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Abstract

:

Soil waterlogging is an environmental limitation that is promoted by changes in rainfall patterns and negatively affects plant physiology, growth, and development, coffee production, and exports in Colombia. The objective of this research was to evaluate responses in growth, water status, and chlorophyll fluorescence parameters for plants under different waterlogging conditions. The evaluations were carried out on six-month-old “Cenicafé 1” variety seedlings that were suitable for establishment in the field. The seedlings were subjected to different waterlogging periods: 4, 8, 12, and 16 days, using a completely randomized block experiment design with 30 replicates. Total dry mass (TDM), total leaf area (TLA), and the total number of leaves (TNL) were performed, and growth indices were calculated. The leaf water potential (Ψpd and Ψmd), maximum efficiency of photosystem II-FV/Fm, and electron transport rate (ETR) were also measured. Waterlogging for 16 days caused a 57% reduction for TDM, which was significant starting at 4 days. Statistical differences in the TLA were detected after 12 days, with decreases of 29%. The Ψpd, Ψmd, Fv/Fm, and ETR were sensitive to waterlogging, which decreased noticeably after 8 days. The results indicated the physiological performance and growth of the coffee cv. “Cenicafé 1” plants were significantly affected by waterlogging conditions after eight days.
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1. Introduction


The coffee species Coffea arabica L. is sensitive to climate change, and there is a great concern because it is one of the most commercialized agricultural products worldwide and provides around 70% of coffee production given its higher beverage quality [1,2,3]. Recently, climate change has resulted in alterations in precipitation patterns that have increased the frequency of extreme events with heavy rain, promoting flooding or waterlogging in soil, a climatic limitation for coffee productivity [4,5]. Greater intensity and frequency are expected for Latin American countries such as Colombia [4,6], the third-largest producer of C. arabica worldwide and one of the leaders in high-quality coffee [7,8].



Flooding conditions have been reported in the soil of cultivable areas for coffee in Colombia (approximately 840,000 hectares), particularly under “La Niña” conditions and in regions with rainfall greater than 2500 mm per year [9,10,11,12]. “La Niña” events (known as the cold phase of the El Niño Southern Oscillation phenomenon (ENSO)) are characterized by increases in both the intensity and abundance of rainfall and soil moisture, and decreases in temperature and sunlight, with reductions in coffee production and exports in Colombia [7,9]. In fact, during the climatic variations generated by “La Niña” events from 2010 to 2011 in Colombia, economic losses of approximately 7.8 million dollars were recorded [7,10]. This has generated great concern because 540,000 families depend economically on coffee production in Colombia [11], and these climatic phenomena may promote soil waterlogging conditions and reduce sustainably cultivable areas in the coming decades [13,14].



Waterlogging refers to the soil water content reaching or approaching saturation [15] and is abiotic-type stress that gradually reduces oxygen levels in the soil (hypoxia) and affects important root processes such as growth, water absorption, nutrient uptake, and transport by the xylem to the shoot, altering important physiological functions in plants such as gas exchange processes, carbon metabolism, and growth and production in plants [4,16]. In C. arabica, it has been reported that the growth of leaves, stems, and roots in plants subjected to waterlogging conditions is inhibited [17]. This result has been associated with early stomatal closure, which is caused by decreases in root hydraulic conductance or ABA concentrations, which limit photosynthetic rates, the carboxylation rate of RuBisCo (ribulose-1,5-bisphosphate carboxylase /oxygenase), and the loss of water status in plants [18,19]. Under prolonged waterlogging conditions, photosynthetic performance is impaired at the photochemical and biochemical levels, mainly because the flow of electron transfer is interrupted in the photosystems to increase lipid peroxidation processes because of the production of reactive oxygen species (ROS), which increases the degradation of photosynthetic pigments and leads to an excess accumulation of energy excitation at the photosystem level, which can trigger a more severe oxidative stress that affects carbon metabolism [4,16,18].



However, there is little information on the effect of soil waterlogging conditions on C. arabica plants [4]. The physiological alterations caused by increases in water in the soil must be known because plants can trigger various responses depending on the intensity and duration of the stress [14]. The objective of this research was to evaluate responses in growth, water status, and photochemical efficiency in coffee “Cenicafé 1” variety seedlings subjected to different waterlogging periods during the nursery stage and grown under semi-controlled conditions in the central coffee zone of Colombia. Alterations in growth parameters, such as the total number of leaves, leaf area, total dry mass, and physiological performance through leaf water potentials and chlorophyll “a” fluorescence were studied. This information is necessary to know how coffee plants behave under waterlogging conditions and to understand the detrimental effects that this stress generates on the physiological performance of C. arabica “Cenicafé 1” variety plants, which are widely sown in the coffee zone of Colombia.




2. Materials and Methods


2.1. Plant Material, Growth Conditions, and Treatments


This experiment was carried out under semi-controlled conditions in a greenhouse with “Cenicafé 1” variety seedlings established at “Plan Alto” at the National Coffee Research Center-Cenicafé, located in Manizales, Department of Caldas, Colombia (4°59′26.83″ N; 75°35′27.09″ W), at 1384 m.a.s.l. This material is resistant to coffee rust (Hemileia vastatrix) and coffee cherry-CBD disease (Colletotrichum kahawae) [20] and, currently, together with other resistant varieties, makes up approximately 80% of the cultivable area for coffee in Colombia [21]. During the study, the greenhouse was under average climatic conditions: 23.04 °C and 72.93% relative humidity (Figure 1), with a maximum photosynthetically active radiation-PAR of 613.22 µmol m−2 s−1 at noon. The environmental temperature and relative humidity were measured with an HMP60 sensor, and PAR was measured with an SQ-110 sensor connected to an automatic data transmission system, every five minutes.



The seedlings were transplanted in June 2021, 75 days after sowing seeds at the BBCH10 phenological stage, when the cotyledonary leaves were fully expanded, as reported by Arcila-Pulgarín et al. [22]. The transplant was carried out in 17 cm × 23 cm polyethylene bags with a mixture of solarized soil and decomposed coffee pulp, at a 3:1 (v/v) ratio. The fertilization was performed with 2 g of DAP (18-46-0), applied at two, four, and five months after transplantation, as reported by Sadeghian [23]. All agronomic practices recommended by Gaitán et al. [24] were carried out for the management of the brown eyespot disease and the pest known as mealybug, which limits the growth of coffee seedlings. After six months, considered a suitable age for establishment in the field, the plants were transplanted into cylindrical containers, 25 cm in diameter × 20 cm in height (one plant per container), with a sandy loam soil (Table 1). The containers were fitted with plastic bags to prevent water filtration and guarantee water saturation levels in the soil for each treatment. Soil was added to the containers for a length of between 15 and 17 cm, for the maximum capacity (9.8 L). Tensiometers (Model SR, Irrometer Company, Riverside, CA, USA) were also installed to monitor soil moisture and determine when to irrigate the plants to maintain field capacity.



The waterlogging treatments were applied in December 2021 to the coffee plants, as follows: (T1) plants with good water supply conditions, where moisture was kept at field capacity between 0 and 0.033 MPa (control); (T2) plants under waterlogging conditions for 4 days; (T3) 8 days; (T4) 12 days; and (T5) 16 days. The treatments consisted of keeping a layer of water between 3 and 5 cm above the ground in containers daily. The application method was carried out according to the duration of the waterlogging, which was initially the treatment with the longest duration (16 days), and the others were successively applied until reaching 4 days of treatment (Figure 2). This procedure was carried out to ensure that the plants remained under the same time and climatic conditions. All measurements were taken 16 days after applying the waterlogging treatments.




2.2. Growth Measurements


Measurements of the total number of leaves (TNL), total leaf area (TLA), and dry mass of the plants (DM) were taken. The TNL was determined with direct counts on the plants, and the leaf area was calculated by measuring the length and width of each fully expanded leaf and applying the equation [1], as proposed by Unigarro-Muñoz et al. [25]:


EAF = 0.99927 × (Length × (−0.14757 + 0.60986 × Width))



(1)




where EAF is the estimate of leaf area, length is leaf length, and width is leaf width.



For the DM of the plants, each organ was taken separately (leaves, stem, and roots) and placed in labeled paper bags. The samples were dried in an oven at 65 °C for 72 h. Subsequently, they were weighed on a 0.01 g precision balance, where the dry mass of the leaves (LDM), stem (SDM), roots (RDM), and total dry mass of the plants (TDM) were determined. According to Ávila et al. [26], the DM partition was calculated as the leaf mass ratio (LMR or LAR: LDM/TDM), the stem mass ratio (SMR: SDM/TDM), and the root mass ratio (RMR: RDM/TDM), as well as the RDM/TLA ratio, as an approximate measurement of the hydraulic conductance of the plants. Finally, indirect growth measures were estimated, such as the specific leaf area (SLA: TLA/LDM) and the ratio of the aerial part to the root (R/SR: LDM + SDM/RDM).




2.3. Physiological Measurements


2.3.1. Plants Water Relations


To measure the water status of the plants, the water potential was recorded at predawn-Ψpd (4:00–5:00 h) and midday-Ψmd, using a Scholander pressure chamber (model 600, PMS Instruments Company, Albany, OR, USA) on fully developed leaves, selected from the second pair of leaves from the apex of the plant. A total of eight leaves were taken for each treatment, selected randomly. The leaves were cut at a bevel from the petiole, and then the cut surface was cleaned with deionized water and filter paper to remove waste. Subsequently, the leaves were stored in zip-lock bags containing moist paper towels. The leaves were then introduced into a Scholander chamber with the petiole cut exposed to atmospheric pressure. Compressed nitrogen was slowly applied in the pressure chamber until the xylem sap bubbled. This pressure was recorded.




2.3.2. Chlorophyll “a” Fluorescence Parameters


Fluorescence parameters were measured using a Fluorpen modulated fluorometer (FFP 100-MAX-LM, Photon Systems Instruments, Czechia) and 1 light saturation pulse of 3000 µmol photons m−2 s−1 and 1 actinic pulse of 350 µmol photons m−2 s−1 for 60 s−1 in fully developed leaves selected from the second pair of leaves from the apex of the plant. Eight leaves were used for each treatment. The measurements were taken from 4:00 to 5:00 h, when leaves were naturally dark-adapted. As a result, the maximum photochemical efficiency of PSII (Fv/Fm) was calculated. The relative electron transport rate of PSII-ETR was calculated with equation [2], as proposed by Genty et al. [27].


ETR = 0.5 × 0.8 × PAR × Φ PSII



(2)




where 0.5 is a factor that assumes the equal distribution of energy between the two photosystems, 0.8 is the coefficient of light absorbance, and PAR is from the fluorometer.





2.4. Experiment Design and Statistical Analysis of Data


For the data analysis, a randomized complete block design with 30 replications was used. Analysis of variance (ANOVA) was performed using the F statistic at 5% significance after fulfilling the assumptions of normality (Kolmogorov–Smirnov test) and homogeneity of variances (Levene’s test). Post hoc tests for the comparison of means using Tukey (p < 0.05). TNL, R/SR, RDM/TLA, DM partition of the leaf, LAR, Fv/Fm, and ETR were analyzed by the Games–Howell test (p < 0.05) for measurements with a heterogeneity of variances. Spearman correlation analyses were performed between the growth parameters TNL, TLA, TDM, R/SR, RDM/TLA, and SLA and physiological parameters Ψpd, Ψmd, Fv/Fm, and ETR to find the linear relationships using the Psych statistical package [28]. All statistical analyses were performed with the R software version 3.6.0 (Vienna, Austria) [29].





3. Results


3.1. Growth Parameters and Symptoms


The periods of waterlogging generated different visual responses in the symptoms of the plants. At 4 days, symptoms of foliar epinasty were observed throughout the plant, very pronounced in the apical meristem with a loss of turgidity in the leaves. After 8 days, moderate chlorosis appeared in the mature leaves. Subsequently, after 12 days, the symptoms of chlorosis are recorded throughout the plant with cell death in the leaves. Finally, at 16 days, leaf wilting intensified throughout the plant and advanced to the apical meristem (Figure 3).



The effect of waterlogging in the soil on plant growth parameters saw considerable decreases in TNL, TLA, and TDM. Reductions between 17% for TNL and 14% for TLA were recorded at 8 days of waterlogging, although significant differences were reported after 12 days, with decreases from 22% to 39% for TLN and 30% to 44% for TLA, as compared to the control plants (Figure 4a,b). These results indicated that the plants under waterlogging generated a considerable loss of leaves. The TDM was very sensitive to the waterlogging conditions, and significant differences were detected after 4 days, with reductions from 14% to 44% at 16 days, which were proportional to the increases in the waterlogging periods (Figure 4c).



This study analyzed whether waterlogging conditions generate changes in the DM partition of plants. It was observed that there was a negative effect from 12 days of waterlogging on the accumulation of DM in the leaves (48%), with statistical differences after 16 days compared to the control plants (51% leaves). In addition, the plants under waterlogging conditions in the soil generated a 2% decrease in the DM accumulation of the roots, recorded from 8 days (Figure 5). This result could indicate restrictions in essential physiological processes for growth and development in plants.



On the other hand, the growth indices, such as LAR, SLA, R/SR, and RDM/TLA, were affected according to the periods of waterlogging. For LAR, decreases of 10% were observed with significant differences detected at 16 days compared to control plants. The SLA was very sensitive to waterlogging conditions and increased from 7% after 4 days. On the other hand, the R/SR increased between 9% and 13% at 8 days of waterlogging as compared to the control plants. These results indirectly demonstrated that there was a decrease in the DM accumulation of the aerial part of the plants, particularly with significant reductions in the DM accumulation of the leaves and TLA in the plants subjected to waterlogging. Notably, the RDM/TLA ratio of the plants was also affected by soil waterlogging, generating reductions of 10% to 15% from 4 to 16 days. This growth parameter was sensitive to waterlogging since the DM accumulation in the roots was affected by these stress conditions (Table 2).



Generally, there was a direct association between the growth parameters TNL, TLA, TDM, R/SR, RDM/TLA, and SLA evaluated in the plants with different waterlogging conditions and control plants. In fact, for the TNL, TLA, and TDM, there was a significant positive correlation (p < 0.0001). The opposite occurred for the RDM/TLA and SLA parameters, which showed a low, negative correlation that was significant (p < 0.0001) concerning the other growth parameters evaluated, except for the association between SLA and TLA, which had a low, positive correlation that was significant (p < 0.05), as well as a high, negative, and significant correlation (p < 0.0001) between RDM/TLA and R/SR. There was no correlation between RMD/TLA and TDM and SLA with TNL and R/SR. Likewise, the R/SR did not correlate with the TNL, TLA, and TDM (Figure 6).




3.2. Plant Water Relations


The duration of the waterlogging stress significantly altered Ψpd and Ψmd concerning the control plants. In general, average values of Ψpd − 0.39 and Ψmd − 1.06 MPa were recorded in the control plants throughout the study. At 8 days of waterlogging, a significant reduction (p < 0.05) was observed in Ψpd − 3.50 MPa, as compared to the control plants (Ψpd − 0.39 MPa). This trend was maintained at 12 (Ψpd − 3.61 MPa) and 16 days (Ψpd − 3.21 MPa). The opposite occurred in the plants subjected to 4 days of waterlogging, where a slight decrease in the average values of Ψpd (−1.28 MPa) was recorded, which were statistically similar to the control plants (Figure 7a). Ψmd was more negative than Ψpd and had a similar tendency to progressively reduce after 8 days of waterlogging (Figure 7b).




3.3. Chlorophyll “a” Fluorescence Parameters


The plants with waterlogging in the soil had Fv/Fm values between 0.75 and 0.66 and ETR values between 79 and 69 µmol e- m−2 s−1, while the control plants had Fv/Fm values of 0.79 to 0.78 and ETR values from 80 to 85 µmol µmol e- m−2 s−1 throughout the experiment. After 4 days of waterlogging, the plants showed a significant reduction (p < 0.0001) of both Fv/Fm (0.67) and ETR (70.74 µmol e- m−2 s−1), as compared to the control plants (Fv/Fm 0.78 and ETR 82.16 µmol e- m−2 s−1). These decreases in the fluorescence parameters were progressively preserved until 16 days of waterlogging (Fv/Fm 0.66 and ETR 69 µmol e- m−2 s−1). The fluorescence parameters evaluated in this study were sensitive to soil waterlogging conditions (Figure 8).



The physiological parameters evaluated in the plants with different waterlogging conditions and control plants showed a direct relationship between the measurements of water status Ψpd, Ψmd, and fluorescence parameters Fv/Fm and ETR. A high and positive correlation was observed between all physiological parameters with significant differences (p < 0.0001) (Figure 9).





4. Discussion


The waterlogging conditions in the soil affected the growth and physiological performance of the coffee cv “Cenicafé 1” plants, altering the DM accumulation of leaves and roots and TLA, as well as the water status and photosynthetic performance at the photochemical level. The coffee plants were very sensitive to these stress conditions, as has been previously reported [4,17]. Our results showed the physiological responses expressed by the C. arabica plants subjected to waterlogging in the soil, which may be influenced by the climatic variations generated in “La Niña” events, as well as on coffee plantations that have been identified as vulnerable to flood conditions in Colombia [7,10,11]. This information is important to understand the detrimental effects of this stress on the physiological performance of coffee plants widely cultivated in the coffee zone of Colombia. Strategies from crop management that can mitigate the effect of soil waterlogging, as well as building bases for the assisted selection of tolerant cultivars, are needed.



The symptoms of leaf epinasty, loss of turgor, chlorosis, and cell death reported in this study in coffee plants (Figure 3) are representative symptoms in plants subjected to waterlogging conditions in the soil [30,31,32]. Leaf epinasty is characterized by stimulated cell growth towards the adaxial or abaxial part of the leaf blade, it is promoted by ethylene, and it has been reported that it indicates a general inhibition of growth in the aerial part and reorientation of the leaves with changes in the leaf angle [31,32,33]. The loss of turgor in the leaves under waterlogging conditions is associated with increases in the ethylene content that regulates ABA biosynthesis in the mesophyll. This triggers stomatal closure, which restricts physiological processes, such as gas exchange or water uptake [31,34,35]. Chlorosis and cell death in leaves are mainly due to the degradation of photosynthetic pigments, such as chlorophylls, promoted by the low activity of enzymes that synthesize these pigments, the greater activity of chlorophyllase enzymes, and the increases in ROS that promote lipid peroxidation of chloroplast membranes and oxidation of chlorophylls [30,35,36]. These processes are regulated by the activity of ethylene, which triggers premature leaf senescence [30,31].



The waterlogging in the soil affected and inhibited the growth and development of coffee plants. The TDM was significantly affected after 4 days, indicating that this growth parameter is very sensitive to waterlogging conditions, as compared to TNL and TLA (Figure 4). However, the TNL and TLA were also significantly affected after 12 days. The reductions in these parameters indicated that there were very marked processes of premature senescence and leaf abscission, symptoms that are very common in plants subjected to these stress conditions [31]. Likewise, these results were reflected in the DM partition, where changes in the accumulation of DM in the leaves were observed (Figure 5) with decreases in the LAR (Table 2). The waterlogging conditions that the coffee “Cenicafé 1” cv plants were subjected to had a detrimental influence on photosynthesis since there was a high decrease in the growth of the organs responsible for the interception of solar radiation and CO2 assimilation, as evidenced by the increases in the SLA parameter at 8 days (Table 2). Therefore, alterations in carbon metabolism and the production of photoassimilates that could be allocated to plant growth are expected [34,36,37]. Furthermore, a possible cause of the increases in leaf abscission can be associated with increases in R/SR, as observed after 8 days (Table 2), because it indicates that plants are allocating more carbohydrates to the roots from the sources organ (leaves) to maintain the respiratory processes of these organs [17,34,36]. These reductions in TNL, TLA, and TDM have been reported in coffee plants [16] and other plant species subjected to waterlogging [38,39].



Reductions in root DM accumulation (Figure 5) were also reported in the study by Silveira et al. [16], which may be related to the decrease in the availability of oxygen in the soil [4,36], leading to changes in the respiratory metabolism in the roots and, consequently, reduced ATP production [17,37]. Under waterlogging conditions, plants obtain energy through the cycle of glycolysis or ethanol fermentation; however, ATP production is very low (2 moles of ATP/mole of glucose) compared to those obtained with glucose, between 36 moles of ATP/mole of glucose in aerobic metabolism [34,36,40]. When ATP contents are reduced, losses are generated in the accumulation of DM in the roots since they are sink organs that require this compound for growth and development processes. In addition, decreases in the DM of roots from waterlogging conditions generate a loss in the hydraulic conductance of the plants. These results were evidenced by the RDM/TLA parameter in this study (Table 2), which reduces the transport of water to the aerial part, restricts the assimilation of CO2 in leaves because of stomatal limitations, and generates changes in carbon metabolism, leading to decreased photosynthesis and growth [34,37,38].



Ψpd and Ψmd are key measurements for predicting the water status of coffee plants [1]. As expected, waterlogging conditions significantly affected these parameters. This same result has been reported in various plants subjected to these stress conditions [4,34,38]. This study recorded that different waterlogging periods promoted water stress in C. arabica cv “Cenicafé 1” plants, which was more severe as the duration increased (Figure 7). This was evidenced by the average values of Ψpd (−1.28 MPa) and Ψmd (−2.17 MPa) reported after 4 days, where the plants expressed moderate water stress [41,42], which leads to low cell wall elasticity, loss of leaf turgor as Ψpd decreases, and thus limits cell expansion and reduces water uptake [42,43,44,45]. In addition, the values of Ψpd recorded after 4 days of waterlogging may trigger foliar ABA biosynthesis to induce partial stomatal closure and thus reduce the transpiration rates as an avoidance mechanism for leaf dehydration [43,46,47]. These results contrast the study by Toral-Juárez et al. [4], where waterlogging conditions for 6 days in coffee C. canephora plants generated values Ψpd − 0.32 MPa, which indicated that the plants did not promote leaf ABA biosynthesis. The reductions in water status reported in the coffee “Cenicafé 1” cv plants may be related to limitations in the hydraulic conductance of the roots and increases in the concentrations of ABA in the leaves, as has been reported in C. arabica plants [48].



On the other hand, the average values of Ψpd (−3.50 MPa) and Ψmd (−3.50 MPa) observed after 8 days of waterlogging (Figure 7) verified that the coffee plants registered more severe water stress, generating harmful restrictions on essential physiological processes such as gas exchange capacity, water, and nutrient absorption, which decrease CO2 assimilation, affecting carbon metabolism and growth [35,37], as has been previously reported in coffee plants [4,15,49] and in other plant species [39,50]. The values of Ψpd and Ψmd after 12 days of waterlogging showed that the plants subjected to these stress conditions do not present rehydration mechanisms after the stressful conditions in the afternoon. Although the values of water potentials in the leaves recorded at the end of this study were very high, Ψpd (−3.50 MPa) and Ψmd (−3.70 MPa), they did not exceed the reference values (−7.0 to −8.0 MPa), reaching permanent wilting or death in C. arabica plants [1,51].



Under waterlogging conditions in the soil, photochemical and biochemical limitations have been reported in PSII activity [35,52,53]. Fluorescence parameters are physiological markers in plants and are a technique that can record alterations in processes involved in photosynthesis that are influenced by abiotic or biotic factors [35,52]. The Fv/Fm ratio has been reported as the measurement of the maximum quantum efficiency of PSII photochemistry and measurement that is associated with PSII functions and stability [54]. The decreases representative of the Fv/Fm parameter after 8 days of waterlogging (Figure 8a), demonstrating that there is no stability in the reaction centers of photosystem II, which remain inactive for the most part, reducing the transfer flow of photosynthetic electrons, as confirmed by the data: ETR 70.74 µmol e- m−2 s−1 (Figure 8b). Therefore, it can be assumed that there was damage from photoinhibition in the photosynthetic machinery, as can be observed in the Fv/Fm values (0.67) since they were below the reference range (0.85 to 0.75) observed in unstressed plants [54,55]. On the other hand, the Fv/Fm values showed that there was oxidative damage in the pool of photosynthetic pigments, such as chlorophylls and carotenoids, and that these physiological alterations in PSII are very frequently reported in plants under waterlogging conditions [50,53,56].



In contrast, the plants with waterlogging for 4 days had values of Fv/Fm 0.75 and ETR 79.01 µmol e- m−2 s−1 (Figure 8). Although a slight reduction in these parameters was seen, the stability and functionality of PSII were preserved, adjusting the essential processes of the light phase of photosynthesis, such as the production of ATP and NADPH, for the carboxylation reactions in the Calvin–Benson cycle. Therefore, there were no photochemical or biochemical limitations that impaired the photosynthetic processes of the coffee plants under this stress duration [57,58,59]. This effect is very likely to be preserved since plants under waterlogging conditions promote the dissipation of excess energy in the form of heat through the synthesis of zeaxanthin, obtained in the xanthophyll cycle, avoiding structural damage to the thylakoid membrane of chloroplasts, as reported in C. canephora coffee plants and other plant species with non-photochemical quenching-NPQ [4,53,58].



On the other hand, the coffee plants under waterlogging conditions activate the antioxidant system, which includes the superoxide dismutase-SOD, ascorbate peroxidase-APX, and ascorbate, which detoxify ROS and, therefore, prevent oxidative damage in chloroplasts [15]. This is known as a defensive measure in plants under waterlogging conditions in the soil, and, together with other responses, may be related to tolerance mechanisms under these stress conditions [34,36,40].




5. Conclusions


The C. arabica “Cenicafé 1” variety plants were affected by waterlogging conditions in the soil. The plants tolerated 4 days of waterlogging because significant differences or considerable decreases in growth and physiological parameters were not detected. On the other hand, after 8 days of waterlogging, the growth and physiological performance of the coffee plants were significantly affected, registering increases in premature senescence in the leaves and foliar abscission, changes in the accumulation of DM, loss of water status as reported by the water potential values in the leaves and the limitations in the hydraulic conductance of the roots, and sensitivity in the PSII activity, as shown by the Fv/Fm, significantly reducing the ETR and affecting photosynthetic processes with limitations at the photochemical level in the coffee plants.
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Figure 1. Variation of temperature (● solids symbols) and relative humidity (◊ open symbols) according to waterlogging duration in days. 
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Figure 2. The sequence of the application of treatments with waterlogging and control on coffee seedlings. The red containers are the plants without waterlogging with soil at field capacity and the blue color illustrates the plants subjected to waterlogging with the containers adapted with plastic bags and saturated soil. 
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Figure 3. Visual symptoms of coffee seedlings subjected to different waterlogging periods. 
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Figure 4. Effect of waterlogging on total number of leaves (TNL) (a), total leaf area (TLA) (b), and total dry mass (TDM) (c) of coffee plants. Data are the mean (n = 30). The different letters denote significant differences according to Tukeyʼs test (p < 0.05) for TLA and TDM, and Games–Howellʼs test (p < 0.05) for TNL. 
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Figure 5. Effect of waterlogging on dry matter partitioning of coffee plants. Each bar chart summarizes the mean of 30 replicates. The different letters denote significant differences according to Tukeyʼs test (p < 0.05) for dry matter partitioning of roots and stem, or Games–Howellʼs test (p < 0.05) for dry matter partitioning of leaf. 
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Figure 6. Correlation analysis data. The Spearman correlation analysis was calculated to evaluate the relationship between waterlogging and growth parameters in coffee plants. The coefficients above the diagonal of the matrix show the degree of the correlation and the asterisks denote significant changes for * p < 0.05, ** p < 0.001, and *** p < 0.0001. The scatter plots between the growth parameters are shown below the diagonal of the matrix. 
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Figure 7. Leaf water potential of coffee plants under waterlogging conditions. Predawn-Ψpd (a) and midday-Ψmd (b) were measured in leaves in the control and with different waterlogging periods. Data are the mean (n = 8) ± SE. The different letters denote significant changes according to Tukeyʼs test (p < 0.05). 
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Figure 8. Chlorophyll “a” fluorescence parameters of coffee plants under waterlogging. The maximum efficiency of PSII (Fv/Fm) (a) and ETR (b) were measured in dark-adapted leaves in the control and with different waterlogging periods. Data are the mean (n = 8) ± SE. The different letters denote significant differences according to Games–Howellʼs test (p < 0.05). 
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Figure 9. Correlation analysis data. The Spearman correlation analysis was calculated to evaluate the relationship between physiological parameters and the effect of waterlogging on coffee plants. The coefficients above the diagonal of the matrix show the degree of the correlation and the asterisks denote significant changes at *** p < 0.0001. The scatter plots between the physiological parameters are shown below the diagonal of the matrix. 
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Table 1. Physical–chemical characteristics of the soil used as substrate in the cylindrical containers for the coffee seedlings.
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pH

	
Texture

	
Organic Matter

	
Clay

	
Sands

	
Silt

	
N

	
Al

	
K

	
Ca

	
Mg

	
P

	
S

	
B




	
%

	
cmol (+) kg−1

	
ppm






	
5.0

	
Sandy loam

	
9.5

	
15.7

	
58.1

	
26.1

	
0.4

	
0.4

	
0.1

	
0.7

	
0.3

	
2.2

	
16

	
0.38
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Table 2. The effect of waterlogging on leaf area ratio (LAR), specific leaf area (SLA), roots/shoot ratio (R/SR), and root-dry-mass-to-total-leaf-area ratio (RDM/TLA). Data are the mean (n = 30) ± SE. The different letters denote significant differences within the column according to Tukey’s test (p < 0.05) for SLA, or Games–Howell’s test (p < 0.05) for LAR, R/SR, and RDM/TLA.
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Days of Waterlogging

	
Parameters

	

	

	




	
LAR

	
SLA

	
R/SR

	
RDM/TLA






	
Control

	
0.50 ± 0.10 a

	
109 ± 3.50 b

	
3.89 ± 0.19 a

	
41.10 ± 2.40 a




	
4

	
0.50 ± 0.01 a

	
122 ± 3.76 ab

	
3.82 ± 0.23 a

	
37.30 ± 2.32 a




	
8

	
0.50 ± 0.01 a

	
126 ± 5.63 a

	
4.26 ± 0.31 a

	
34.80 ± 2.40 a




	
12

	
0.48 ± 0.01 ab

	
117 ± 3.39 ab

	
4.40 ± 0.27 a

	
37.20 ± 2.81 a




	
16

	
0.45 ± 0.01 b

	
118 ± 3.26 ab

	
4.17 ± 0.21 a

	
36.86 ± 3.19 a
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