabled to calculate percentage (%) of net photosynthetic 

rate variation, that was defined as midday depression of photosynthesis (MDP). 

The equation 1 was applied: 

𝑀𝐷𝑃 = (1 −
𝐴𝑛𝑒𝑡𝑚𝑖𝑑𝑑𝑎𝑦

𝐴𝑛𝑒𝑡𝑚𝑜𝑟𝑛𝑖𝑛𝑔
) 𝑥 100                                               (Eq. 1) 

The similar equations to the Eq. 1 were used to calculate percentage (%) 

of variations in gs and E between morning and midday daily periods. 
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Chlorophyll a fluorescence  

Chlorophyll (Chl) a fluorescence was measured in the same leaves used 

for the gas exchange measurements, on the same days, six times over the day (5 

a.m., 7 a.m., 10 a.m., 1 p.m., 4 p.m. and 7 p.m) using a Pocket PEA fluorometer 

(Hansatech, King‟s Lynn, UK). The sampled leaves were dark-adapted for 30-40 

minutes using leaf clips (Hansatech, King‟s Lynn, UK) to turn the reaction centers 

into an "open" (oxidised QA) state (Bolhár Nordenkampf et al., 1989). The results 

were expressed as the four days medium values relative to each daily period 

(morning and midday).  

From the rapid kinetics of fluorescence emission over time, some 

variables were obtained using JIPtest (Strasser and Tsimilli-Michael, 2001; 

Strasserf et al., 1995; 2004), such as those related to: (1) energy specific flux 

(absorption energy flux per active reaction center (ABS/RC), total energy 

dissipated per reaction center (DI0/RC), flux of excitation energy trapped per active 

reaction center (TR0/RC), electron flux transferred per active reaction center 

(ET0/RC), (2) quantum yield (maximum quantum yield of primary photochemical 

reactions (φPo), probability of electron transport beyond QA (ΨEo), quantum 

efficiency of electron transfer from QA to electron transport chain beyond (φEo), (3) 

performance index of photosynthetic apparatus (PIABS), and (4) density of active 

PSII reaction centers (RC/CS0). 

Leaf water potential 

Leaf water potential at predawn (Ψpd) and at midday (Ψmd) was measured 

in the third pair of leaves from apex of the plagiotropic branch formed top third of 

the plant, immediately after leaf excision, using a pressure chamber (model 3000, 

Soil Moisture Corp., Santa Barbara, CA), according to Schölander et al. (1965). 

Measurements Ψmd were performed on the same days when the gas-exchanges 

and chlorophyll a fluorescence were measured. The equation applied to MDP also 

was used to calculate the midday depression of Ψleaf. The results were expressed 

as the four days medium values relative to each daily period (morning and 

midday). 

Pressure-volume curve (P-V curves) 

P–V curves were determined one week after gas exchange 

measurements, in the same leaves used for the gas exchange measurements and 
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chlrophyll fluorescence, measuring one block for day, leading seven days for full 

analysis. Ten hours before the analyses, the plagiotropic branches containing 

between five to eight pair of leaves were carefully cut and submerged in water until 

full rehydration. The branches were maintained covered with dark plastic bag, to 

ensure the full stomatal close and then full rehydration. Sampled leaves were 

excised from rehydrated branches under water and dehydrated slowly on the 

bench top. 

P–V curves were determined using a Scholander pressure chamber 

(Scholander et al. 1965), followed by the free-transpiration method described in 

previous studies (Talbot et al. 1975; Hinckley et al. 1980; Dreyer et al. 1990). The 

leaf mass and water potential were measured at short intervals at the beginning 

and at higher intervals with time passing until attained the values close to –3 MPa. 

Individual leaf area was measured using a leaf area meter (Li-3100, Li-Cor, 

Lincoln, NE, USA). Individual leaf dry mass was determined after desiccation in a 

forced-air oven at 65 °C for 72 h (Silva and Queiroz, 2006). The parameters were 

obtained from Sack and Pasquet-Kok (2010) protocol. Briefly, the turgor loss point 

(ΨTLP) was estimated as the point of transition between curvilinear and linear 

portions of the graph, plotting the inverse of Ψleaf against leaf relative water content 

(RWC). Osmotic potential (Ψo) was estimated by extrapolating the straight-line 

section to 100% RWC and the bulk modulus of elasticity (Ɛ) from the slope of the 

pressure potential between full turgor and turgor loss point (Sack and Kok, 2010). 

Plant growth traits 

The total leaf area (TLA), leaf number (LN) and plagiotropic branch number 

(PBN). Leaf (LN) and plagiotropic branch number (PBN) were measured in the 

end of the experiment. Posteriorly, leaves, branchs and roots were separated and 

later dried in a forced-air oven at 65 °C for 72 h (Silva and Queiroz, 2006), to 

determine the leaf, branchs and root dry mass. Roots were separated in four parts 

according soil profile (0-0.25; 0.25-0.50, 0.50-0.75 and 0.75-1.0m) to determine 

the root distribution in the soil depth. Before dried root immersion was performed, 

to estimate root volume (RV), applying the equation 2: 

                                          RV= FVPVC - IVPVC                                                 (Eq. 2) 

where, 



37 
 

37 
 

FVPVC was final volume of the tube (after immersion of root), and 

IVPVC was initial volume of the tube (before immersion of root). 

The TLA per plant was measured using a leaf area meter (Li-3100, Li-Cor, 

Lincoln, NE, USA), while specific leaf mass (SLM, g. m−2) was obtained from a 

ratio between leaf dry mass and total leaf area.   

Experimental design and statistical analysis 

The experiment was conducted in a randomized design, with two clones 

(‘A1’ and ‘19’) and seven replicates (plants). The leaf gas exchanges, Chl a 

fluorescence parameters, leaf water potential and root distribution were measured 

in five replicates and submitted to a two-way ANOVA (two factors - clone and daily 

period). When ANOVA p-value was significant (p ≤ 0.05), the Tukey test was 

applied to compare medium values. The plant growth traits variables were 

measured in seven replicates and submitted to t test (p ≤ 0.05) to compare the 

clones, whilst P-V curve parameters were measured in five replicates and 

submitted to t test (p ≤ 0.05) to compare the clones. Linear correlation analyses 

between leaf hydraulic traits, leaf gas exchange parameters at midday, chlorophyll 

a fluoresce parameters at midday, plant growth traits and absolute root dry mass 

distribution were applied. To facilitate the correlations among variables, all studied 

variables were classified into five groups: (i) leaf hydraulic parameters, (ii) leaf gas 

exchange parameters at midday, (iii) chlorophyll a fluorescence parameters at 

midday, (iv) plant growth parameters, and (v) absolute root dry mass distribution. 

All statistical analyses were performed using a R software (R Core Team, 2020). 

 
 
 
 

RESULTS 

 
 
 

Climatic variables and plant conditions 

The photosynthetic photon flux density (PPFD) increased from 5 a.m., 

reaching the maximum values at 12 p.m., and posteriorly decreasing until 6 p.m. 

during the whole period of the experiment, as well as in the representative days 

(Figure S1A and 1A). The maximum values of T (°C) were found between 10 a.m. 
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and 3 p.m. (Figure S1B and 1B).  In observed growth period, about 65% days 

showed T > 30 °C in a daily interval from 11 a.m. to 3 p.m. As expected, the 

relative humidity (RH, %) showed the opposite behavior to T, reaching the 

minimum values between 10 a.m. and 3 p.m. (Figure S1C and 1C). During the 

night, from 6 p.m. to 5 a.m., the values of the air vapor pressure deficit (VPDair) 

were maintained between 0 to 1 MPa (Figure S1D and 1D). The increase of T and 

decrease of RH, which started from 5 a.m., resulted in increased VPDair, reaching 

the maximum values near of the midday (between 11 a.m. and 2 p.m.). More than 

50% of the days from May 2019 to April 2020, showed VPDair higher than 2.5 MPa 

in the midday daily period, as found in the representative days (Figure 1D). 

 

 

Figure 1. Photosynthetic photon flux density (PPFD, A), air temperature (T, B), 
relative humidity (RH, C), air vapor pressure deficit (VPDair, D) during the days 
(December 13, 16, 17, and 18) of gas exchange, chlorophyll a fluorescence, and 
leaf water potencial measurements.  
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Physiological traits: gas exchange, hydraulic traits, and chlorophyll a 

fluorescence 

The net photosynthetic rate (Anet), stomatal conductance (gs) and 

transpiration rate (E) was higher in clone ‘19’ than in ‘A1’. No difference between 

clones was found in the internal CO2 concentration (Ci). The Anet and gs decreased 

in both clones in midday compared to the morning period, whilst E and Ci 

increased (Figure 2). The midday depression of Anet (MDP) was higher in ‘A1’ 

(42.42%) than in ‘19’ (24.85). The midday depression of gs was like Anet MDP, 

where ‘A1’ decreased 27.57% whilst ‘19’ decreased 5.16%. On the other hand, the 

midday depression of E was lower in ‘A1’ (13.69%) than in ‘19’ (38.61%). The Ci 

increased in midday for 17.55% and 14.57% in ‘A1’and ‘19’, respectively, not 

differing among the two clones. 
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Figure 2. Leaf gas exchange parameters in conilon coffee clones (‘A1’ and ‘19’), 
net photosynthetic rate (Anet, A), stomatal conductance (gs, B), transpiration rate 
(E, C) and internal CO2 concentration (Ci, D) measured in two two daily periods 
(morning and midday). For each parameter, the medium values ± statistical error 
(n = 5) followed by different minor letters express significant differences between 
the daily periods, separately for each clone (a, b), or between clones, 
independently of period (A, B) at p ≤ 0.05 using the Tukey test. Red arrows 
represent the relative variation of the leaf gas exchange parameters from morning 
to midday for each clone. 

The leaf water potential (Ψw) decreased at midday, not differing among the 

two clones (Table 2). 

  

Table 2. Leaf water potential measured in two daily periods (predawn and midday) 
in conilon coffee clones (‘A1’ and ‘19’). The medium values ± SE (n = 5) followed 
by different letters express significant differences between the daily periods, (a, b) 
at p ≤ 0.05 using the Tukey test. ns no significative. 

 

Clone 
Leaf water potential (MPa) 

Predawn Midday 

‘A1’ -0.129 ± 0.009ns (100%) -0.820 ± 0.083ns (-635%)* 

‘19’    -0.160 ± 0.016 (100%)   -0.950 ± 0.097 (-594%) 

Medium -0.144 ± 0.053 a (100%) -0.885 ± 0.053 b (-615%) 

* Percentage of leaf water potential decrease from predawn to midday. 

 

The pressure volume curve (P–V curves) parameters [saturated water 

content (SWC) and cell elasticity modulus (Ɛ)] were statistically different between 

‘A1’ and ‘19’ (Table 3). The SWC was 16% higher in ‘A1’ than ‘19’, whilst Ɛ was 

22% lower. No difference was found in the osmotic potential (Ψo), relative water 

content at the turgor loss point (RWCTLP), water potential at turgor loss point (ΨTLP) 

and leaf capacitance at full turgor (C) between the two clones. 

 

Table 3. P–V curves parameters, saturated water content (SWC), osmotic 
potential (Ψo), relative water content at turgor loss point (RWCTLP), cell elasticity 
modulus (Ɛ), water potential at turgor loss point (ΨTLP) and leaf capacitance at full 
turgor (C) measured in conilon coffee clones (‘A1’ and ‘19’). The medium values ± 
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SE (n = 5) followed by different letters express significant differences between 
clones, (a, b) at p ≤ 0.05 using the t test.  

 

* ns, no significative. 

 

The specific energy fluxes parameters were statistically different for both 

clones over the daily period (Figure 3). The absorption energy flux per active 

reaction center (ABS/RC) (Figure 3A), total energy dissipated per reaction center 

(DI0/RC) (Figure 3B) and flux of excitation energy trapped per active reaction 

center (TR0/RC) (Figure 3C) increased from predawn (5 a.m.) until 10 a.m. After 

this daily time, ABS/RC, DI0/RC and TR0/RC for both clones decreased until 

achieved the minimum values at 7 p.m. At midday period (13 p.m.), ABS/RC and 

DI0/RC reduced quicker in ‘A1’ than in ‘19’ (Figure 3A). Furthermore, ABS/RC 

increased 27% from 5 a.m. to 1 p.m. in ‘A1’, whilst in ‘19’ the increase was 

significatively higher (57%). DI0/RC increased 50% from 5 a.m. to 1 p.m. in ‘A1’, 

whilst in ‘19’ increased 120%.  

Clone SWC Ψo (MPa) RWCTLP Ɛ (MPa) ΨTLP (MPa) C (MPa-1) 

‘A1’ 2.08 ± 0.13 a -1.30 ± 0.08  92.97 ± 0.59 17.35 ± 1.52 b -1.54 ± 0.08  0.049 ± 0.004 

‘19’ 1.79 ± 0.08 b -1.44 ± 0.10  93.99 ± 0.57 22.26 ± 1.12 a -1.62 ± 0.09 0.041 ± 0.002 

Pvalue (≤0.05) 0.015 0.170 ns* 0.230 ns 0.015 0.346 ns 0.154 ns 
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Figure 3. Leaf chlorophyll a fluorescence parameters associated to energy specific 
fluxes in conilon coffee clones (‘A1’ and ‘19’) measured in six daily periods (5, 7, 
10 a.m., 1, 4, 7 p.m.). Absorption energy flux per active reaction center (ABS/RC) 
(A), total energy dissipated per reaction center (DI0/RC) (B), flux of excitation 
energy trapped per active reaction center (TR0/RC) (C) and electron flux 
transferred per active reaction center (ET0/RC) (D). For each parameter, the 
medium values ± SE (n = 5) followed by different letters express significant 
differences between the daily periods, separately for each clone (a, b, c, d), or 
between clones for each period (A, B) at p ≤ 0.05 using the Tukey test. 

 

No difference was found in the flux of excitation energy trapped per active 

reaction center (TR0/RC) between the clones over the daily period (Figure 3C), 

only for the period of the day. On the other hand, the electron flux transferred per 

active reaction center (ET0/RC) was higher in ‘A1’ in all daily period than ‘19’ 

(Figure 3D). The higher difference between clones was found at 1 p.m., where ‘A1’ 

showed ET0/RC 30% higher than ‘19’.  

The parameters related to PSII quantum yield were statistically different 

for both clones over the daily period (Figure 4). The maximum quantum yield of 
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primary photochemical reactions (φPo) decreased from 5 a.m. to 1 p.m. in the two 

clones, achieving minimum values between 10 a.m. and 1 p.m. However, the 

recovery of φPo was quick from 10 a.m. to 4 p.m. in ‘A1’, whilst in ‘19’ was slowly 

(Figure 4A). The probability of electron transport beyond QA- (ΨEo) and quantum 

efficiency of electron transfer from QA- to electron transport chain beyond (φEo) 

were affected during 10 a.m. and 1 p.m. daily period in the ‘19’, a decrease of 16 

and 25% in relation 5 a.m., respectively (Figure 4B and 4C). On the other hand, no 

significant decrease in ΨEo and φEo was found in ‘A1’ from 10 a.m. to 1 p.m. 

 

 

Figure 4. Leaf chlorophyll a fluorescence parameters associated to PSII quantum 
yield in conilon coffee clones (‘A1’ and ‘19’) measured over the daily period (5, 7, 
10 a.m., 1, 4, 7 p.m.). Maximum quantum yield of primary photochemical reactions 

(φPo) (A), probability of electron transport beyond QA- (ΨEo) (B), and quantum 

efficiency of electron transfer from QA- to electron transport chain beyond (φEo) 

(C). For each parameter, the medium values ± SE (n = 5) followed by different 
letters express significant differences between the daily periods, separately for 
each clone (a, b, c, d), or between clones for each period (A, B) at p ≤ 0.05 using 
the Tukey test. 
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The photosynthetic performance index (PIABS) decreased from 5 a.m. to 1 

p.m in ‘19’ (67%), whilst was unchanged in ‘A1’ over the daily period. The density 

of active PSII reaction centers (RC/CS) also decreased from 5 a.m. to 10 a.m., 

without difference between the clones. 

 

Figure 5. Leaf chlorophyll a fluorescence parameters associated to photosynthetic 
performance index (PIABS) (A) and density of active PSII reaction centers (RC/CS0) 
(B) in conilon coffee clones (G-A1 and G-19) over the daily period (5, 7, 10 a.m., 1, 
4, 7 p.m.). For each parameter, the medium values ± SE (n = 5) followed by 
different letters express significant differences between the daily periods, 
separately for each clone (a, b, c), or between clones for each period (A, B) at p ≤ 
0.05 using the Tukey test. 

Morphological traits: shoots and roots 

The branch dry mass (BDM) and plagiotropic branch number (PBN) were 

statistically different between the clones (Table 4). ‘A1’ showed 40% and 33% 

higher BDM and PBN than ’19', respectively. No statistical difference was found in 

the root volume (RV), root dry mass (RDM), shoot dry mass (SDM), leaf fry mass 

(LDM), leaf area (LA) and leaf number (LN). 

Table 4. Root and shoot morphological traits in conilon coffee clones (‘A1’ and 
‘19’), root volume (RV), root dry mass (RDM), shoot dry mass (SDM), branch dry 
mass (BDM), leaf dry mass (LDM), leaf area (LA), leaf number (LN), and 
plagiotropic branch number (PBN). 
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Variables 
Clone 

P-value (≤0.05) 
‘A1’ ‘19’ 

RV (m3)ns 0.00070 (± 0.00004) 0.00064 (± 0.00006) 0.4072 
RDM (Kg)ns 0.121 (± 0.009) 0.108 (± 0.012) 0.3254 
SDM (Kg)ns 0.227 (± 0.01) 0.209 (± 0.01) 0.0707 
BDM (Kg)* 0.107 (± 0.006) 0.091 (± 0.005) 0.0194 
LDM (Kg)ns 0.120 (± 0.004) 0.118 (± 0.008) 0.7671 
LA (m2)ns 1.35 (± 0.06) 1.25 (± 0.09) 0.268 
LNns 410.29 (± 32.71) 342 (± 44.45) 0.0846 
PBN* 38.71 (± 2.51) 29.14 (± 3.28) 0.0405 

For each parameter, the medium values ± SE (n = 7) followed by different letters 
express significant differences between clones at p ≤ 0.05 (when significant 
marked in bold) using the t test. ns, no significative.  

 

Statistical difference was found in the absolute root dry mass distribution 

between the clones when the analyze was performed over the soil depth (Figure 

5). Both clones showed the highest concentration of the root dry mass in the 

superficial soil layer of 0-0.25m. The root dry mass was higher in ‘A1’ than in ‘19’ 

until 0.5m of the soil depth. In the deepest soil layer, from 0.75 to 1.0 m, the root 

dry mass was higher in ‘19’ than in A1’. No difference was found in the absolute 

root dry mass from 0.25 to 1.0m in ‘19’, whilst in ‘A1’ the absolute root dry mass 

decreased over the soil depth (0.25-0.50 > 0.50-0.75 = 0.75-1.0m). 
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Figure 5. Absolute root dry mass distribution over the soil depth in conilon coffee 
clones (A1 and 19) cultivated in PVC tubes from May of 2019 to April of 2020. The 
medium values ± SE (n = 5) followed by different letters express significant 
differences between clones, separately for each soil depth (A, B), or between soil 
depth for each clone (a, b) at p ≤ 0.05 using the Tukey test. 

 

The studied variables from six groups were intercorrelated (Figure 6). The 

leaf hydraulic parameters showed a few correlations with other groups of 

parameters. SWC was negatively correlated to Ɛ and positively to C, whilst Ψo was 

positively correlated to ΨTLP and RV. ΨTLP was positively correlated to RV and 

RDM. The main correlations of the leaf hydraulic parameters were obtained for the 

Ɛ and C, which were negatively correlated, as expected. Interestingly the Ɛ was 

positively correlated to Anet and negatively to root dry mass from 0 to 0.25m 

(RDM0-0.25m). On the other hand, C was negatively correlated to Anet, gs and E. 
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Figure 6. Graphical presentation of coefficients (values corresponding to circle 
size and color intensities) and p-values (<0.05 when not crossed) for correlations 
among leaf hydraulic parameters [saturated water content (SWC), osmotic 
potential (Psio), water potential at turgor loss point (PsiTLP), relative water content 
at turgor loss point (RWCTLP) and cell elasticity modulus (e)], leaf gas exchange 
parameters at midday [net photosynthetic rate (Anet), stomatal conductance (gs), 
transpiration rate (E) and internal CO2 concentration (Ci)], chlorophyll a 
fluorescence parameters at midday [absorption energy flux per active reaction 
center (ABS/RC), total energy dissipated per reaction center (DI0/RC), electron flux 
transferred per active reaction center (ET0/RC), maximum quantum yield of 
primary photochemical reactions (φPo), quantum efficiency of electron transfer from 
QA- to electron transport chain beyond (φEo), photosynthetic performance index 
(PIABS) and density of active PSII reaction centers (RC/CS0)], plant growth 
parameters [root volume (RV), root dry mass (RDM), total dry mass (LDM), shoot 
dry mass (SDM), branch dry mass (BDM), leaf number (LN) and plagiotropic 
branch number (PBN)] and absolute root dry mass distribution [root dry mass 
from 0 to 0.25m (RDM0-0.25m), root dry mass from 0.25 to 0.50m (RDM0.25-0.50m), 
root dry mass from 0.50 to 0.75m (RDM0.50-0.75m) and root dry mass from 0.75 to 
1.0m (RDM0.75-1.0m) in Coffea canephora. 
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The leaf gas exchange parameters at midday (Anet, gs and E) were 

intercorrelated, as expected (Figure 6). The Anet was positively correlated to 

DIo/RC and root dry mass from 0.75 to 1.0m (RDM0.75-1.0m), and negatively 

correlated to ETo/RC, φPo, φEo, PIABS and PNB. The gs and E also showed a 

positive correlation with the RDM0.75-1.0m, whilst the correlation between gs or E 

with ETo/RC, φEo, PIABS was negative.  

The chlorophyll a fluorescence parameters at midday showed high 

correlations with other groups of parameters (Figure 6). The ABS/RC was 

positively intercorrelated to DIo/RC and negatively to φEo and PIABS, as well as was 

negatively correlated to total dry mass (TDM), SDM, BDM and RDM0-0.25m. The 

DI0/RC was negatively correlated to all chlorophyll a fluorescence parameters at 

midday (ET0/RC, φPo, φEo, PIABS and RC/CS0), except to ABS/RC. Interestingly, 

the DI0/RC was negatively correlated to TDM, SDM, BDM, LN, PBN and RDM0-

0.25m, whilst φPo showed a positive correlation to theses parameters. The ETo/RC 

was intercorrelated to φPo, φEo and PIABS, but also positively correlated to TDM, 

LN, RDM0-0.25m and root dry mass from 0.25 to 0.50m (RDM0.25-0.50m). Interestingly, 

ETo/RC and φEo were negatively correlated to RDM0.75-1.0m. On the other hand, the 

PIABS was positively correlated to TDM, RDM0-0.25m and RDM0.25-0.50m, whilst 

RC/CSo was positively correlated to RDM, TDM and RDM0-0.25m. 

The plant growth parameters (TDM, SDM, BDM, LN and PBN) were 

intercorrelated, as expected. Finally, a positive correlation between TDM and 

RDM0-0.25m was found, evidencing that the roots in the first 0.25m of the soil profile 

imply directly in the TDM.  

 
 
 
 

DISCUSSION 

 
 
 

Mechanisms of midday depression of photosynthesis: stomatal, hydraulic, 

and photochemical limitations 
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Anet is determined by the characteristics of the photosynthetic apparatus, 

that change the capacity during plant growth and under the impact of environment, 

i.e. irradiance, temperature and mineral nutrient supply (Guo et al., 2009). Then, 

the midday depression of leaf gas exchange [(Anet and stomatal conductance (gs)] 

have been suggested to be caused by an increase in leaf-to-air VPD (VPDleaf-air) 

(Roessler and Monson 1985; Raschke and Resemann 1986; Tenhunen et al. 

1987), as well as, by long periods of high photosynthetic photon flux density 

(PPFD) (Kuppers et al., 1986; Chaves et al., 1987; Correia et al., 1990), as found 

in our work.  

The gs of coffee leaves is highly sensitive to changes in VPDleaf-air, even 

under well-watered conditions, and decrease drastically with VPDair increase 

(Barros et al., 1997; Silva et al., 2004; Ronquim et al., 2006; Chaves et al., 2008; 

Franck and Vaast, 2009), mainly in ‘A1’. The ‘A1’ was more sensitive to midday 

VPDair increase than ‘19’, reducing the gs and consequently, the Anet. The 

stringency of stomatal regulation differs considerably in different tree species 

(Klein, 2014; Meinzer et al., 2017), as well as, to the same species, as observed in 

‘A1’ and ‘19’.  

The stomatal regulation could be related to the difference in the cell 

elasticity modulus (Ɛ) between the two studied clones. The elastic and osmotic 

adjustment may represent an alternative of plants to maintain cell turgor to reduce 

or avoid desiccation-induced tension (Kramer and Boyer, 1995; Pallardy, 2008; 

Blum, 2016). An increased Ɛ, as found in ‘19’, leads to stiffer cell walls, which 

results in a greater water potential drop upon a unit of cellular water lost and thus 

may lead to greater soil-to-leaf water potential gradients (Cheung et al., 1975; 

Kramer and Boyer, 1995), improving the root water uptake. Yet, the ‘19’ showed a 

higher capacity to uptake the deeper water in the soil, due the higher RDM0.75-1.0m, 

positively correlated to Ɛ. Furthermore, the higher Ɛ in ‘19’ could be linked to 

greater foliar tissue density (Niklas, 1991; Niinemets, 2001), in our work expressed 

as specific leaf mass. On the other hand, the photochemical apparatus in ‘A1’ was 

less damaged over the daily period than in ‘19’, manly at midday, as observed 

through parameters related to energy specific fluxes, quantum yield and 

photosynthetic performance index.  
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The ABS/RC increase was accompanied by increase in the TR0/RC and 

hence DI0/RC for both clones from predawn to midday, as reflex of sunlight 

radiation increase and reaction centers inactivation (RC/CS0 decrease). However, 

the extension of photoinhibition depends on the balance between photodamage 

and repair mechanisms of photosystem II center (Demmig-Adams et al., 2012), 

that was more effective and/or less demanded in ‘A1’ than in ‘19’.  

The ’A1’ maintained a high ET0/RC over the daily period and a quick 

decrease in ABS/RC, TR0/RC, and DI0/RC, when compared to ‘19’. Hence, there 

were lower decreases in φPo, ΨEo, φEo and PIABS at midday period in ‘A1’ than in 

‘19’. The light-harvesting function of the leaf is compromised at lower water status 

than those cause a significative hydraulic function loss (Trueba et al., 2019) in 

‘A1’, but not in ‘19’, because the late maintained higher stomatal aperture at 

midday.  

The maintenance of a higher Anet at midday in ‘19’ than in ‘A1’ was clearly 

influenced by the higher stomatal aperture. But the high PPFD intensity in the 

midday triggered a higher photochemical damage in the photosynthetic apparatus, 

demanding of the higher activity of the PSII repair mechanisms. Clearly, the 

maintenance of a higher Anet in ‘19’ was a disadvantage, looking from a 

photochemical view, due the negative correlation between Anet and Chl a 

fluorescence parameters (ETo/RC, φPo, φEo, PIABS) at midday. This mean that ‘A1’ 

showed higher efficiency and/or a lower demand to PSII repair mechanisms at the 

period of high sunlight radiation than ‘19’, although both clones showed a 

reversible photochemical damage until the beginning of the evening, by the 

complete recovery of the chlorophyll a fluorescence parameters (Figures 3, 4, and 

5). 

Midday depression of photosynthesis: adaptative trait to environment 

conditions? 

As discussed in the previous topic, the two clones showed clear difference 

in the stomatal sensibility, which triggered the MDP response. However, no 

difference was found in the shoot growth between the two clones (Table 4), which 
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induced the question: Does the MDP is an adaptative trait, or one specific 

environmental sensibility?  

The higher stomatal sensibility in ‘A1’, enabled a leaf cell turgor loss, a 

higher stomatal closing at midday and hence a higher leaf wilt, when compared to 

‘19’. This cascade of responses decreased the photochemical damages of leaf 

exposition to sunlight. This could be related to leaf angle more perpendicular to 

sun rays in midday in 19’ than in ‘A1’, as the opposite strategy in avoiding MDP. 

On the other hand, even in well-watered soil condition, the combination of leaf 

hydraulic trait (cell elasticity modulus) and deep rooting (down of 0.75m) enabled a 

higher Anet at midday in ‘19’ than in ‘A1’ (Figure 6), indicating that deep rooting can 

improve the water absorption even in well-watered soil conditions. But the 

negative correlation of Anet to Chl a fluorescence parameters at midday (ETo/RC, 

φPo, φEo, PIABS) indicated that a higher energetical cost in the PSII repair 

mechanisms was requested in ‘19’ than in ‘A1’.  

The higher MDP can result in a lower carbon assimilation during the 

midday period in ‘A1’, but a lower photochemical damage and hence lower 

energetic cost for PSII repair, whilst a opposite response was found in ’19. That is, 

the clones showed a different acclimation response to the environment, ruled for 

distinct pathways. Then, in the well-watered soil conditions, the combination of 

VPDair and PPFD peaks at midday together with higher MDP in ‘A1’ than in ‘19’ 

could be considered not as disadvantage or advantage, respectively, but as the 

resulted of a distinct acclimation responses (adaptative trait) adopted by each 

clone. In the projection to the water deficit conditions (not studied in this work), 

high stomatal sensibility associated to poor deep rooting, as found in ‘A1’, could be 

one disadvantage. In an agricultural context, where the ‘tolerance concept’ is 

related to plant survival, growth and mainly to production capacity, the 

maintenance of the plant water status and stomatal aperture under water deficit 

conditions would be fundamental.  

The combination of the stomatal control of CO2 access to carboxylation 

sites and the deep rooting, including the carbon assimilation for biomass 

partitioning, is characterizing a drought-tolerant coffee plants (DaMatta et al., 

2003; Pinheiro et al., 2005; Silva et al., 2013). Then, although the plants showed 

an acclimation capacity as a function of the daily variation in environment 
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conditions, the higher gs at midday and deep rooting of ‘19’, even in well-watered 

soil conditions, are traits that could enable a higher water deficit tolerance when 

compared to ‘A1’. 

 
 
 
 

CONCLUSION 

 
 
 

We study can show that the MDP phenomenon can not be adoted as a 

parameter to define the tolerance or sensibility of the plant to the high VPDair and 

PPFD, since the plants use different strategies to face the environment conditions, 

which can result in an increase or decrease of MDP, do not meaning lower or 

higher plant adaptability. Than, the maintenance of photosynthesis intensity 

around midday did not contribute to higher net carbon gain over the day and 

hence higher plant growth, discarding we first hypothesis. The MDP was 

influenced by stomatal and non-stomatal effects for both clones, being the MDP in 

‘A1’ more influenced by stomatal effects, whilst in ‘19’ by non-stomatal effects. The 

deep rooting (RDM 0.75-1.0m) impacted on stomatal responses due the positive 

correlation with gs and Ɛ, enabling a better water supply to the plant tissues. 
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4. CAPÍTULO 2 

MORPHOLOGICAL, PHYSIOLOGICAL AND ANATOMICAL RESPONSES IN 

CONILON COFFEA TREE UNDER REPETED WATER DEFICIT CONDITIONS: 

AN ANALYSIS FROM ROOT TO LEAF 

 
 
 
 

ABSTRACT 

 
 
 
The understanding of the morphological, anatomical, and physiological changes 

involved in the acclimation response to water deficit is of crucial importance to the 

selection process of tolerant/resilient clones, with high productive potential for 

regions where recurrent episodes of drought are frequent. The experiment was 

carried using two clones of Coffea canephora Pierre ex Froehner with contrasting 

tolerance to water deficit [clones ‘3V’ (deep root growth) and ‘A1’ (less deep root 

growth)]. All the plants were watered daily during the first 60 days after 

transplanting, and after, seven plants of each clone were exposed to soil water 

deficit (WD), whilst seven plants were maintained well-watered soil (WW, control). 

The WD was applied until the soil water potential achieve value ≤ -300 kPa in both 
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clones and the two observed soil depths (10 and 50 cm), after which the plants 

had been rewatered until a complete recovery of net photosynthetic rate (Anet). 

Posteriorly, a new WD event was applied, totalizing two WD events. The following 

analyzes were performed: leaf gas exchanges, non-modulated and modulated 

chlorophyll a fluorescence, leaf hydraulic, leaf, branch and root morphology. The 

water deficit caused negative impact to plant growth in both clones (‘3V’ and ‘A1’). 

The ‘3V’ showed less decrease in the plant growth parameters under water deficit 

than ‘A1’. The root growth in deeper soil layer was advantageous only under the 

mild water deficit, in the beginning of the water withdrawn. The quicker Anet and gs 

recoveries after rewatering were associated to higher deep root system and plant 

growth, evidence that ‘3V’ was more tolerant to water deficit than ‘A1’. The 

combined hydraulic, anatomic, photosynthetic, and photochemical adjustments 

were shown as more determinant in acclimation process to repeted several water 

deficits, than the deep root system. 

Key words: Acclimation capacity, Coffea canephora, repeted water deficit, 

rewatering, root depth. 

 
 
 
 

RESUMO 

 
 
 
O entendimento das alterações morfológicas, anatômicas e fisiológicas envolvidas 

na resposta da aclimatação ao déficit hídrico é de fundamental importância para o 

processo de seleção de clones tolerantes/resilientes, com alto potencial produtivo 

para regiões onde episódios recorrentes de seca são frequentes. O experimento 

foi realizado usando dois clones de Coffea canephora Pierre ex Froehner com 

tolerância contrastante ao déficit hídrico [clones '3V' (crescimento radicular 

profundo) e 'A1' (crescimento radicular menos profundo)]. Todas as plantas foram 

regadas diariamente durante os primeiros 60 dias após o transplante e, após, sete 

plantas de cada clone foram expostas ao déficit hídrico do solo (WD), enquanto 

sete plantas foram mantidas em solo bem irrigado (WW, controle). O WD foi 

aplicado até que o potencial hídrico do solo atingisse valor ≤ -300 kPa em ambos 

os clones e nas duas profundidades de solo observadas (10 e 50 cm), após o que 
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as plantas foram reidratadas até a recuperação completa da taxa fotossintética 

líquida (Anet). Posteriormente, foi aplicado um novo evento WD, totalizando dois 

eventos WD. Foram realizadas as seguintes análises: trocas gasosas foliares, 

fluorescência de clorofila a não modulada e modulada, hidráulica foliar, morfologia 

foliar, ramal e radicular. O déficit hídrico causou impacto negativo no crescimento 

das plantas em ambos os clones (‘3V’ e ‘A1’). O '3V' apresentou menor queda nos 

parâmetros de crescimento das plantas sob déficit hídrico do que o 'A1'. O 

crescimento radicular na camada mais profunda do solo foi vantajoso apenas sob 

déficit hídrico moderado, no início da retirada de água. As recuperações mais 

rápidas de Anet e gs após a reidratação foram associadas a maior sistema 

radicular profundo e crescimento das plantas, evidência de que ‘3V’ foi mais 

tolerante ao déficit hídrico do que ‘A1’. Os ajustes hidráulicos, anatômicos, 

fotossintéticos e fotoquímicos combinados mostraram-se mais determinantes no 

processo de aclimatação para repetir vários déficits hídricos, do que o sistema 

radicular profundo. 

Palavras-chave: Capacidade de aclimatação, Coffea canephora, déficit hídrico 

repetido, reidratação, profundidade radicular. 

 
 
 
 

INTRODUCTION 

 
 
 

Brazil is the second largest producer of Coffea canephora in the world 

(Machado Filho et al., 2020), with the Espírito Santo State, Southeast Brazil, 

responsible for ca. 15% of the world's yield (Venancio et al., 2020). This region is 

characterized to have a dry climate (Machado Filho et al., 2020), demanding 

irrigation to allow adequate crop yields. However, the limitation of water availability 

for irrigation have increased due to larger areas of agricultural soil, and due to 

ongoing global climate change, which has increased the frequency and severity of 

drought events (DaMatta et al., 2010; 2018). Therefore, the selection of drought 

tolerant coffee cultivars, which can produce acceptable yields under conditions of 

water scarcity, is of crucial importance (Silva et al., 2013). 
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In general, plant drought resistance is associated to drought escape via a 

short plant and/or leaf life cycle or developmental plasticity (Manavalan et al., 

2009), drought tolerance via antioxidant capacity, osmotic adjustment, and 

dehydration endurance (Yue et al., 2006; Luo, 2010), deep root (Hammer et al., 

2009; Steele et al., 2013), or drought avoidance via reduced water loss and 

enhanced water uptake (Luo, 2010; Tardieu, 2013), being common to have a mix 

of several mechanisms. The avoidance of dehydration is associated to a variety of 

adaptive traits to maximize water uptake and minimize water loss, which can be 

brought about by a combination of morphological, physiological, and anatomical 

adaptations (Ennajeh et al., 2010). 

The major effects often observed during the early phases of a drought are 

growth impairments and photosynthetic decline, due to reduced cell turgor and 

stomatal closure, respectively (Martins et al., 2019). Decreases in gs and hydraulic 

conductance under drought conditions prevent excessive water loss and limit the 

leaf damages caused by low leaf water potentials, but parallelly decrease the 

carbon dioxide uptake and hence biomass accumulation and yield (Silva et al., 

2013).  

Photosynthetic capacity and water balance in plants are determined by 

leaf anatomy (Terashima et al., 2011). The thickness of palisade parenchyma cells 

is an important feature that governs the ability to withstand water stress (Ennajeh 

et al., 2010). Drought tolerant cultivars often present a thicker sponge parenchyma 

with large intercellular space, to facilitate CO2 diffusion (Hajnajari et al., 2019). 

Mild drought stress can cause a decrease in photosynthetic capacity by 

stomatal limitation, that are regulated for example, by expression of the antioxidant 

genes precursors of ABA synthesis involved in the stomata closure to minimize 

water loss (Fernandes et al., 2021). However, in several levels of the stress, non-

stomatal limitations, including inhibition or damage of biochemical metabolism and 

photochemical reactions (Beyel and Bruggemann, 2005; Xu et al., 2008; Guóth et 

al., 2009) and proteomic changes can occur (Marques et al., 2022). 

Measurements of chlorophyll a fluorescence is a useful and accurate 

technique to evaluate the photochemical machinery functioning (PSII activity), and 

to obtain insights regarding the efficiencies of energy transfer and heat dissipation 

(Ripoll et al., 2016), contributing to characterize the acclimation mechanisms to 
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stress (Misra et al., 2012; Kalaji et al., 2014; 2016). Based in the fast fluorescence 

kinetics of chlorophyll a fluorescence, the JIP-test allows to measure several 

photochemical related parameters (Strasserf et al., 1995; Yin et al., 2010).  

Additionally, chlorophyll fluorescence quenching analysis helps to evaluate 

photosystem II (PSII) photoinhibition (van Kooten and Snel, 1990; Bolhàr-

Nordenkampf and Öquist, 1993). Quenching analysis permits the separation of the 

contributions of photochemical and non-photochemical processes in the 

quenching of variable fluorescence, inducing a temporary closure of all PSII 

reaction centers by a high saturating light pulse (Schreiber et al., 1995; Baker, 

2008). Analyzing the PSII efficiency under drought can provide a rapid indication 

of variations in drought tolerance ability of plants. However, the relations between 

photosynthetic gas exchange and chlorophyll a fluorescence with hydraulic 

parameters under drought stress conditions has not been well characterized 

(Reddy et al., 2019). 

In the last decade, the knowledge of the mechanisms associated to 

drought tolerance has grown, in which the majority was considering drought as a 

single event that occurs only once in the plant life (Silva et al., 2017). However, 

this is well different from natural conditions, in which repeated drought and 

recovery cycles are more common than a single prolonged drought event (Galle et 

al., 2011). Thus, some care must be taken to extrapolate information associated 

with drought responses obtained from a single drought event (Silva et al., 2017). 

Non-irrigated and irrigated crops are subjected to cycles of drought stress 

and rewatering in both temperate and arid climates (Perrone et al., 2012). 

Interesting example of non-irrigated and irrigated cycles on the root is the partial 

rootzone drying (PRD) (Tesfaye et al., 2013). The process of the plant repairing of 

the drought-induced damages and restarting the growth is complex, because it 

involves the rearrangement of many metabolic pathways (Chen et al., 2016). 

Therefore, plants can develop a kind of acclimation when previously exposed to a 

stress agent, which can potentiate their defense responses, to prepare them to a 

subsequent exposure to that stress agent (Bruce et al., 2007; Iwasaki and 

Paszkoski, 2014; Fleta-Soriano and Munné-Bosch, 2016; Menezes-Silva et al., 

2017). Still, the velocity of photosynthetic decline during drought, the velocity of 

recovery from drought after rewatering and the potential acclimation to recurrent 
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drought cycles was only explored in a few cases (Galle et al., 2011), by 

comparison with single drought and recovery studies. 

The response of the plants to water deficit is directly influenced by root 

system traits, that affect the amount of water and nutrient absorption, and are 

important for maintaining crop yield under water stress conditions (Narayanan et 

al., 2014). Several studies in various crops (sorghum, pulses, rice, maize, and 

wheat) have reported the importance of the deep root system for uptake of water 

from deeper soil layers under water deficit conditions (Eissenstat et al., 1992; 

Krishnamurthy et al., 1999; Kashiwagi et al., 2006; Reynolds et al., 2007; Hammer 

et al., 2009; Manschadi et al., 2010; Wasson et al., 2012; Steele et al., 2013). 

However, plants with a large root system are partitioning more photosynthetic 

products to roots, which implies a reduced partition to reproductive growth (Ma et 

al., 2013). Furthermore, clones with deep root growth could be more 

advantageous under the mild soil water deficit, during wich the drought does not 

achieve deeper soil profile. 

Better understanding of morphological, anatomical, and physiological 

traits, from root to the leaf, involved in the mechanisms of drought responses, may 

provide insights and facilitate the selection of promising C. canephora clones for 

future coffee cropping in drought-prone regions. In this context, some questions 

were addressed as: (1) Does exist the difference in the photosynthetic and 

photochemical declines during water deficit and recovery time among contrasting 

deep root growth coffee clones? (2) Do the coffee clones show an acclimation 

response to previous water deficit when subjected to two consecutives water 

deficit events? (3) What are the morphological, physiological, and anatomical 

integrated acclimation responses in the contrasting deep root growth coffee clones 

when subjected to two consecutives water deficit event? We hypothesized that the 

higher deep root growth clone would have a vantage under the mild water deficit, 

being able to allow delay or avoid cell dehydration, maintaining higher leaf 

photosynthetic activity during the repeated drought event. Also, it was hypothized 

that under the several water deficits, the phenotypical plasticity (acclimation 

mechanisms) is determinant for the C. canephora plant establishment and growth.  
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MATERIAL AND METHODS 

 
 
 
Local of experiment, specie characterization and useful information 

The experiment was carried out in the greenhouse at the State University 

of Northern Fluminense, Campos dos Goytacazes (21º44’47” S and 41º18’24” W 

at 10 m altitude), using two clones of C. canephora Pierre ex Froehner with 

contrasting root growth coffee clones (clones ‘3V’ and ‘A1’, previously 

characterized as deeper root growth and lower deep root growth, respectively). On 

November 2020, five-month-old seedlings (14 of each clone, summing 28 

seedlings) produced from cuttings were transplanted to PVC tubes (1.0 x 0.2 m of 

height and diameter, respectively). Tubes were filled with substrate composed of 

red-yellow latosol and sand in the 4:1 proportion, respectively. Soil chemicals 

analysis was performed to determine the soil fertility and ensure the adequate 

fertilization according to crop requirements (Prezotti et al., 2007).   

All plants were watered daily to maintain the soil under the suitable water 

availability during the first 60 days after transplanting. After this period, seven 

plants of each clone were exposed to soil water deficit (WD), whilst remaining 

seven plants were maintained well-watered soil (WW, control). The WD was 

applied in the following: the water withdrawn until the soil water potential (Ψsoil) 

achieve value  -300 kPa (-0.3MPa) in both clones and both soil depths (10 and 

50 cm) (Figure 1). After this moment, the plants were rewatering until a complete 

recovery of net photosynthetic rate at 1500 µmol m-2 s-1 (Anet1500). This process 

from the water withdrawn until the maximum Anet1500 recovery was named as a WD 

event. Thirty days after rewatering (sufficient period to permit a complete growth of 

new leaves developed after WD), a new WD event was applied (Figure 1). It mean 

that plants were subjects to two WD events, named as first WD event (WD-1) and 

second WD event (WD-2). The period after the first water withdrawn and at the 

end of the experiment was called DSWD (days of soil water deficit). After the end 

of the WD-2 and recovery, the plant root and shoot analyses were performed. 



69 
 

69 
 

 

 

 

 

Figure 1. Scheme design water stress events applied in Coffea canephora plants. 
Anet1500= net photosynthetic rate at 1500 µmol m-2 s-1. Rewatering was applied at 
23 and 21 days after water cut in the WD-1 and WD-2, respectively, when the Ψsoil 

achieved value ≤ -300 kPa. 

The micrometeorological variables as air temperature (Tair, °C), relative 

humidity (RH, %), air vapor pressure deficit (VPDair, kPa) and photosynthetic 

photons fluxes density (PPFD, µmol m-2 s-1) were recorded each 60 minutes, using 

a Weather Station Watchdog 2000 (Spectrum Technologies, Plainfield, IL, USA). 

The soil water potential was recorded each 30 minutes in uninterrupted days since 

transplanting (November 12) until the end (April 20) of the experiment, using a 

TEROS 21 water potential sensor and stored to a data logger (ZL6 PRO, Meter 

Group, USA). One sensor at 10 cm of deep from soil surface was installed in each 

control (3VWW and A1WW), whilst in 3VWD and A1WD were installed two 

sensors for treatment, the first one at 10 cm and the second at 50 cm of deepth 

from soil surface.  

Leaf water potential 

Leaf water potential (Ψleaf) was measured in the 23 and 71 DSWD, 

benchmarks for the two WD events to start rewatering the soil, based in the Ψsoil ( 

-300 kPa, -0.3MPa). This was made to attest that the plants were in a several WD. 

Measurements were made at predawn in the third pair of leaves from apex of the 

3rd plagiotropic branch formed from the top of the plant. It was measured 

immediately after the leaf excision, using a pressure chamber (model 3000, Soil 

Moisture Corp., Santa Barbara, CA, USA), according to Schölander et al. (1965). 
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Leaf gas exchange measurements  

Anet1500, stomatal conductance (gs) and transpiration rate (E) were 

measured using a portable open-system IRGA (Li-Cor 6400xt, LI-COR, Lincoln, 

USA), with an external CO2 supply of 400 µL L-1, and ca. 1500 µmol m-2 s-1 of 

irradiance.  The measurements were performed at midday (between 12-1 p. m.) 

each two days in the WD-1 and each three days in the WD-2, on the fully 

expanded leaves, which correspond to the third or fourth leaf pair from the apex of 

the 2nd order plagiotropic (lateral) branches, from the upper part of the plant. 

From leaf gas exchange measured, it was possible to calculate the relative 

variation (%) for each parameter (´X´) between WD and WW conditions in the two 

clones. The following equation was applied. 

′𝑋′ 𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑣𝑎𝑟𝑖𝑎𝑡𝑖𝑜𝑛 = (1 −
´𝑋´𝑊𝐷

´𝑋´𝑊𝑊
) 𝑥 100                                 Eq. 1 

The results were shown as absolute values for a control treatment and as 

relative variation values for plants subjected to WD.  

Chlorophyll a fluorescence evaluation 

Non-modulated fluorescence 

Chlorophyll (Chl) a fluorescence was measured in the same leaves used 

for the gas exchange evaluations, on the same period and days, using a Pocket 

PEA fluorometer (Hansatech, King‟s Lynn, UK). The sampled leaves were dark-

adapted for 30-40 minutes using leaf clips (Hansatech, King‟s Lynn, UK) to turn 

the reaction centers into an "open" (oxidized QA) state (Bolhar-Nordenkampf et al., 

1989).  

From the rapid kinetics of fluorescence emission over time, some 

variables were obtained using JIP-test (Strasser and Tsimilli-Michael, 2001; 

Strasserf et al., 1995, 2004), such as those related to: (a) quantum yield 

[maximum quantum yield of primary photochemical reactions (ΦPo), probability of 

electron transport beyond QA (Ψo), quantum efficiency of electron transfer from QA 

to electron transport chain beyond QA (ΦEo)], (b) performance index of 

photosynthetic apparatus (PIABS) and (c) density of active PSII reaction centers 

(RC/CS). 
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From JIP-test variables, the relative variation (%) for each parameter (´X´) 

between WD and WW conditions in the two clones was calculated (Eq. 1). The 

results were shown as absolute values for control treatment of two clones and as 

relative variation values for plants subjected to WD. 

Modulated fluorescence  

With the portable photosynthesis system (LI6400XT, LI-COR, Lincoln, NE, 

USA) equipped with a fluorescence chamber (LI-6400-40), chlorophyll 

fluorescence was recorded at predawn and midday, in a frequency of two days 

during the WD-1, and in a frequency of three days during the WD-2. For the 

modulated fluorescence were used the same leaves as for leaf gas exchange 

measurments. Leaves were allowed for dark adaptation overnight, and at 

predawn, minimal (F0) and maximal (Fm) fluorescence were recorded.  A light 

intensity as high as possible to induce the fluorescence without inducing 

photosynthesis was applied to record F0, followed by the application of saturating 

light pulse to record Fm. At midday, on the same leaves measured at predawn, but 

now adapted to light, an illumination by actinic light of 1500 µmol m−2 s −1 (10% 

blue, 90% red) was carried out in a sufficient time to enable a stabilization of gas 

exchange parameters and photochemical dissipation. It was followed by an 

application of saturating light pulse of 8000 μmol m−2 s−1 for 0.8 s, to record the 

light-adapted maximum fluorescence (Fm’). Immediately, the actinic light was turn 

off and far-red light was applied to determine F0’. The following parameters were 

calculated:  

• ΦPSII - proportion of absorbed light that is actually used in PSII photochemistry 

(Genty el al., 1992): 

ΦPSII = (Fm’ - Fs)/Fm’                                           Eq.2 

•  qP - relates PSII maximum efficiency to operating efficiency, which is non-

linearly related to proportion of open PSII centres (Murchie and Lawson, 2013): 

qP = (Fm’- Fs)/(Fm’- Fo’)                     Eq. 3 

• NPQ - photo-protective process that removes excess excitation energy within 

chlorophyll-containing complexes and prevents the likelihood of formation of 

damaging free radicals (Murchie and Lawson, 2013): 

NPQ= (Fm - Fm’)/Fm’                                            Eq. 4 
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where Fs is the steady-state fluorescence yield.  

• ETR - linear electron transport rate was calculated using the photochemical 

efficiency at electron transport of PSII (ΦPSII) (Krall and Edwards, 1992): 

ETR= ΦPSII*PPFD*αleaf*f                                    Eq. 5 

where α is the fractional absorbance of light by the leaf, assumed as 0.85 (LI-COR 

Biosciences manual, 2012) based on Baker (2008) and f is the partitioning of 

absorbed quanta between photosystems I and II, that was assumed to be 0.5 (LI-

COR Biosciences, 2012).   

From the obtained non-modulated fluorescence parameters, the relative 

variation (%) for each parameter (´X´) between WD and WW conditions in the two 

clones was calculated (Eq. 1). The results were shown as absolute values for 

control treatment of two clones and as relative variation values for plants subjected 

to WD. 

Leaf spectral indices  

The leaf spectral reflectance was measured on the same leaves used for 

the gas exchange evaluation, considering the same periods and days, using 

CI710/720 Miniature Leaf Spectrometer (CID - Bioscience, Camas, WA, USA). 

Measurements were conducted from 400 nm to 1000 nm wavelength as per the 

inbuilt software of the system and. We used various indices calculated through 

standard refereed techniques included in per the in-built software of the CI-

710/720 system, as anthocyanin reflectance index (ARI), carotenoid reflectance 

index (CRI), structure intensive pigment index (SIPI) and plant senescence 

reflectance index (PSRI). 

From the obtained values for spectral reflectance indices, the relative 

variation (%) for each parameter (´X´) between WD and WW conditions in the two 

clones was calculated (eq. 1). The results were showed as absolute values for 

control clones and as relative variation values for clones subjected to WD. 

Pressure-volume (P-V) curve 

P–V curves were determined after end of WD-2, measuring four plants per 

day, demanding seven days for whole set measurments. Previously, ten hours 

before the analyses, the plagiotropic branches containing between five to eight 
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leaf pairs were carefully cut and submerged in water until full rehydration. The 

branches were maintained covered with dark plastic bag in the laboratory, during 

at least ten hours, sufficient time to ensure the full stomatal close and the full 

rehydration. Sampled leaves of the same age as those used in the leaf gas 

exchange measurements, were excised from rehydrated branches under water 

and dehydrated slowly on the bench top.  

P–V curves were determined using a Scholander pressure chamber 

(Scholander et al., 1965) and following the free-transpiration method described in 

previous studies (Talbot et al., 1975; Hinckley et al., 1980; Dreyer et al., 1990). 

The leaf fresh mass and water potential were measured at short intervals at the 

beginning and at longer intervals with pass of the time until reaching values close 

to –3 MPa. Individual leaf area was measured using a leaf area meter (Li-3100, Li-

Cor, Lincoln, NE, USA). Leaf dry masses were determined after desiccation in a 

forced-air oven at 65 °C for 72 h (Silva and Queiroz, 2006).  

The P-V curve parameters were obtained from Sack and Pasquet-Kok 

(2010) protocol. Briefly, the turgor loss point (ΨTLP) was estimated as the point of 

transition between curvilinear and linear portions of the graph, plotting the inverse 

of Ψleaf against relative leaf water content (RWC). Osmotic potential (Ψo) was 

estimated by extrapolating the straight-line section to 100% RWC. The bulk 

modulus of elasticity (Ɛ) was estimated from the slope of the pressure potential 

between full turgor and TLP. The leaf capacitance (C) was determined from the 

slopes of the pressure-volume relationship between full turgor and TLP. 

Leaf anatomy 

 The leaf imprints from the abaxial leaf surface (from the tagged leaves 

developed after the WD-1) were observed after the end of WD-2, using a light 

microscope (Axioplan, ZEISS, Aalen, Germany) coupled to an image capture 

system (Moticam Pro 282B, Hong Kong). Stomatal density was determined as 

previously described by Ramalho et al. (2013). 

The leaf blade fragments were obtained from the tagged leaves (n = 7), 

where 2 fields of view were examined for each repetition, fixed in a solution of 

2.5% glutaraldehyde, 4% formaldehyde, and 0.05 M of sodium cacodylate buffer 

at pH 7.2. Thereafter, the material was post-fixed in 1% aqueous osmium tetroxide 
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solution and 0.05 M sodium cacodylate buffer for 2 h and dehydrated in ascending 

series of acetone. Semi-thin cuts were obtained. The sections were stained with 

1% Toluidine blue and 1% borax buffer for 1 min. Sections were mounted using 

Entellan® (Merck, Kenilworth, NJ, USA) and observed under bright field 

microscopy. Leaf tissue anatomical values (thickness of leaf, adaxial and abaxial 

epidermal, palisade parenchyma and spongy parenchyma) were calculated from 

cross sections of the middle third of the leaf blade. 

  

Leaf, branch, and root xylem trait analyses 

Cross sections thought thin cuts of leaf central vein, plagiotropic branch 

and root were obtained, with one, six and 11 fields of view examined for each of 

seven repetitions. These sections were subjected to the following procedures: 

clarification using sodium hypochlorite at 50% and 0.1% acidulated water, 

dehydration in an ascending ethanol series (Johansen, 1940), and staining with 

astra blue and hydro-alcoholic Safranin. Vessel density and vessel area were 

measured from the cross section. For this, was used a light microscopy to obtain 

the images (Axioplan, ZEISS, Aalen, Germany) coupled to an image capture 

system (Moticam Pro 282B, Hong Kong). 

Plant growth traits 

The height of plant (HP), diameter of trunk (DT), number of leaves (NL) 

and number of dropped leaves (NDL) were followed once a week, from the 

transplant until the final of the experiment. At the end of the experiment, the 

leaves, plagiotropic and orthotropic branches and roots were separated and dried 

in a forced-air oven (65 °C, 72 h, Silva and Queiroz, 2006) to obtain the final shoot 

[final plant height (FPH), final trunk diameter (FTD), final leaf number (FLN), final 

leaf area (FLA), final leaf dry mass (FLDM), final plagiotropic branch dry mass 

(FPDM), final orthotropic branch dry mass (FODM), final shoot dry mass (FSDM)] 

and root [final root dry mass (FRDM)] morphological traits. 

Roots were previously separated in four parts according soil depth (0-0.25 

m; 0.25-0.50 m, 0.50-0.75 m, and 0.75-1.0 m) to determine the root distribution 

over the soil profile. 
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The final total shoot dry mass (FTDM) was obtained by the sum of leaf, 

plagiotropic branches and orthotropic branch dry mass, while the FRDM was 

determined by sum of the four parts of the root. The final total dry mass (FTDM) 

was determined by sum of all parts of the plant. The FLA was measured using a 

leaf area meter (Li-3100, Li-Cor, Lincoln, NE, USA). 

Experimental design and statistical analysis 

The implemented experimental design considered a randomized block in a 

2 x 2 factorial experimental design (two clones and two soil water conditions, WW 

and WD with seven repetitions (plants). Plants of the two clones (‘A1’ and ‘3V’) 

under the WW conditions were named A1WW and 3VWW, whilst under the WD 

conditions were named A1WD and 3VWD. 

The absolute values of leaf gas exchange, non-modulated and modulated 

fluorescence, leaf spectral index and morphological parameters measured over 

the time were submitted to a two-way ANOVA, to test the effects of the water 

deficit over the DSWD. This analysis was performed independently for each clone. 

The relative variations in leaf gas exchange, non-modulated and modulated 

fluorescence, and leaf spectral indices were submitted to a two-way ANOVA, to 

compare the relative variation between the clones under water deficit over the 

DSWD. When significative, Tukey test (p ≤ 0.05) was applied to compare the 

medium. The final morphological, P-V curve, leaf anatomy and leaf, branch, and 

root xylem parameters were submitted to a two-way ANOVA, to test the clone and 

water deficit effects. When significative, Tukey test (p ≤ 0.05) was applied to 

compare the medium. 

The MDP was normalized using minimum-maximum normalization, to 

eliminate the negative values presents in the data set. All data were evaluated for 

homogeneity of variance among treatments and, when appropriate, data 

transformation was adopted. 

The growth leaf over time was represented by linear regression models. 

The effect of water deficit and clones on these models was compared using time 

as a covariable. The relation Anet1500/gs and Anet1500/ETR also were represented by 

linear regression models. All statistical analyzes were performed using a R 

software (R Core Team, 2020). 
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RESULTS 

 
 
 

Climatic and soil variables, plant conditions and leaf potential 

 The PPFD (Figure S2A), Tair (Figure S2B), RH (Figure S2C), and VPD 

(Figure S2D) showed variation along of the DSWD, with lower and maximal values 

associated with cloudy and sunny days, respectively, but keeping in a general 

context a similar condition from beginning until the end of the experiment. 

The Ψsoil decreased in both clones after beginning of both WD events 

(WD-1 and WD-2), and recovered quickly after water supply (Figure 2). At the ‘3V’, 

the Ψsoil at 50cm below of the soil superficies was lower than at 10 cm (Figure 2A), 

whilst in ‘A1’ one reverse behavior was found (Figure 3B). The control clones 

showed Ψsoil values more negative than -120 kPa (-0.12 MPa). 
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Figure 2. Soil water potential in (A) ‘3V’ (deeper root growth)) and (B) ‘A1’ (lower 
deep root growth) under well-water soil (WW) and soil water deficit (WD) 
conditions, registered every 30 minutes in continually since transplanting 
(November 12) until the end (April 20) of the experiment. P-10 (10 cm) and P-50 
(50 cm) were equivalent to sensor position at soil profile. 

 

The leaf water potential (Ψleaf) was significatively reduced in 3VWD and 

A1WD during both WD events, without difference between de clones (Table 1).  

Ψleaf   decreased from -0.25 MPa under WW to -2.77 MPa under WD, equivalent to 

decreasing more intensive than 1100%. 

Leaf gas exchange parameters 

The absolute values of leaf gas exchange parameters (Anet1500, gs, E and 

Ci) in WW plants kept a stability over the time, but with a certain fluctuation 

between 7 and 13 µmol m-2 s-1 over time of observation (Figure 3). Anet1500, gs and 

E decreased in 3VWD and A1WD over the time of water withdrawn, during both 

WD-1 and WD-2 (Figures 4A, 4B and 4C).  

The maximal decreased of Anet1500 was found at DSWD 19 (-96%), DSWD 

23 (-96%) and DSWD 71 (-104%) in 3VWD and at DSWD 23 (-125%) and DSWD 

71 (-106%) in A1WD (Figure 4A). Anet1500 relative reduction under water withdrawn 

was similar over the time for both clones, except at DSWD 17, 19, 23 and 25 

during the WD-1, where A1WD showed higher relative reduction than 3VWD. 

Interestingly, no difference between 3VWD and A1WD was found in the WD-2.   

The complete recovery of Anet1500 was achieved at 6th day after rewatering in 

3VWD in both WD events, corresponding to DSWD 29 and 70, respectively. The 

complete recovery of Anet1500 inA1WD, was achieved at the 4th day after rewatering 

during the WD-1 (DSWD 27) and at the 9th day after rewatering during the WD-2 

(DSWD 79). A quick gs relative reduction were found until the DSWD 9 in 3VWD (-

72%) and A1WD (-76%) during the WD-1 (Figure 4B), followed by a slow gs 

relative reduction until DSWD 23, corresponding to -89% and -88% of gs relative 

reduction in 3VWD and A1WD, respectively. Both clones showed a quick recovery 

of gs after rewatering. The complete recovery was achieved at DSWD 29 in 3VWD 

and at DSWD 27 in A1WD, corresponding to periods after rewatering. In those 
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periods, no difference was found between the clones subjected to water withdrawn 

versus the controls. At these DSWD no statistical significance in gs relative 

variation was found in the two clones.  

In the WD-2, 3VWD and A1WD showed 90% and 89% of gs relative 

reduction at DSWD 61 (10 days of water withdrawn), respectively, maintaining 

similar values over the time of water withdrawn. The gs recovery started 

immediately after rewatering for both clones, achieving similar values as control at 

DSWD 76 in 3VWD and at DSWD 79 in A1WD. At these DSWD no statistical 

significance in gs relative variation was found in the two clones. Both clones 

showed E relative difference similar to gs during all the experimental period (Figure 

3C). The only difference was found during the recovery period of WD-1, at DSWD 

27 in E relative difference and at DSWD 29 in gs relative difference. 

The Ci relative difference increased among DSWD 17 and 27 in A1WD, 

whilst no significance was found in 3VWD (Figure 3D). Hence, Ci relative 

difference was significantly higher at DSWD 19, 21 and 25 in A1WD than in 

3VWD. The Ci recovery in A1WD was achieved at DSWD 27 during the WD-1. 

During the WD-2, both clones showed the Ci relative increase between DSWD 67 

and 70, and a reduction immediately after rewatering, at DSWD 73, three days 

later. Differently than during the WD-1, during the WD-2 no significance was found 

in Ci relative difference between 3VWD and A1WD.  
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Table 1. Medium values ± s.e. and ANOVA P-values for leaf water potential (Ψleaf) at 23rd (WD-1) and 70th (WD-2) DSWD in conilon 
coffee clones (‘3V’ and ‘A1’) under WW (well-watered soil) and WD (soil water deficit) conditions. The medium values (n = 7) followed 
by different letters (a, b) express significant differences between WW and WD at p ≤ 0.05 (marked in bold) using the Tukey test. 
*Percentage of leaf water potential decrease from WW to WD condition. 

 

   

 

 

 

 

 

 

 

 

 

WD events 

Leaf water potential (MPa)   Pvalue<0.05 

3VWW A1WW 3VWD A1WD   WD events Clone  
Water 

condition 
 

Interation 
 

WD-1 -0.25 ± 0.026 -0.25 ± 0.016 -2.64 ± 0.16 -2.88 ± 0.12  0.9908 0.6203 
 

 
 

0.1659 
 

WD-2 -0.23 ± 0.024 -0.26 ± 0.022 -2.97 ± 0.02 -2.60 ± 0.40      

Medium -0.247 ± 0.022 a (100%) -2.77 ± 0.175 b (-1121%)     <0.0001    
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Figure 3. Medium values ± s.e. and ANOVA P-values for instantaneous leaf gas exchange parameters (left y-axis, blue) and relative 
difference between WW (well-watered soil) and WD (soil water deficit) (right y-axis, red) in conilon coffee clones (‘3V’ and ‘A1’). (A) 
Net leaf photosynthetic rate (Anet or Anet1500), (B) stomatal conductance (gs), (C) leaf transpiration rate (E), and (D) intercellular CO2 

concentration (Ci). The medium values followed by “*”, “*” and “*” express significant differences between clones under soil water 

deficit, between soil water conditions in ‘3V’ and soil water conditions in ‘A1’, respectively, at p ≤ 0.05 using the Tukey test. PTime= 
express significance level for the DSWD; P3V= express significance level for interaction between 3VWW:3VWD over the DSWD; PA1= 
express significance level for interaction between A1WW:A1WD over the DSWD; PGen= express significance level for interaction 
between 3VWD:A1WD over the DSWD. Red arrow: beginning of soil water deficit; blue arrow: rewatering. 

 



82 
 

82 
 

In both WD events and in two clones a high influence of gs on Anet1500 

(Figures 4A and 4B) was observed. WD clearly reduced gs in both clones, 

resulting in Anet1500 decrease. The ‘3V’ showed higher influence of gs on Anet1500 

than ‘A1’, as observed by higher slope coefficient of the linear regression. During 

the WD-1, the slope coefficients were 45.018 µmol CO2 mol H2O-1 [intrinsic water 

use efficiency (iWUE)] in ‘3V’ and 38.913 µmol CO2 mol H2O-1 in ‘A1’. During the 

WD-2, the slope coefficients were 53.568 and 50.657 µmol CO2 mol H2O-1 in ‘3V’ 

and ‘A1’, respectively. Thus, ‘3V’ showed higher iWUE than ‘A1’ during WD-1 and 

WD-2. In the WD-2, both clones increased the iWUE, once the slope coefficient 

were higher than in the WD-1 in both clones.  

 

Figure 4. Linear regressions between stomatal conductance (gs) and net 
photosynthetic rate (Anet or Anet1500) measured at midday in conilon coffee clones 
(‘3V’ and ‘A1’) under well water soil condition and subjected to two soil water 
deficit (WD) events, (A) WD-1 and (B) WD-2. 

Leaf chlorophyll a fluorescence and spectral index 

The absolute values of JIP-test indices (ΦPo, ΨEo, PIABS and RC/CS) in 

WW plants kept a stability over the experimental period, but with a certain 

fluctuation over time (Figure 5). ΦPo, ΨEo, PIABS and RC/CS decreased in 3VWD 

and A1WD over the time of water withdrawn in the WD-1, whilst in the WD-2 no 

difference was observed (Figures 5A, 5B, 5C, and 5D).  

The continuous decrease in ΦPo absolute values was observed from 

DSWD 11 until DSWD 23 in both clones, during the WD-1 (Figure 5A). The 
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maximum decrease in ΦPo, was achieved at 23 DSWD, equivalent to 11% of 

relative reduction in 3VWD and 28% in A1WD, without statistical difference 

between clones under WD. Interestingly, water deficit had no impact on ΦPo of 

two clones during the WD-2, and clone responses did not differ neither. The 

complete recovery of ΦPo in the WD-1 was achieved at the 2nd day after 

rewatering in 3VWD and at the 6th day in A1WD, corresponding to DSWD 23 and 

29, respectively, whilst in the WD-2 no difference was observed (Figure 5A).  

The ΦEo and PIabs absolute values decreased over the time under WD in 

the two clones during the WD-1, achieving maximum ΦEo and PIabs relative 

reduction at 23th DSWD (Figures 5B and 5C). On the other hand, no ΦEo and 

PIabs relative reduction was found in the two clones during the WD-2. The 

complete recovery of ΦEo and PIabs during the WD-1 was achieved at the 2nd day 

after rewatering in both clones, corresponding to DSWD 25, whilst in the WD-2 no 

temporal difference was observed (Figures 5B and 5C). 

The continuous decrease in RC/CS absolute values was observed from 

the 7th DSWD to the 23th DSWD in both clones, during the WD-1 (Figure 5D). The 

maximum decrease in RC/CS, was achieved at DSWD 23, equivalent to 41% of 

relative reduction in 3VWD and 30% in A1WD, without statistical difference 

between clones under water deficit during the WD-1. During the WD-2, water 

deficit had no impact on RC/CS in both 3VWD and A1WD, and clone responses 

did not differ neither. The complete recovery of RC/CS was achieved at 4th day 

after rewatering for both clones during the WD-1, corresponding to  DSWD 27, 

whilst during the WD-2 no difference was observed (Figure 5D).  

The absolute values of modulated leaf chlorophyll a fluorescence 

parameters (ΦPSII, qP, NPQ and ETR) in WW plants kept a stability over the time, 

but with a certain fluctuation over time (Figure 6). The ΦPSII absolute values 

decreased over the experiment under WD in both clones during the WD-1 and 

WD-2 (Figure 6A). The maximum decreased of ΦPSII was observed at DSWD 19 (-

71%), DSWD 21 (-71%) and DSWD 67 (-83%) in 3VWD and at DSWD 21 (-84%) 

and  DSWD 70 (-81%) in A1WD (Figure 6A). ΦPSII relative reduction under water 

withdrawn in the WD-1 was higher in A1WD at 11, 13, 15, 21, 23 and 25 DSWD 

when compared to 3VWD. Interestingly, no difference between 3VWD and A1WD 

was found in the WD-2. The complete recovery of ΦPSII in 3VWD was achieved at 
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the 4th day after rewatering in the WD-1 and at the 6th day in the WD-2, 

corresponding to DSWD 27 and 76, respectively. The complete recovery of ΦPSII in 

A1WD was achieved at the 6th day after rewatering during the two WD events, 

corresponding to 27 DSWD and 76 DSWD.  

The qP (Figure 6B) showed a similar behavior than ΦPSII (Figure 6A) in 

both clones during the two WD events. qP absolute values decreased over the 

time in the WD treatment in both clones during the WD-1 and WD-2 (Figure 6B). 

The maximum in qP decreasing was found at DSWD 19, 21 and 67 in 3VWD, and 

at DSWD 21 and 70 in A1WD. Both clones showed qP relative reduction under 

water withdrawn in the two WD events. However, qP relative reduction was higher 

in the A1WD than in the 3VWD from 7th to 13th DSWD and at DSWD 21, 23 and 25 

during the WD-1, whilst no difference between the clones was observed during the 

WD-2. 

The qP recovery started immediately after rewatering in both clones during 

the two WD events (Figure 6B). The complete recovery of qP in 3VWD was 

achieved at the 4th day after rewatering of the WD-1 and at the 6th of the WD-2, 

corresponding to 27 and 76 DSWD, respectively. The complete recovery in A1WD, 

was achieved at 8th (DSWD 29) and 6th (DSWD 76) day after rewatering in the 

WD-1 and WD-2, respectively. 

The NPQ was statistically different between 3VWW and 3VWD only at the 

1st and 31st DSWD of the WD-1 and at the 61st, 64th, 67th and 70th DSWD of the 

WD-2 (Figure 6C). The differences in NPQ between A1WW and A1WD were 

observed at the 15th, 17th, 23rd, and 29th DSWD of the WD-1 and at 64th, 67th and 

70th and 73rd DSWD of the WD-2. During the WD-1, no effect of the water 

condition on NPQ was observe in both clones. Interestingly, during the WD-2, the 

NPQ was lower in 3VWD than in 3VWW from the 61st to 70th DSWD, as was lower 

in A1WD than in A1WW from the 64th to 73rd DSWD. 
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Figure 5. Medium values ± s.e. and ANOVA P-values for leaf chlorophyll a fluorescence parameters (left y-axis, blue) and relative 
difference between WW (well-watered soil) and WD (soil water deficit) (right y-axis, red) in conilon coffee clones (‘3V’ and ‘A1’). 
(A) Maximum quantum yield of primary photochemical reactions (ΦPo), (B) quantum efficiency of electron transfer from QA- to 
electron transport chain beyond (ΦEo), (C) photosynthetic performance index (PIABS), and (D) density of reaction centers capable 

of QA reduction (RC/CS). The medium values followed by “*”, “*” and “*” express significant differences between clones under 

soil water deficit, between soil water condition in ‘3V’ and soil water condition in ‘A1’, respectively, at p ≤ 0.05 using the Tukey 
test. PTime= express significance level in the DSWD; P3V= express significance level for interaction between 3VWW:3VWD over 
the DSWD; PA1= express significance level for interaction between A1WW:A1WD over the DSWD; PGen= express significance 
level for interaction between 3VWD:A1WD over the DSWD. Red arrow: beginning of soil water deficit; Blue arrow: rewatering. 
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The ETR absolute values decreased over the time under WD in both 

clones during the WD-1 and WD-2 (Figure 6D). The maximum decrease of ETR 

was found at DSWD 19, 21 and 67 in 3VWD and at DSWD 21 and 70 in A1WD. 

Both clones showed relative reduction of ETR under water withdrawn during the 

two WD events. However, ETR relative reduction was higher in the A1WD than in 

the 3VWD from 7th to 13th DSWD and at DSWD 21 and 23 during the WD-1, whilst 

no difference between the clones was found during the WD-2. 

The ETR recovery started immediately after rewatering in both clones 

during the two WD events (Figure 6D). The complete recovery of ETR in 3VWD 

was achieved at 4th day after rewatering during the WD-1 and at 6th after 

rewatering during the WD-2, corresponding to DSWD 27 and 76, respectively. The 

complete recovery in A1WD was achieved at 8th (DSWD 29) and 6th (DSWD 76) 

day after rewatering in the WD-1 and WD-2, respectively.
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Figure 6. Medium values ± s.e. and ANOVA P-values for leaf chlorophyll a fluorescence parameters (left y-axis, blue) and relative 
difrerence between WW (well-watered soil) and WD (soil water deficit) (right y-axis, red) in conilon coffee clones (‘3V’ and ‘A1’). 
(A) Effective quantum yield of PSII (ΦPSII), (B) quenching photochemical (qP), (C) quenching non-photochemical (NPQ), and (D) 

electron transport rate (ETR). The medium values followed by “*”, “*” and “*” express significant differences between clones 

under soil water deficit, between soil water condition in ‘3V’ and soil water condition in ‘A1’, respectively, at p ≤ 0.05 using the 
Tukey test. PTime= express significance level in the DSWD; P3V= express significance level for interaction between 3VWW:3VWD 
over the DSWD; PA1= express significance level for interaction between A1WW:A1WD over the DSWD; PGen= express 
significance level for interaction between 3VWD:A1WD over the DSWD. Red arrow: beginning of soil water deficit; Blue arrow: 
rewatering. 
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The ETR to Anet1500 linear regressions were similar in the two clones during 

the two WD events (Figures 7A and 7B). Decrease of ETR resulted in decrease of 

Anet1500. Anet1500 was more responsive to ETR during the WD-2 than during the WD-

1, which was expressed through the higher slope coefficient of the linear 

regression during the WD-2 in both clones. ETR and Anet1500 were more affected 

by soil water deficit during the WD-1 (Figure 7A) than in during the WD-2 (Figure 

7B) in both clones. High accumulation of the points was registered in the 

beginning of the linear regression during the WD-1 in both clones, whilst during the 

WD-2 the point distribution over the linear regression was more regular.  

 

Figure 7. Linear regressions between electron transport rate (ETR) and net 
photosynthetic rate (Anet or Anet1500) in conilon coffee clones (‘3V’ and ‘A1’) under 
well-watered soil (WW) and in two soil water deficit events (WD-1 and WD-2).  

The absolute values of leaf spectrometry indices (ARI, CRI, SIPI, and 

PSRI) in WW plants kept a stability over the time, but with a certain fluctuation 

over time of observation (Figure 8). No effect of water withdrawn was observed on 

ARI, CRI, SIPI and PSRI in both clones during the two WD events.
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Figure 8. Medium values ± s.e. and ANOVA P-values for leaf spectral indices (left y-axis, blue) and relative difference between 
WW (well-watered soil) and WD (soil water deficit) (right y-axis, red) in conilon coffee clones (3V and A1). (A) anthocyanin 
reflectance index (ARI), (B) carotenoid reflectance index (CRI), (C) structure intensive pigment index (SIPI), and (D) plant 

senescence reflectance index (PSRI). The medium values followed by “*”, “*” and “*” express significant differences between 

clones under soil water deficit, between soil water condition in ‘3V’ and soil water condition in ‘A1’, respectively, at p ≤ 0.05 using 
the Tukey test. PTime= express significance level in the DSWD; P3V= express significance level for interaction between 
3VWW:3VWD over the DSWD; PA1= express significance level for interaction between A1WW:A1WD over the DSWD; PGen= 
express significance level for interaction between 3VWD:A1WD over the DSWD. Red arrow: beginning of soil water deficit; Blue 
arrow: rewatering. 
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Leaf hydraulic traits 

No difference was found in relative water content at turgor loss point 

(RWCTLP), modulus of cell elasticity (Ɛ), or absolute leaf capacitance at full turgor 

(C) between the 3VWD and A1WD (Table 2). RWCTLP and Ɛ increased 5% and 

40% in both clones under WD, respectively, whilst C decreased 30% (Table 2). 

Saturated water content (SWC), osmotic potential (Ψo) and water potential at 

turgor loss point (ΨTLP) were not affected by the WD in the two clones. 

Leaf, branch, and root anatomical traits 

The stomatal density was significatively higher (10%), and the leaf 

thickness was thinner (6%) in ‘3V’ than in ‘A1’, independently of the water 

conditions (Table 3). ‘A1’ showed a higher increase (5%) in the leaf thickness 

under WD than ‘3V’ (0.01%), despite no difference between 3VWD and A1WD 

was found. Both clones increased thickness of spongy parenchyma under WD, but 

the ‘A1’ kept a spongy parenchyma thicker than the ‘3V’, independently of the 

water condition. On the other hand, thickness of palisade parenchyma decreased 

under WD, manly in ‘3V’. This might explain the reason in ’3V’ had not increased 

the leaf thickness under WD. 

The density of leaf xylem vessels was not affected by WD in the two 

clones, whilst medium area of leaf xylem vessel was reduced under WD, mainly in 

‘3V’ (Table 3). Despite no difference in the medium area of leaf xylem vessel 

between the two clones under WD, the reduction in 3VWD (19%) was largely 

higher than in A1WD (2%) (Figure 9). The density of branch xylem vessels was 

similar in 3VWW and A1WW, whilst in 3VWD was lower than in A1WD.  

No difference of branch xylem density vessels was found between A1WW 

and A1WD (Table 3). On the other hand, density of branch xylem vessels was 

reduced 14% in 3VWD when compared to 3VWW. Medium area of branch xylem 

vessel and density of root xylem vessels were similar in ‘3V’ and ‘A1’, 

independently of water condition. However, the medium area of root xylem vessel 

was higher in 3VWW than in A1WW (Figures 10A and 10B). The medium area of 
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root xylem vessel decreased in 3VWD (58%) and in A1WD (7%), without differing 

descreases in two clones under WD conditions (Figure 10). 
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Table 2. Pressure volume curve variables: saturated water content (SWC), osmotic potential (Ψo), water potential at turgor loss 
point (ΨTLP), relative water content at turgor loss point (RWCTLP), modulus of cell elasticity (Ɛ), and leaf absolute capacitance at 
full turgor (C), measured in conilon coffee clones (‘3V’ and ‘A1’) under well-watered soil (WW), or soil water deficit (WD) 
conditions. These variables were obtained after the end of WD-2. The medium values ± SE (n = 5) were compared using the 
Tukey test at p ≤ 0.05. pvalue ≤ 0.05 was highlighted in bold. * the percentage of increase or decrease of the pressure volume 
curve variables for each clone under WD in relation to WW. 

 

 

 

 

Variables 

WW WD 
 Pvalue <0.05 

‘3V’ ‘A1’ ‘3V’ ‘A1’ 
 

Clone Water condition Interation 

SWC 1.49 ± 0.14 (100%) 1.73 ± 0.07 (100%) 1.92 ± 0.25 (29%)* 1.66 ± 0.12 (-4%)*  0.407 0.292 0.134 

Ψo (MPa) -1.68 ± 0.07 (100%) -1.71 ± 0.07 (100%) -1.73 ± 0.05 (3%) -1.58 ± 0.06 (-8%)  0.273 0.56 0.161 

ΨTLP (MPa) -1.96 ± 0.10 (100%) -1.92 ± 0.07 (100%) -1.92 ± 0.07 (2%) -1.87 ± 0.14 (-3%)  0.664 0.669 0.956 

RWCTLP (MPa) 87.82 ± 1.26 (100%) 88.09 ± 3.06 (100%) 91.26 ± 0.22 (4%) 93.04 ± 0.50 (6%)  0.526 0.003 0.639 

Ɛ (MPa) 14.69 ± 1.60 (100%) 16.72 ± 2.13 (100%) 21.35 ± 0.84 (45%) 23.05 ± 2.03 (38%)  0.279 0.001 0.923 

C (mol m-2 MPa-1) 0.524 ± 0.033 (100%) 0.628 ± 0.128 (100%) 0.422 ± 0.019 (-20%) 0.381 ± 0.032 (-39%)  0.6414 0.004 0.287 
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Table 3. Leaf, branch, and root anatomical variables, measured in conilon coffee clones (‘3V’ and ‘A1’) under well-watered soil 
(WW) and soil water deficit (WD) conditions. The medium values ± SE (n = 5) followed by different letters express significant 
differences between clones in each water condition (a, b) and between water condition for each clone (A, B) at p ≤ 0.05 using the 
Tukey test. pvalue ≤ 0.05 was highlighted in bold. * represent the percentage of increase or decrease of the leaf, branch and root 
anatomical variables for each clone under WD in relation to WW. 

 

Variables WW WD P value (<0.05) 

Leaf ‘3V’ ‘A1’ ‘3V’ ‘A1’ Clone Water condition Interation 

Stomatal density (mm2) 268.51 ± 8.73 (100%) a 251.51 ± 6.93 (100%) b 278.03 ± 18.20 (3%) a 250.72 ± 7.53 (0%) b 0.0370 0.892 0.634 

Thickness of leaf (µm2) 221.71 ± 2.95 (100%) b 228.62 ± 3.56 (100%) a 221.74 ± 3.73 (0%) b 241.34 ± 2.60 (7%) a <0.0001 0.042 0.059 

Thickness of adaxial epidermal (µm2) 21.07 ± 0.62 (100%) 20.87 ± 0.48 (100%) 20.39 ± 0.43 (-3%) 21.08 ± 0.62 (1%) 0.481 0.653 0.41 

Thickness of abaxial epidermal (µm2) 13.98 ± 0.40 (100%) 13.72 ± 0.52 (100%) 13.42 ± 0.31 (-4%) 13.90 ± 0.37 (1%) 0.602 0.493 0.372 

Thickness of palisade parenchyma (µm2) 54.01 ±1.58 (100%) 48.58 ± 0.85 (100%) 46.61 ± 1.38 (-14%) 46.19 ± 3.00 (-5%) 0.298 0.002 0.191 

Thickness of spongy parenchyma (µm2) 131.37 ± 3.38 (100%) b 147.30 ± 3.77 (100%) a 140.70 ± 3.45 (7%) b 158.65 ± 3.70 (8%) a <0.0001 0.007 0.78 

Density of xylem vessels (vessel µm-2) 1.7e-3 ± 7.0e-5 (100%) 1.9e-3 ± 6.0e-5 (100%) 1.9e-3 ± 1.1e-4 (12%) 1.8e-3 ± 8.0e-5 (-5%) 0.243 0.857 0.213 

Medium area of xylem vessel (µm2) 234.12 ± 9.50 (100%) 203.64 ± 11.31 (100%) 190.03 ± 11.03 (-19%) 200.00 ± 9.70 (-2%) 0.205 0.037 0.076 

Branch        

Density of xylem vessels (vessel µm-2) 4.2e-4 ± 2.3e-5 (100%) aA 3.9e-4 ± 1.4e-5 (100%) aA 3.6e-4 ± 1.8e-5 (-14%) bB 4.4e-4 ± 2.4e-5 (13%) aA 0.088 0.879 0.006 

Medium area of xylem vessels (µm2) 782.05 ± 26.39 (100%) 845.30 ± 23.35 (100%) 791.01 ± 27.70 (1%) 767.35 ± 30.94 (-9%) 0.25 0.216 0.112 

Root              

Density of xylem vessels (vessel µm-2)  2.0e-4 ±1.4e-4 (100%)  6.7e-5 ± 1.9e-6 (100%)  7.1e-5 ± 1.5e-6 (-64%)  6.8e-5 ± 1.6e-6 (1%)  0.11  0.735  0.358  

Medium area of xylem vessels (µm2) 
 

2696.01 ± 573.68 (100%) aA 1197.26 ± 21.43 (100%) bA 1121.35 ± 21.44 (-58%) aB 1109.48 ± 18.25 (-7%) aB 0.364 0.001 0.01 
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Figure 9. Representative medium area of leaf xylem vessel (µm2) measured in conilon coffee clones (‘3V’ and ‘A1’) under well-watered 
soil (WW) and soil water deficit (WD) conditions. (A) A1WW, (B) 3VWW, (C) A1WD, and (D) 3VWD. 
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Figure 10. Representative medium area of root xylem vessel (µm2) measured in conilon coffee clones (‘3V’ and ‘A1’) under well-
watered soil (WW) and soil water deficit (WD) conditions. (A) A1WW, (B) 3VWW, (C) A1WD, and (D) 3VWD. 
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Root and shoot morphological traits 

The final root and shoot morphological traits [final plant height (FPH), final 

trunk diameter (FTD), final leaf number (FLN), final leaf area (FLA), final leaf dry 

mass (FLDM), final plagiotropic branch dry mass (FPDM), final orthotropic branch 

dry mass (FODM), final shoot dry mass (FSDM), final root dry mass (FRDM), and 

final total dry mass (FTDM)] in both clones were affected by water withdrawn 

(Table 4). 

The FLN, FPDM, FODM, and FRDM were higher in ’A1’ than in ‘3V’, 

independently of the water condition (Table 4). The FLDM and FSDM were lower 

in 3VWW than in A1WW, whilst no difference was found between 3VWD and 

A1WD (Table 4). On the other hand, FLDM decreased in both clones under WD, 

36% in 3VWD and 51% in A1WD. The FSDM also decreased in 3VWD (41%) and 

in A1WD (52%). The FTDM kept the similar trend as FLDM and FSDM. The FTDM 

was lower in 3VWW when compared to A1WW, whilst no difference was found 

between 3VWD and A1WD. On the other hand, FTDM decreased in both clones 

under WD, with a reduction of 45% in 3VWD and 57% in A1WD. 

The increase in the plant height (PH), trunk diameter (TD) and leaf number 

(LN) over the time was stagnated immediately after the beginning of the water 

withdrawn, for both clones in the two WD events (Figure 11). The restartions in 

growth of the PL, TD, and LN was reestablished 10 days after rewatering in both 

clones during the WD-1. During the WD-2, until the last measurement (12 days 

after rewatering) of the PL, TD, and LN both clones did not had restarted the 

growth. The drop leaves number (DLN) increased over the time, without difference 

between clones and water condition. 
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Table 4. Root and shoot morphological variables, final plant height (FPH), final trunk diameter (FTD), final leaf number (FLN), 
final leaf area (FLA), final leaf dry mass (FLDM), final plagiotropic branch dry mass (FPBDM), final ortotropic branch dry mass 
(FOBDM), final shoot dry mass (FSDM), final root dry mass (FRDM), and final total dry mass (FTDM), measured in conilon coffee 
clones (3V and A1) under well-watered soil (WW) and soil water deficit (WD) conditions. The medium values ± SE (n = 5) 
followed by different letters express significant differences between clones in each water condition (a, b) and between water 
condition for each clone (A, B) at p ≤ 0.05 using the Tukey test. pvalue ≤ 0.05 was highlighted in bold. * percentage of increase or 
decrease of the root and shoot morphological variables for each clone under WD in relation to WW. 

 

Variables 
WW WD   P value (<0.05) 

‘3V’ ‘A1’ ‘3V’ ‘A1’  Clone 
Water 

condition 
Interatio

n 

Plant height (cm) 52.56 ± 1.27 (100%) 52.66 ± 4.40 (100%) 40.51 ± 3.44 (-23%) 49.11 ± 1.46 (-7%)  0.382 0.007 0.167 

Trunk diameter (cm) 1.560 ± 0.048 (100%) 1.54 ± 0.029 (100%) 1.14 ± 0.048 (-27%) 1.16 ± 0.22 (-25%)  0.985 <0.0001 0.554 

Leaf total number 136 ± 10.20 (100%) 198.14 ± 7.98 (100%) 79.86 ± 6.28 (-41%) 130.28 ± 6.81 (-34%)  

<0.000
1 <0.0001 0.471 

Leaf area (cm2) 62.73 ± 3.99 (100%) 73.42 ± 2.19 (100%) 37.50 ± 4.06 (-40%) 44.02 ± 2.07 (-40%)  0.11 <0.0001 0.508 

Leaf dry mass (g) 51.53 ± 3.88 (100%) bA 72.57 ± 4.09 (100%) aA 

32.94 ± 5.60 (-36%) 
aB 

35.39 ± 1.90 (-51%) 
aB  0.002 <0.0001 0.033 

Plagiotropic branch dry mass 
(g) 20.85 ± 2.20 (100%) 24.81 ± 1.51 (100%) 11.22 ± 1.94 (-46%) 11.50 ± 0.50 (-54%)  0.013 <0.0001 0.265 
Ortotropic branch dry mass 
(g) 33.20 ± 1.67 (100%) 39.39 ± 1.77 (100%) 17.96 ± 2.48 (-46%) 18.25 ± 0.80 (-54%)  

<0.000
1 <0.0001 0.104 

Shoot dry mass (g) 
105.58 ± 6.68 (100%) 

bA 
136.78 ± 6.60 (100%) 

aA 

62.12 ± 9.76 (-41%) 
aB 

65.14 ± 2.73 (-52%) 
aB  0.0003 <0.0001 0.05 

Root dry mass (g) 58.94 ± 6.62 (100%) 71.78 ± 7.26 (100%) 28.96 ± 3.98 (-51%) 24.32 ± 0.93 (-66%)  0.002 <0.0001 0.114 

Total dry mass (g) 
164.53 ± 12.82 (100%) 

bA 
208.57 ± 11.56 (100%) 

aA 

91.08 ± 11.85 (-45%) 
aB 

89.46 ± 3.49 (-57%) 
aB  0.0005 <0.0001 0.039 
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Figure 11. Medium values ± s.e. and ANOVA P-values for growth variables measured in conilon coffee clones (‘3V’ and ‘A1’) 
under well-watered soil (WW) and soil water deficit (WD) conditions. (A) Plant height (PH), (B) trunk diameter (TD), (C) leaf 
number (LN), and (D) droped leaves number (DLN). The medium values followed by different letters express significant 
difference between soil water condition in each DSWD (A, B), at p ≤ 0.05 using the t test or between DSWD for each soil water 
condition (a, b, c, d, e) at p ≤ 0.05 using the Tukey test. PTime= express significance level in the DSWD; P3V= express significance 
level for interaction between 3VWW:3VWD over the DSWD; PA1= express significance level for interaction between 
A1WW:A1WD over the DSWD; PGen= express significance level for interaction between 3VWD:A1WD over the DSWD. Red 
arrow: beginning of soil water deficit; Blue arrow: rewatering. 
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The main leaf vein elongation (MLVE) was higher in ‘3V’ than in ‘A1’ 

during the WD-1, independently of the water condition (Figure 12A). The MLVE 

was continuous in control plants over the time, whilst in 3VWD and in A1WD 

decreased from 4th DSWD, without the growth recovery after rewatering, due the 

senescence and drop of leaves.  

During the WD-2, the control plants kept a continuous MLVE until 25 days 

after beginning of the elongation (Figure 12B). After this moment, there was a 

stabilization of the MLVE, meaning that leaves achieved their maximum length. 

The MLVE decreased from the 4th DSWD in 3VWD and A1WD, restarting the 

growth at the 4th day after rewatering (DSWD 74).  

The absolute root dry mass distribution was affected by the water 

withdrawn for both clones over the whole soil profile (Figure 13A). A1WW had 

higher absolute root dry mass than 3VWW at the 0-0.25 m layer, similar absolute 

root dry mass at the 0.25-0.50 m layer, and higher absolute root dry mass at the 

0.5-0.75 m layer. No difference was found between 3VWW and A1WW at the 

0.75-1.0 m layer, as well as between 3VWD and A1WD from 0-0.25 m to 0.25-0.5 

m. Interestingly, 3VWD showed a higher absolute root mass at deep layers (0.5-

0.75 m and 0.75-1.0 m) when compared to A1WD. 

The relative root dry mass distribution was not affected by the water 

condition. (Figure 13B) but was statistically different between the clones over the 

soil profile. ‘A1’ showed higher relative root dry mass than ‘3V’at the 0-0.25 m soil 

layer, and lower ate the 0.5-0.75 m soil layer. No difference was observed 

between the clones at the 0.25-0.50 m and 0.75-1.0 m soil layers.
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Figure 12. Linear regressions for main leaf vein elongation in conilon coffee clones (‘3V’ and ‘A1’) under well-watered soil (WW) 
and soil water deficit (WD) conditions in two WD events, WD-1 (A) and WD-2 (B). P3VWW:A1WW= express significance level for 
interaction between clones under WW conditions; P3VWD:A1WD= express significance level for interaction between clones under 
WD conditions; P3VWW:3VWD= express significance level for interaction between water condition in ‘3V’; PA1WW:A1WD= express 
significance level for interaction between water condition in ‘A1’. Red arrow: beginning of soil water deficit; Blue arrow: 
rewatering. 
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Figure 13. Medium values ± s.e. and ANOVA P-values for absolute (A) and 
relative (B) root dry mass distribution over the soil profile in conilon coffee clones 
(‘3V’ and ‘A1’) under well-watered soil (WW) and soil water deficit (WD) conditions. 
In the Figure 13A the medium values followed by different letters express 
significant differences between water condition at each clone and soil profile (A, 
B), or between clones at each water condition and soil profile (a, b) at p ≤ 0.05 
using the Tukey test. In the Figure 13B, the medium values followed by different 
letters express significant differences between the clones at each soil depth (A, B). 
PGen= express significance level for clone; PWC= express significance level for 
water condition; PDepth= express significance level for soil depth; PGen:WC= express 
significance level for interaction between clone and water condition; PGen:Depth= 
express significance level for interaction between clone and soil depth; PWC:Depth= 
express significance level for interaction between water condition and soil depth; 
PGen:WC:Depth= express significance level for interaction between clone, water 
condition and soil depth. 
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DISCUSSION 

 
 
 

Understanding morphological, physiological, and anatomical responses to 

water deficit, can provide the robust information related to drought tolerance and 

acclimation, as well as an important information for plant breeding programs.  

Net CO2 assimilation is fundamental for plant growth. The water deficit 

reduced leaf photosynthesis (Figure 3A), and reduced plant growth in both clones 

(Figure 11). Growth traits were affected initially due to reduced cell turgor and net 

CO2 assimilation rate, because of stomatal closure in both WD events (Figure 3B), 

where the major effects were during the early phases of a drought event, as also is 

observed by Martins et al. (2019). After 15th and 55th DSWD the increase in Ci was 

observed in both clones (Figure 3D), being one of the consequence of 

photochemical damage, that was inevitable over the time under water withdrawn in 

both clones during the two subsequent WD events. However, in the WD-2, both 

clones showed a higher adjust of water consumption and hydraulic safety, through 

the hydraulic system acclimation, stomatal (Sperry, 2000; Choat et al., 2012; 

Schuldt et al., 2016) and anatomical regulations (Table 2, Figure 4B and Table 3). 

An increase in the stomatal response to dehydration was observed in both 

clones, during the WD-2, resulting in a quick stomatal closing with the increase of 

water deficit. The plants increased stomatal control of water loss to avoid or delay 

too large a xylem pressure drop across, as a mechanism involved in protecting 

xylem from catastrophic hydraulic failure (Tyree and Sperry, 1988; Sperry et al., 

1998; Whitehead, 1998; McDowell et al., 2008), that was linked to Ɛ. A high Ɛ can 

contributes to the less negative Ψ0TLP, and this would enable a quickly stomatal 

close over turgor loss (Walter and Stadelmann, 1968; Read et al., 2006), 

maintaining a high RWCTLP (Table 2).  

Both clones also decreased the medium area of root and leaf xylem 

vessels and the density of branch xylem vessels (Table 3), as another mechanism 

of acclimation to avoid or delay the hydraulic failure, once xylem vessels with a 

large diameter are more susceptible to embolism than smaller vessels (Tyree and 

Sperry, 1989; Smith et al., 2013), which result in a water transport failure and 

dieback of trees under water deficit (Tyree and Sperry, 1988; Anderegg et al., 
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2012). That is, both clones increased the hydraulic safety, but decreased the 

efficiency to water transport, once the maximum hydraulic conductivity of a xylem 

vessel is proportional to the fourth power of the diameter of a xylem vessel (Tyree 

and Zimmermann, 2002).  

Water deficit can change the leaf anatomical structures, such as leaf 

thickness and density, proportion of palisade tissue and spongy tissue, cell 

arrangement and ultrastructural characteristic (Ennajeh et al., 2010, Galmés et al., 

2013; Zhang et al., 2015; Haffani et al., 2017), which was also observed in the 

present research (Table 3). A1WD increased the leaf thickness, with a notable 

trend to be higher than 3VWD, as well as the thickness of spongy parenchyma. 

Increase in the thickness of the spongy parenchyma could improve the diffusion of 

CO2 through the inter-cellular spaces from the sub-stomatal cavity to the outer 

surface of the mesophyll cells (Ennajeh et al., 2010) and then improve the Anet. In 

C. canephora the Anet was similar in both clones during the two WD events, mainly 

in the days of higher water withdrawn (from 17th to 23rd DSWD and from 64th to 

70th DSWD, Figure S3). 

The water deficit causes a decrease in the carbon assimilation due the 

reduction of internal CO2 concentration, because of either stomatal closure, or 

reduced internal CO2 diffusion (Tang et al., 2002). The decrease of the parameters 

related to quantum yield of PSII (ΦPo and ΦEo), performance of photosynthetic 

apparatus (PIABS), and density of reaction centers that reduce QA (primary 

acceptor of PSII) (RC/CS) over the time of water withdrawn in both clones, during 

the WD-1, showed a gradual inactivation of the PSII, inducing photoinhibition. In 

such situation, reactive oxygen species can be produced, due the excessive 

reduction of plastoquinone QA, or due the charge recombination between acceptor 

and donor side of PSII (Aro et al., 1993).  

The decline of ΦPo (determined in dark-adapted conditions) during the 

WD-1 was a good indicator of photoinhibition, however ΦPSII is related to electron 

transport rate and on the nature of photoinhibition (Guidi et al., 2019). Thus, ΦPSII 

reinforced the increase of photoinhibition for both clones over the time of water 

withdrawn in the two WD events, followed by decrease of the ETR (Figures 6A 

and 6D).  
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qP showed the similar trend as ΦPSII and ETR in both clones during the 

two WD events, as expected (Figure 6B). However, there was a tendency of 

decrease of NPQ with water deficit increase, contrary than expected (Figure 6C). 

NPQ is related to the dissipation of excess light energy absorbed as heat (Guidi et 

al., 2019), once this process is related to xanthophyll cycle activity (Demmig-

Adams et al., 2014).  

Xanthophyll cycle protects plastids from over-excitation of the 

photosynthetic pigments and over-reduction of the electron transport chain that 

may led to the generation of reactive oxygen species (Guidi et al., 2019). In the 

xanthophyll cycle, ascorbate is a cofactor for violaxanthin de epoxidase (Muller-

Moule et al., 2002; Chen et al., 2011), an enzyme that converts violaxanthin to 

zeaxanthin when exposed to light excess (Niu et al., 2013). Interestingly, ARI and 

CRI were unchanged for both clones in the two WD events, indicating the low 

protective activity of the carotenoids (Figures 8A and 8B). All ascorbate-deficient 

mutants reduce NPQ levels and show smaller xanthophyll cycle pool than the wild-

type (Muller-Moule et al., 2004). Then, the unchanged of NPQ in both WD events 

indicated the low activity of xanthophyll cycle when the clones where subjects to 

water deficit, resulting in a damage of PSII reaction centers.  

The ΦPo, ΦEo, PIABS, RC/CS, ΦPSII, qP and ETR relative reduction 

increased over the time of water withdrawn for both clones, as consequence of 

photochemical damage. However, during the WD-2, both clones developed a 

hardening mechanism to previous water deficit (WD-1). ΦPo, ΦEo, PIABS and 

RC/CS were not impacted over the time of water withdrawn, as well as there was 

a lower increase in the ΦPSII, qP and ETR relative reduction in the first nine DSWD 

(from 49th to 58th DSWD) during the WD-2 compared to WD-1. Plant water status 

and photosynthetic performance are directly/indirectly associated with the whole 

plant hydraulic conductivity through soil-root-shoot-leaf continuum (Reddy et al., 

2018), showing that change in the photochemical response in the WD-2 was an 

acclimation response of the clones to the water conditions, influenced by hydraulic 

and anatomic adjustments. This was reinforced by Anet1500/ETR linear regression 

(Figure 7), which showed the high influence of photochemical phase on Calvin 

cycle functionality, due to NADPH and ATP suplly. During the WD-2, low values of 

Anet1500 were not always related to low ETR in plants subjected to water withdrawn, 
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as observed during the WD-1. That is, the decrease of Anet1500 in the WD-2 was 

more influenced by stomatal than non-stomatal factors.  

Interestingly, 3VWD showed higher delay of ΦPSII, qP and ETR relative 

reduction at the initial six DSWD (from 49th to 55th DSWD) during the WD-2 

compared to A1WD (Figures 6A, 6B, and 6D). 3VWD also showed a high value of 

Anet1500, gs and E (Figures 3A, 3B, and 3C) at the initial three DSWD (from 49th to 

52nd DSWD) during the WD-2. These responses could be related to greater 

absolute distribution of the root system in the soil profile, intrinsic to ‘3V’ (Figure 

13A), ensuring a greater water absorption and hence a maintenance of 

photochemical apparatus vitality and suitable cell water status. The combination of 

stomatal control of CO2 access to carboxylation sites and deep rooting, including 

carbon assimilation for biomass partitioning are traits that characterize drought-

tolerant coffee plants (DaMatta et al., 2003; Pinheiro et al., 2005; Silva et al., 

2013). 

At the beginning of water withdrawn during the WD-2 (from 49th to 52nd 

DSWD), the deep root could uptake the water from deeper layers in 3VWD, 

maintaining the functionality of the plant. However, after this time, soil drying 

achieved deeper soil layers and consequently deeper parts of root system, 

resulting in gs and E decreases (Figures 3B and 3C) and posteriorly in responses 

of photochemical efficiency parameters (Figure 6). That is, the deep root system in 

3VWD was advantageous only in the beginning of the water deficit period, when 

deeper soil layers were still wet, going to agreement to our hypothesis.  

A great root system may improve partially the competitive ability of plants 

to access water during the water deficit. Such plants demand elevated partition of 

photosynthetic products to the roots, by reducing partition to the reproductive (Ma 

et al., 2012) and to the shoot growth. This trait was clearly found in ‘3V’, which 

showed a higher deep root growth than ‘A1’ under both soil water conditions (WW 

and WD), but lower growth of the shoot in the WW and same shoot growth in WD 

conditions, when compared to ‘A1’ (Table 4). On the other hand, 3VWD showed a 

lower decrease in the shoot growth than A1WD, when compared to respectively 

controls.  

Both clones showed a quick and complete recovery of photosynthetic and 

photochemical efficiency parameters after rewatering, during the two WD events 
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(Figures 3, 5, and 6). The time to ΦPSII, qP and ETR complete recovery was similar 

between the clones in the WD-2 (Figures 6A, 6B, and 6D). Interestingly, the time 

to Anet1500 and gs complete recovery in A1WD was more than double from WD-1 to 

WD-2, whilst in 3VWD was similar (six days after rewatering) in the two WD events 

(Figures 5A and 5B). The recovery time of the water deficit is fundamental and can 

be considered as a major component of drought tolerance (Fang and Xiong, 

2015). Despite of the difference in the recovery time, both clones showed a quick 

and complete recovery of photosynthetic and photochemical efficiency parameters 

after rewatering in the two WD events. This could be influenced by unchanged of 

the PSRI, since both clones supported the two WD events without leaf chlorophyll 

degradation (Figure 8D).  

 
 
 
 

CONCLUSION 

 
 

 
The repeated water deficit caused negative impact to plant growth in both 

clones, but the ‘3V’ showed lower decrease in the plant growth than ‘A1’. This can 

be related to the higher deep root system from ‘3V’, that resulted in a quicker 

Anet1500 and gs recovery time after rewatering and hence a higher plant growth, 

evidencing its higher tolerance to water deficit. The root growth in deeper soil 

layers was more advantageous in the mild drought, which happend in the 

beginning of the water withdrawn, time wich there was disponible water in the 

deeper soil layers. The increase of the time under water withdrawn increased the 

dry in the deeper soil layer, reducing the water disponibility to the deep root. On 

the other hand, the deep root system allowed a quicker recovery of the plant after 

rehydration, which makes this trait crucial in the process of tolerant clones 

selection to water deficit. 

Both clones showed the combined hydraulic (increase in Ɛ and RWCTLP), 

anatomic (decrease in thickness of palisade parenchyma, medium area of leaf and 

root xylem vessel and increase in thickness of spongy parenchyma), 

photosynthetic (increase in gs sensibility), and photochemical adjustments as 

acclimation responses to several water deficit repeted. This mechanisms were 
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determinants as acclimation responses to several water deficit repeted for both 

clones. 
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5. CONCLUDING REMARKS 

The high DPVair and PPFD, conditions that currently occur in the main 

producing regions of the crop, significantly reduce the CO2 assimilation by the 

plants and, therefore, reduce the maximum performance of the crop. However, 

maintaining photosynthesis at higher values at times of high DPVair and PPFD was 

not an indicative of greater plant growth, due to higher costs and/or greater 

inefficiency of the phochemical damage repair mechanisms. It is understood that 

the clones presented different ways to deal with the conditions of the environment, 

but that they provided the same final growth. It was also possible to understand 

that the development of a deeper root system is advantageous even in conditions 

of great water availability, but that leaf aspects are more determined in a context of 

high DPVair and PPFD under great soil water availability. Under conditions of 

severe water deficit, the clones showed several mechanisms of acclimation to 

water deficit, from deep growth of the root system to hydraulic adjustments 

(increase in Ɛ and RWCTLP), anatomical (decrease in thickness of palisade 

parenchyma, medium area of leaf and root xylem vessel and increase in thickness 

of spongy parenchyma), photosynthetic (increase in gs sensitivity) and 

photochemical combined. However, appears that the deep root system loses its 
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efficiency in conditions of severe water deficit, since under these conditions the 

deeper layers of the soil dry out, and therefore the water deficit affects these roots. 

On the other hand, the root system in depth allowed a quicker recovery of the 

plant after rehydration, which makes this trait crucial in the process of selecting 

clones tolerant to water deficit. 
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SUPPLEMENTARY DATA A 

 
 
 

 

Figure S1. Horary medium values ± s.e. of photosynthetic photon flux density 
(PPFD, A), air temperature (T, B), relative humidity (RH, C), and air vapor 
pressure deficit (VPDair, D) registered in a coffee growth period from May 2019 to 
April 2020. 
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SUPPLEMENTARY DATA B 
 
 
 

 

 

Figure S2. Maximum, medium and minimum values for photosynthetic active 
radiation (PPFD) (A), air temperature (Tair) (B), relative humidity (RH) (C), and 
air vapor pressure deficit (VPDair) (D) registered among 7 a.m. to 6 p.m. in 
uninterrupted days, from beginning of the water withdrawn (January 26) until the 
end of the experiment (April 20). 
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Figure S3. Medium values ± s.e. and ANOVA P-values for instantaneous net 

photosynthetic rate (Anet) (left y-axis) and Anet relative difference between WW 

(well-watered soil) and WD (soil water deficit) (right y-axis) in conilon coffee clones 

(3V and A1). The medium values followed by “*” and “*” express significant 

differences between soil water condition in ‘3V’ and soil water condition in ‘A1’, 

respectively, at p ≤ 0.05 using the Tukey test. The medium values followed by 

different lowercase (a,…,i) express significant difference between DSWD in 

‘3VWD’, whilst the medium values followed by different upper case (A,…,L) 

express significant difference between DSWD in ‘A1WD’ at P ≤ 0.05 using the 

Tukey test. PTime= express significance level in the DSWD; P3V= express 

significance level for interaction between 3VWW:3VWD over the DSWD; PA1= 

express significance level for interaction between A1WW:A1WD over the DSWD; 

PGen= express significance level for interaction between 3VWD:A1WD over the 

DSWD. Red arrow: beginning of soil water deficit; Blue arrow: rewatering. 
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