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ABSTRACT7

Aims: This study evaluated carbon assimilation, water relations, intrinsic and instantaneous8

water use efficiency, and water consumption of two cultivars of Ricinus communis L. cv. BRS 1889

Paraguaçu and BRS Energia, subjected to regulated-deficit irrigation.10

Study Design: The experiment was arranged in a completely randomized scheme in a factorial11

arrangement of 5 x 2, with five replicates.12

Place and Duration of Study: The experiment was conducted in a greenhouse at the13

Universidade Estadual de Santa Cruz, Ilhéus, Brazil from December 2008 to February 2009.14

Methodology: The growing plants were subjected to different water conditions by predefined15

quantities of water, so as to maintain the substrate under the following matric potential (Ψm)16

during the experimental period: -1.6 kPa (near field capacity), -3.0 kPa, -7.3 kPa, -26.7 kPa, and -17

183.0 kPa.18

Results: The cultivars differed significantly (P = .05) in predawn leaf water potential and relative19

water content, showing that the tissues of BRS Energia remained more hydrated compared to20

BRS 188 Paraguaçu. Under -183.0 kPa, the intrinsic water use efficiency and instantaneous21

water use efficiency were significantly higher in BRS Energia than in BRS 188 Paraguaçu,22

suggesting a conservative behavior of the cultivar BRS Energia. Non-stomatal limitations to23

photosynthesis were observed in BRS 188 Paraguaçu. Under greater water stress, BRS 18824

Paraguaçu and BRS Energia plants had the leaf area reduced by 75.58% and 23.13%,25

respectively compared with the control. The water use efficiency of biomass was significantly26

higher in BRS Energia than in BRS 188 Paraguaçu.27
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Conclusion: The cultivar BRS Energia was more promising in relatively drier conditions28

compared to BRS 188 Paraguaçu. The carbon assimilation decreased in both castor bean29

cultivars only under severe water stress (-183.0 kPa), suggesting that the use of the deficit30

irrigation technique may be viable leading to lower water consumption and higher photosynthesis31

efficiency.32

33
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35

1. INTRODUCTION36

37

Castor bean (Ricinus communis L.), one of the 7000 species of the family Euphorbiaceae [1].38

Castor bean is an important oil-seed crop grown throughout the world [2]. Production is39

concentrated in India, China, Brazil and Mozambique [3]. In Brazil, small- and medium-scale40

farmers have been producing castor oil for more than a century, especially in the state of Bahia41

[4,5]. Cultivation of castor bean is a good alternative for those farmers, because this crop has a42

low production cost, is drought-tolerance can be easily cultived [6,7], and can grow any where43

including in infertile soil considered unsuitable for food production [8]. The species shows44

satisfactory fruit production even in the semi-arid region of northeastern Brazil where rainfall is45

sparse [9]. Thus, castor bean may be an alternative source of income for farmers in northeastern46

Brazil [9], especially for family farmers [10,8], allowing them to remain economically viable [11].47

Given the global climate changes that are increasing water scarcity, irrigation and rational use of48

water have become important objects of study [12]. Strategies to reduce irrigation-water49

consumption and to improve water use efficiency (WUE) have become a priority for water50

conservation in agriculture [13]. In the cultivation of Pyrus L., deficit irrigation has reduced water51

consumption by about 5 to 18%, i.e., this irrigation method has enabled a water saving of 13-25%52

compared to full irrigation [14]. Regulated Deficit Irrigation (RDI) is among the water-saving53

strategies based on the adaptive and specific responses of plants to drought [15], where supplying54

less water than the plants require is an important tool in reducing consumption of irrigation water55

[16,17].Several cases of success using this technique have been reported, with gains in56

productivity [16] of many species such as Olea europaea L. [18], Dianthus caryophyllus L. [19],57
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Capsicum annum L. [20], Citrus sinensis [21], Prunus armeniaca [22], Pistacia vera L. [23], Vitis58

vinifera L. [24] and Citrus paradisi Mac. [25]. Deficit irrigation (50% of evapotranspiration) in Vitis59

vinifera L. cultivation was sufficient to ensure a high yield, water use efficiency - WUE (yield/water60

applied in irrigation) and good fruit quality [26]. WUE can be optimized by increasing the61

productivity of a crop in line with the volume of water applied, or by reducing irrigation without62

significantly reducing productivity [27].63

Energy crops such as castor beans have attracted attention for producing biofuels such as64

biodiesel, in developed as well as developing countries contribuiting to reduce dependency on65

fossil fuel [8]. Studies on castor bean production systems in the climate conditions of Brazil are66

especially relevant with regard to irrigation conditions, in order to augment the income of67

producers [28].68

The castor bean cultivar BRS Energia has an earlier cycle in relation to the other cultivars, with69

120-150 days between the germination and maturation of recent racemes, and the first raceme70

appears about 30 days after germination [29]. Thus, the precocity associated with easy cultivation71

makes a cultivar BRS Energy with great productive potential of great social and economic72

importance to the semi-arid region of northeastern Brazil. The BRS 188 Paraguaçu has agronomic73

and technological characteristics superior to those of commercial cultivars [30]. Thus, the74

comparative study of the physiological characteristics of each cultivar under water restriction75

conditions can aid in selecting the best cultivar in response to the minimum water availability76

needed for higher productivity and lower costs.77

Growing of drought-tolerant cultivars will contribute to stable castor bean production, while the78

screening of cultivars or breeding lines to drought stress responses can be a crucial part of79

breeding programs [2]. In the present study, our main objective was to evaluate carbon80

assimilation, water relations, intrinsic and instantaneous water use efficiency, and water81

consumption of two castor bean cultivars, BRS 188 Paraguaçu and BRS Energia, subjected to82

regulated deficit irrigation.83

84

2. MATERIAL AND METHODS85

2.1 Plant material and growing conditions86

87
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The experiment was conducted in a greenhouse at the Universidade Estadual de Santa Cruz,88

Ilhéus, Bahia, Brazil (14°47'00" S, 039°02'00" W) from December 2008 to February 2009.89

According to the Köppen climate classification, the local climate is the Af type humid tropical90

climate, with mean annual temperatures ranging from 22 to 25°C [31]. During the experimental91

period inside the greenhouse the air temperature ranged from 24 °C to 31 °C and relative humidity92

(RH) from 65% to 98% (Hobo H8 Pro sensors, Onset Computer, Massachusetts, USA), and93

cumulative photosynthetically active radiation (PAR) from 4.9 to 33 mol photons m-2 day-1 (S-LIA-94

M003 quantum sensors coupled to a Hobo Micro Station Data Logger, Onset Computer,95

Massachusetts, USA).96

Two cultivars of Ricinus communis L. (BRS 188 Paraguaçu and BRS Energia) with different97

growing cycle were used in the study. In BRS 188 Paraguaçu, the mean period between seedling98

emergence and emission of the first raceme (inflorescence) is 54 days and the whole growing99

cycle last for 250 days. The mean oil content in its seeds is 48%, and the mean yield is 1,500100

kg/ha in a longer 250-day cycle under the rain-fed semi-arid conditions of northeastern Brazil [32].101

BRS Energia is a shorter cycle cultivar with120 to150 days between the germination and102

maturation of recent racemes, whereas the first raceme emerges earlier at about 30 days after103

germination [29].The oil content of seeds is 48% and fruit productivity is 1,500 kg/ha, on average,104

under rain-fed semi-arid conditions [33].105

The seeds were soaked for 2 h and then treated with the systemic fungicide Derosal®. The plants106

were grown for 66 days in 21L pots filled with a mixture of sand and soil (3:1); textural analysis107

showed 60 dagkg-1 coarse sand, 16 dag kg-1 fine sand, 9 dag kg-1 silt, and 15 dag kg-1 clay. The108

substrate was prepared based on its chemical composition (Table 1). Pots similar to those used in109

the experiment were assembled to estimate field capacity of substrate. After correcting the pH with110

1.55 g dm-3dolomitic limestone (PRNT 90.87%) and adding 1.37 g dm-3 triple superphosphate and111

0.60 g dm-3 of ready commercial formulation containing (N -16%; K2O – 16%; S – 7%; B – 0.2%;112

Cu – 0.2%; MgO – 1%; Zn and Mn – 0,5%.113

Top-dressing chemical fertilization was based on 80 mg dm-3 urea and 10 mg dm-3 potassium114

chloride. Each pot was filled with a known weight of soil which was irrigated to field capacity and115

then sown five seeds per pot. When the plantlets were approximately 0.10 to 0.12 m tall, they were116

thinned by leaving only one plant per pot. The plantlets isolated from thinning were used to collect117
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zero (initial biomass). Each pot was fertilized monthly with 50 mL of nitrogen (urea) and potassium118

(potassium chloride) solutions at concentrations of 28.4 g L-1 and 2.15 g L-1, respectively.119

120

Table 1. Chemical analysis of the substrate used in the experiment

cmolc/dm3 mg/dm3

pH Al H+Al Ca Mg Ca+Mg P K Fe Zn Cu Mn

4.47 0.67 4.9 0.19 0.08 0.27 0.4 8 103 1.17 0.5 1.7

121

Regulated-deficit irrigation (RDI) was started at 32 days after sowing (DAS) and the growing plants122

were then subjected to different water conditions by predefined quantities of water, so as to123

maintain the substrate under the following matric potential (Ψm) during the experimental period: -124

1.6 kPa (near field capacity), -3.0 kPa, -7.3 kPa, -26.7 kPa, and -183.0 kPa. The substrate Ψ) for125

each treatment was estimated using an equation derived from the soil water-retention curve (Table126

2).127

Table 2. Mean percentages of water content of substrate (WCS) 20, 16, 12, 9 and 7% and128

their corresponding matric potential (Ψm)129

130

Treatments WCS (%) Ψm (-KPa)

20 19.7 1.6

16 15.6 3.0

12 12.1 7.3

9 9.1 26.7

7 6.7 183.0

131

Before each irrigation, all the pots were weighed and the difference between the current weight132

and that corresponding to each treatment corresponded to the weight of replacement water133

(evapotranspiration). Water consumption was considered as the water lost by the plants via134

transpiration, and the evaporation from the substrate in the pot.135

136

2.2 Water relations137
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The pre-dawn leaf water potential (ΨPD) was evaluated 18 days after the RDI application (DAAT),138

using a Pressure Chamber Instrument Model 1000 (PMS Instrument Company, USA).139

Pressurization was carried out slowly, and the time between the leaf collection and the140

measurement was as short as possible [34]. The measurements were performed between 02:00141

and 04:00 h, when the mean air temperature was around 23.3°C and the relative humidity was142

74%.143

144

2.3 Leaf relative water content145

Leaf samples were first weighed (P1) and then placed to hydrate in pots filled with water, for 12 h146

in the dark, this time was enough to reach the max turgor. After hydration, the leaves were147

weighed again to obtain the turgid weight (P2) and were then placed in a forced-air oven at 75°C148

for 72 h to obtain the biomass dry weight (P3). Relative water content was calculated using the149

following formula: RWC = [(P1-P3)/(P2-P3)]x100 [35].150

151

2.4 Leaf gas exchange152

Leaf gas exchange was evaluated 18 days after the application of treatments (DAAT), between153

08:00and 12:00 h, in the middle part of fully expanded physiologically mature leaves from five154

randomly selected plants from each treatment. Net photosynthesis rate (A), intercellular CO2155

concentration (Ci), stomatal conductance to water vapor (gs), and transpiration (E) per unit of leaf156

area were measured using the Li-6400 Portable Photosynthesis System (LI-COR Biosciences Inc.,157

Nebraska, USA) with integrated fluorescence camera (LI-6400-40 leaf chamber fluorometer, LI-158

COR). Photosynthetically active radiation (PAR), atmospheric CO2 concentration (Ca), and block159

temperature were set at 1200 mol photons m-2 s-1, 400 μmol mol- 1 and 26°C, respectively, using160

the equipment controls.161

162

2.5 Water use efficiency163

Three forms of expressing water use efficiency were used in the analysis and interpretation of164

experimental data: instantaneous water use efficiency (A/E), intrinsic water use efficiency (A/gs)165

and water use efficiency of biomass (kg m-3), calculated as the ratio of biomass produced to water166
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consumed (evapotranspiration). The calculations were performed with data collected at 8 DAAT167

(1stharvest) and 34 DAAT (2nd harvest).168

169

2.6 Biomass determination170

Two destructive measurements at the beginning (8 DAAT) and the end (34 DAAT) of the171

experimental period were performed. The harvests were treated independently, since the plants172

collected 8 DAAT were different from those collected 34 DAAT. Leaf area was estimated, both173

non-destructively and destructively, using allometric coefficients (width and length of a mature leaf)174

previously generated for this purpose as described by [36], and a LI-COR 3100 (Biosciences Inc.,175

Nebraska, USA) automatic leaf area meter. The dry mass of plant organs (root, stem and leaves)176

was used to estimate the variables for growth, such as relative growth rate (RGR) according to177

Hunt (1990). Each plant was placed in paper bags and oven-dried in a forced-air oven at 75°C178

until constant weight.179

180

Statistical analysis181

The experiment was arranged in a completely randomized scheme in a factorial arrangement of 5182

x 2, wherein the factors were: five water regimes and two cultivars of R. communis, with five183

replicates. Differences between the cultivars were assessed using a t-test at 5% probability.184

185

3. RESULTS AND DISCUSSION186

3.1 Leaf water relations187

The effects of deficit irrigation on ΨPD and RWC differed between the two cultivars (Fig.1 A, B).188

RWC was significantly higher in BRS Energia, with mean values of 89, 85 and 76% at-3.0; -7.3189

and -183.0 kPa soil matric potential, respectively (Fig.1 A); whereas the corresponding values for190

BRS 188 Paraguaçu were 83, 79 and 64% (Fig.1A). These data showed that although both191

species consumed the same amount of water (Fig. 4 C, D), the short-cycle cultivar BRS Energia192

was able to maintain more-hydrated tissues compared to the longer-cycle BRS 188 Paraguaçu,193

especially at higher water deficits. One can therefore infer that BRS Energia is the more194

promising cultivar in relatively dry locations due to its ability to maintain higher RWC and Ψw.195
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The RWC is probably the most appropriate measure of plant water status in terms of the196

physiological consequences of cellular water deficit. According to [37], the restriction in leaf water197

status resulting from a reduction in RWC affects plant growth and development as observed in198

BRS 188 Paraguaçu.199

As observed for the RWC, the ΨPD of BRS Energia was significantly higher than that of BRS 188200

Paraguaçu, with values of -0.49 and -0.89 MPa PD in the former in contrast to -0.6 and -1.4201

MPa PD in the latter at-7.3 and -183.0 kPa, respectively (Fig.1 B).The non-significant difference202

between the cultivars for RWC and the significant difference for ΨPD in -26.7 kPa (Fig.1 A, B) may203

suggest some degree of osmotic adjustment, which enabled the plants to maintain turgor in a204

relatively low water potential.205

206

207

Fig. 1. (A) Relative Water Content (RWC) and (B) pre-dawn leaf water potential (ΨPD) in208

plants of Ricinus communis cv. BRS 188 Paraguaçu and cv. BRS Energia subjected to209

different water conditions: -1.6; -3.0; -7.3; -26.7 and -183.0 kPa  after 18 days of treatment210

application (DAAT). Points are mean (n=5), error bars are the standard error of the mean,211

and letters indicate significant differences between cultivars with the same water level, by212

t-test (P = .05)213

214

Studies with different hybrids of R. communis showed that this species accumulates high215

contents of proline, total soluble sugars, amino acids and potassium after 33 days under water216

stress, and the sugars are the key players in osmotic adjustment in castor bean leaves [38].217
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Similarly, Jatropha curcas plants possess an efficient adaptive mechanism to prevent severe218

drought stress by maintaining good leaf water status and effective osmotic adjustment [39,40].219

In soil matric potential of -3.0 kPa, both cultivars had significantly similar Ψw but with different220

RWC values (Fig.1 A, B).This indicates that although the status of the water within the cells was221

the same, the leaf hydration status and physiological water were different.222

223

3.2 Leaf gas exchange224

The cultivars showed different behaviors for A/gs, A/E and Ci/Ca when subjected to -183.0 kPa,225

with higher values for BRS Energia than for BRS 188 Paraguaçu (Fig.2 C, D and F). Both226

cultivars had A, gs and E constant at approximately 26 μmol m-2 s-1, 0.45 mol H2O m-2 s-1 and 3.8227

mmol H2O m-2 s-1, respectively, after 18 days under matric potential in the substrate above -26.7228

kPa (Fig.2 A, B, D), showing that gas exchange was not affected when the matric potential in the229

substrate exceeded -26.7 kPa, regardless of the cultivar. The reduction in the photosynthesis rate230

observed at -183.0kPa (Fig.2 A), in turn, was closely associated with the closure of stomata231

(Fig.2 B). The reduction in gs increases resistance to CO2 diffusion into the leaves, affecting the232

accumulation of photoassimilates (Fig.4 A, B) [41]. If the plant loses water at a faster rate than its233

capacity to absorb and transport it, then the leaf water potential decreases, causing the closure of234

stomata and the reduction of photosynthesis (Fig. 1 B, Fig. 2 A, B) [42]. Similarly, in J. curcas, net235

photosynthesis was significantly reduced only when soil water availability dropped below 30% of236

field capacity. However, gs proved to be quite sensitive to soil water availability, and the strict237

stomatal regulation in this species was evident after 11 days of stress [39]. Compared to BRS238

188 Paraguaçu, higher A/gs was observed in plants of BRS Energia subjected to increased water239

deficit (Fig. 2 C). This behavior is attributable to the rapid stomatic closure observed in BRS240

Energia to minimize water loss and thus maintain leaf Ψw (Fig. 2 B). The stomatal closure241

contributed to optimize the efficiency of water use in the plants under stress [43], allowing them to242

optimize CO2 fixation versus water loss. Stomatal closure is considered a drought-avoidance243

mechanism [44].244
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245

246

Fig. 2. (A) Net Photosynthesis rate (A); (B) stomatal conductance for water vapor (gs); (C)247

intrinsic water use efficiency (A/gs); (D) transpiration; (E) instantaneous water use248

efficiency (A/E) and (F) ratio (intercellular and atmospheric CO2 concentrations) (Ci/Ca) of249

two castor bean cultivars cultivated in substrate with -1.6; -3.0; -7.3; -26.7 and -183.0 kPa250

of matric potential for 18 days after treatment application (DAAT). Points are mean (n=5),251

error bars are the standard error of the mean, and letters indicate significant differences (P252

= .05) by t-test between cultivars with the same water level.253

254

This difference in behavior between the two cultivars was also observed in Lotus corniculatus255

where the transpiration rate, RWC and gs reflect specific physiological mechanisms in each256
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cultivar, and allow for metabolic acclimatization to drought conditions [45]. [46] obtained similar257

results, and stated that the castor bean drought-resistance mechanism appears to be related to258

an initial response and increased growth, as well as efficient stomatal control, minimizing water259

loss from transpiration. Although the studies of J. curcas by [47] revealed that a reduction in water260

availability (100, 75, 50 and 25% field capacity) resulted in decreased gs and E in order to avoid261

loss of water, however, the WUE was reduced.262

The rapid closing of stomata and the lower E observed in the lower matric potential of the263

substrate for BRS Energia in relation to BRS 188 Paraguaçu (Fig. 2 B, D) resulted in increased264

A/gs and A/E (Fig. 2 C, E). This improved the hydration of leaf tissue (Fig. 1 A), suggesting a265

conservative approach [48, 49, 50].266

The Ci/Ca ratio for both cultivars was maintained at 0.65 in substrates above -26.7 kPa. Water267

contents below -26.7 kPa led to a behavior contrary to that observed for A/gs (Fig.2 C, F); thus,268

the low value of Ci/Ca followed by an increase in the A/gs of BRS Energia plants are due to low269

gs [39]. On the other hand, the higher CO2 concentration in intercellular spaces (Ci) subjected to270

low gs observed in BRS 188 Paraguaçu indicates that this cultivar was more sensitive to the RDI271

compared to BRS Energia (Fig.2 F). This behavior suggests the occurrence of non-stomatal272

limitations to photosynthesis, such as low mesophyll conductance, reduced activity and273

concentration of ribulose-1,5-bisphosphatecarboxylase-oxygenase (Rubisco), photoinhibition, and274

reduced photochemical efficiency of PSII [51,52,53].275

276

3.3 Growth and biomass accumulation277

Because the experiment consisted of two cultivars with different cycles,short-cycle BRS Energia278

(120-150 days) and long-cycle BRS 188 Paraguaçu (250 days), only the reproductive cycle of279

BRS Energia was evaluated. According to literature, the BRS 188 Paraguaçu cultivar begins the280

reproductive stage at 53 DAS [33]; however, in our study, no flowering was observed up to 66281

DAS.282

At 8 DAAT, due to the dry conditions, plant height was gradually reduced, especially in plants283

subjected to -183.0 kPa, with reductions of 38.81 and 33.28% compared to the controls in BRS284

Energia and BRS 188 Paraguaçu, respectively (Fig.3 A). At 34 DAAT, the reductions were even285

more significant, 51.48% and 40.17%, respectively (Fig.3 B).286
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287

Fig. 3. Plant height (cm), leaf area (cm2), shoot biomass (g) and root biomass (g) of two288

castor bean cultivars grown in substrate with -1.6; -3.0; -7.3; -26.7 and -183.0 kPa  at 8289

DAAT (A, C, E and G) and 34 DAAT (B, D, F and H).Points are mean (n=5), error bars are290

the standard error of the mean.291

292

This indicates that the plant height of cultivars is determined, among other factors, by the water293

supply [54], which inhibits cell elongation more than division, affecting various physiological and294
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biochemical processes such as photosynthesis, respiration, translocation, absorption of ions,295

carbohydrates, nutrient metabolism, and growth factors [55].296

Reductions in height were also observed by [56] in cultivars BRS 149 Nordestina and BRS 188297

Paraguaçu, with reductions of 40.24, 24.89 and 13.83% in treatments with 40, 60 and 80%298

available water compared to plants in soil maintained at field capacity.299

After 8 DAAT there was a reduction in leaf area with increasing water stress, soon after the plants300

were subjected to the treatments (Fig. 3 C).301

Similarly, [57] reported a leaf-area reduction of more than 60% in BRS 188 Paraguaçu under302

excess water stress and deficiency in only six days, and stated that in the juvenile stage until the303

first 52 days after seedling emergence, this cultivar is very sensitive to water stress.304

At 34 DAAT, under greater water stress, the plants showed a quite compromised leaf area, with305

reductions of 75.58% and 23.13% compared with the control, for BRS 188 Paraguaçu and BRS306

Energia, respectively (Fig. 3 D). According to [58], the reduction in leaf area, due to selective leaf307

senescence combined with decreases in A and A/gs (Fig. 2 A, C), allows plants to maintain an308

"above-lethal" water potential. The same authors observed a similar behavior in J. curcas after 18309

days of water stress. The reduction in leaf area and gas exchange during dry conditions reduces310

not only water loss but also carbon assimilation, with consequent slower growth [59]. The smaller311

reduction in leaf area observed in BRS Energia compared to BRS 188 Paraguaçu, especially at -312

183.0 kPa, resulted from the ability of the former to produce leaves, although small, whereas BRS313

188 Paraguaçu lost leaves. According to [45], the regrowth process generates small turgid leaves314

that are physiologically acclimated to drought, showing obvious morphological changes resulting315

from changes in growth and leaf development. At 34 DAAT, the longer period of drought had316

significantly affected the shoot biomass of plants of both cultivars. At -183.0 kPa, cultivars BRS317

Paraguaçu and BRS Energia showed reductions of 79.02 and 85.44% respectively, compared to318

control plants (Fig. 3 F).319

The root development was also strongly influenced by growing conditions. At 34 DAAT, the root320

biomass at -183.0 kPa was lower than in the control, with reductions of 61.25 and 56.04% in BRS321

Energia and BRS 188 Paraguaçu, respectively (Fig. 3 H). This indicates that both cultivars322

showed no root growth in the most intense drought conditions, reducing the shoot:root ratio. [60]323

noted that root growth is usually less affected by drought stress than shoot growth. A decrease in324
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the shoot:root ratio is a common observation under drought stress, which results either from an325

increase in root growth or from a relatively larger decrease in shoot growth than in root growth, as326

a result of pre-conditioning deficit-irrigation processes. Furthermore, as the matric potential of the327

substrate decreased, the percentage of shaded roots in the BRS 188 Paraguaçu plants increased328

possibly the result of suberization of the exodermis to protect the roots from adverse conditions329

[60].330

Within a short period of time (8 DAAT), the plants subjected to water-deficit treatments showed a331

significant decrease in total biomass (TB) due to the reduction of the matric potential in the332

substrate (Fig.4 A), indicating high sensitivity of growth to reduced water availability. When333

subjected to severe water deficit (-183.0 kPa),total biomass decreased by 56% in both cultivars334

compared to the control (Fig. 4 B). Leaves comprised most of the TB (Fig.3 D). This reduction in335

growth of biomass observed in both species is attributable to a survival strategy.336

The reductions in growth and biomass accumulation observed in the plants subjected to water337

deficit, especially in BRS 188 Paraguaçu, are due to decreases in Ψw, which has been338

associated with a reduction in the coefficient of cell division and in cell expansion [61], mainly339

driven by leaf turgor pressure (Ψp). Similar behavior was observed in J. curcas after 18 days of340

stress [58].341

After 34 DAAT (Fig. 4 B), water deficits below -3.0 kPa reduced (TB) production, by 18.21, 25.47342

and 75.97% in BRS Energia and 3.57, 35.10 and 80.95% in BRS 188 Paraguaçu at-7.3; -26.7343

and -183.0 kPa in comparison with the control, respectively. With the reduction in water344

availability, the water consumption (evapotranspiration) decreased linearly to values of 11.71,345

7.41, 6.43, 4.14 and 0.53 L (BRS 188 Paraguaçu) and 11.35, 7.60, 5.69, 3.98 and 0.71 L (BRS346

Energia), with mean daily consumption of 1.46, 0.93, 0.80, 0.52 and 0.07 L (BRS 188 Paraguaçu)347

and 1.41, 0.95, 0.71, 0.50 and 0.09 L (BRS Energia) at -1.6, - 3.0, - 7.3, - 27.7 and -183.0 MPa,348

respectively, over 8 DAAT (Fig. 4 C). Even so, there were no significant differences between the349

cultivars. Similar results were observed for the same castor bean cultivars where the highest350

water consumption (2534 mm) occurred with 100% available water over the 180 days of the crop351

cycle [62].352
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353

Fig. 4. Total biomass (TB), cumulative water consumption (WC), relative growth rate in354

biomass (RGR) and water use efficiency (WUE) of two castor bean cultivars cultivated in355

substrate with -1.6; -3.0; -7.3; -26.7 and -183.0 kPa for 8 DAAT (A, C, E and G) and 34 DAAT356

(B, D, F and H). Points are mean (n=5), error bars are the standard error of the mean, and357



16

letters indicate significant differences (P = .05) by t-test between cultivars with the same358

water level.359

During the entire experiment (34 DAAT), the final water consumption was 47.47, 39.53, 33.40,360

22.41 and 6.33 L in BRS 188 Paraguaçu and 42.31, 39.22, 30.69, 22.94 and 7.72 L in BRS361

Energia at -1.6, - 3.0, -7.3, -26.7 and -183.0 MPa of soil water, respectively, with a mean daily362

consumption of 1.40, 1.16, 0.98, 0.66 and 0.19 L (BRS 188 Paraguaçu) and 1.24, 1.15, 0.90,363

0.67 and 0.23 L (BRS Energia) (Fig. 4 D). Despite the different plant architectures of the two364

cultivars, there were no differences in evapotranspiration.365

BRS 188 Paraguaçu had a reduced RGR when subjected to -1.60 kPa water in the substrate at 8366

DAAT (Fig. 4 E). Similar results were found by [63], who attributed the delay in development and367

consequent limitation of the respiratory process of BRS 188 Paraguaçu to the 4.80% reduction in368

growth of the root system at the highest soil water content, which was 100% field capacity.369

Reductions in RGR were evident after 34 DAAT, in particular in BRS 188 Paraguaçu, where the370

RGR was negative (-8.58 mg g-1 day-1) (Fig. 4 F). Considering that the RGR corresponds to the371

amount of new material produced in relation to the pre-existing material over time [64], the372

cultivar BRS 188 Paraguaçu had stopped growth, which explains why the RGR was negative.373

BRS Energia, in contrast, still showed positive values of RGR (9.8 mg g-1 day-1) even under a374

severe soil water deficit (Fig. 4 F). Those results suggest that the cultivar BRS 188 Paraguaçu is375

less tolerant to water deficit compared to BRS Energia.376

The lower water availability resulted in a decrease in A (Fig. 2 A) and consequently in the377

production of carbohydrates, contributing to a reduction in biomass accumulation (Fig. 4 E, F) of378

the plants. Similar results were found in J. curcas, in terms of CO2 assimilation, stomatal379

conductance, transpiration, growth, biomass and water use efficiency which progressively380

reduced in response to decreasing soil moisture content [47].381

382

3.4 Water use efficiency (WUE)383

The WUE was evaluated taking into account the evapotranspiration of water (soil evaporation +384

leaf transpiration) and dry biomass production. For both, pots containing only substrate were385

covered with plastic to estimate evaporation, but the estimate was very low and was therefore386

disregarded. Shading of the pot’s surface by leaves further reduced evaporation, so that the387
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evaporation was higher than the transpiration. The WUE of BRS Energia increased linearly with388

decreased matric potential in the substrate at 8 DAAT, reaching a WUE of up to 6 kg m-3(Fig.4389

G). This behavior can be attributed to increased branching and length of the roots. This can390

minimize the depletion of water around the roots, thereby minimizing resistance to transport of391

water to the root system [65].392

The substrate with a matric potential of -1.6 kPa reduced the WUE of BRS 188 Paraguaçu at 8393

DAAT (Fig.4G). Our results are not consonant with those obtained by [62], who in studies394

involving BRS 188 Paraguaçu found increased WUE in the treatment with 100% available water395

in relation to the lowest level (40%), with values of 2.78 and 0.28 kg m-3, respectively. This396

discrepancy can be attributed to the time when the analyses were performed: in the studies397

conducted by [62] the cultivation time was 180 days, and the present study lasted 66 days.398

At 34 DAAT, only for WUE, indicating that the cultivars have different behaviors as a function of399

watering regimes (Fig.4 H). In contrast, the WUE of the BRS Energia plants was significantly400

higher (2.1, 2.4, 2.6 and 1.1 kg m-3) than that of the BRS 188 Paraguaçu plants (1.6, 2.0, 1.9 and401

-0.4 kg m-3)at-1.6, -3.0,-26.7 and -183 kPa, respectively (Fig.4H). In the same period, the WUE of402

the plants was reduced in soil with the highest water deficit, regardless of the cultivar. The lower403

efficiency recorded for BRS 188 Paraguaçu in relation to BRS Energia may possibly be attributed404

to the decrease in gs during water deficiency, which reduces the assimilation efficiency (0.05405

µmol m-2 s -1) through photosynthesis, since BRS Energia showed higher values than BRS406

188Paraguaçu at -26.7 and -183.0 kPa. Similarly, is was found in J. curcas a reduction in WUE407

under dry conditions most likely due to the negative effect of the higher potentials on the408

production of plant biomass [66]. However, in this study, soil with matric potential greater than -409

183.0kPa allowed the plants to maintain WUE.410

411

4. CONCLUSION412

Among the variables studied here, the relative water content, predawn leaf water413

potential,biomass, and relative growth rate were more sensitive to regulated water deficits. The414

cultivar BRS Energia was more promising in relatively drier conditions compared to BRS 188415

Paraguaçu, since it was able to maintain a larger leaf area and more-hydrated tissues,416

maximizing the efficiency of water use. The carbon assimilation decreased in both castor bean417
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cultivars only under severe water stress (-183.0 kPa), suggesting that the use of the deficit418

irrigation technique may be viable leading to lower water consumption and higher photosynthesis419

efficiency.420

421

422

COMPETING INTERESTS423

The authors declare that there is no conflict of interests.424

425

426

REFERENCES427

1. 1. Beltrão NEM, Silva LC. The multiple uses of castor oil (Ricinus communis L.) and the428

importance of its cultivation in Brazil. Fibers and Oils. 1999; (31): 7. English.429

2. 2. Radhamani T, Ushakumari R, Amudha R, Anjani K. Response to water stress in castor430

(Ricinus communis L.) genotypes under in vitro conditions. J Cer Oil Seeds. 2012; 3 (4): 56-58.431

Available: http: //dx.doi/10.5897/JCO12.016432

3. 3. Severino LS, Auld DL. Study on the effect of air temperature on seed development and433

determination of the base temperature for seed growth in castor (Ricinus communis L.). Aust J434

Crop Sci. 2014; 8 (2): 290-295.435

4. 4. Beltrão NEM, Cartaxo WV, Pereira SRP, Soares JJ, Silva ORRF. The sustainable436

cultivation of castor bean in the Brazilian semi-arid region. Campina Grande: EMBRAPA-CNPA 23437

p (EMBRAPA-CNPA, Technical Circular, 84); 2005. English.438

5. 5. Obiero C, Birech R, Maling'a J, Ngetich K, Freyer B. Performance of maize and beans439

under castor-based intercropping system. Am J Exp Agric. 2014; 4 (1): 101-113.440

6. 6. Beltrão NEM, Oliveira MIP. Targeting of the residues and co-products from the biodiesel441

production from castor beans and jatropha. Bahia anal data. 2009; 18 (4): 613-619. English.442

7. 7. Fogaça JJNL, Silva RA, Santos JL, Nunes RTC, Ferreira LL, Morais OM. Physiological443

quality of castor bean seeds var. Carrapatinho depending on the position of the dealer. Rev. Bras.444

Agrarian Ciênc. 2017; 40 (1): 87-93. Available: http: //dx.doi.org/10.19084/RCA1 6086. English.445



19

8. 8. Nahar K. Castor bean (Ricinus communis L.) - the biofuel plant: morphological and446

physiological parameters propagated from seeds in Bangladesh. Asian Busin. Review. 2013; 2 (2):447

64-66. Available: http: // dx. doi / 10.18034 / abr.v2i2.306.448

9. 9. Azevedo DMP, Nóbrega LB, Lima EF, Batista FAZ, Beltrão NEM. Cultural Management.449

In: Azevedo DMP, Lima EF, editors. The agribusiness of castor bean in Brazil. Campina Grande:450

Embrapa Algodão, Brasília: Embrapa Technological Information. 2001: 121-160. English.451

10. 10. Beltrão NEM, Vale LS, Marques LF, Cardoso GD, Souto JS. Castor bean and peanut452

consortium: option for family agriculture. Rev. Verde Agroec Des Sust. 2010; 5 (4): 222-227.453

Portuguese.454

11. 11.Lopes JS, Andrade TCQ, Santana GC. Biodiesel: oportunidades e desafios. Rev Bahia455

Agríc. 2007;8:24-27. Portuguese.456

12. 12.Chaves MM, Oliveira MM. Mechanisms underlying plant resilience to water deficits:457

prospects for water-saving agriculture. J Exp Bot. 2004;55(1):2365-2384.458

Available:http://dx.doi.org/10.1093/jxb/erh269.459

13. 13.Tabarzad A, Ghaemi AA. Deficit irrigation and sowing date as strategies to maximize460

water use efficiency and crop water productivity in semi-arid region. Biol Forum Int J.461

2015;7(1):30-42.462

14. 14.Cui N, Du T, Kang S, Li F, Zhang J, Wang M et al. Regulated deficit irrigation improved463

fruit quality and water use efficiency of pear-jujube trees. Agric Water Manage. 2008;95:489–497.464

Available:http://dx.doi.org/10.1016/j.agwat.2007.11.007.465

15. 15.Ma S-C, Duan A-W, Wang R, Guan Z-M, Yang S-J, Ma S-T et al. Root-sourced signal466

and photosynthetic traits, dry matter accumulation and remobilization, and yield stability in winter467

wheat as affected by regulated deficit irrigation. Agric Water Manage. 2015;148:123-129.468

Available:http://dx.doi/10.1016/j.agwat.2014.09.028.469

16. 16.Fereres E, Soriano MA. Deficit irrigation for reducing agricultural water use. J Exp Bot.470

2007;58:147–159. Available:http:dx.doi.org/10.1093/jxb/erl165.471

17. 17.Ruiz-Sanchez MC, Domingo R, Castel JR. Deficit irrigation in fruit trees and vines in472

Spain. Span. J Agric Res. 2010;8:5-20. Available:http://dx.doi/10.5424/sjar/201008S2-1343.473



20

18. 18.Masmoudi CC, Ayachi MM, Gouia M, Laabidi F, Reguya SB, Amor AO et al. Water474

relations of olive trees cultivated under deficit irrigation regimes. Sci Hortic. 2010;25:573–578.475

Available:http://dx.doi/10.1016/j.scienta.2010.04.042.476

19. 19.Álvarez S, Navarro A, Bañón S, Sánchez-Blanco MJ. Regulated deficit irrigation in potted477

Dianthus plants: Effects of severe and moderate water stress on growth and physiological478

responses. Sci Hortic. 2009;122(4):579–585.479

Available:http://dx.doi.org/10.1016/j.scienta.2009.06.030.480

20. 20.Shao G-C, Liu N, Zhang Z-Y, Yu S-E, Chen C-R. Growth, yield and water use efficiency481

response of greenhouse-grown hot pepper under Time-Space deficit irrigation. Sci Hortic.482

2010;126:172–179. Available:http://dx.doi/10.1016/j.scienta.2010.07.003.483

21. 21.Tejero IG, Zuazo VHD, Bocanegra JAJ, Fernández JLM. Improved water use efficiency484

by deficit-irrigation programmes: Implications for saving water in citrus orchards. Sci Hortic.485

2011;128:274-282.Available:http:dx.doi/10.1016/j.scienta.2011.01.035.486

22. Pérez-Pastor A, Domingo R, Torrecillas SA, Ruiz-Sánchez MAC. Response of apricot487

trees to deficit irrigation strategies. Irrig Sci. 2009;27:231–488

242.Available:http://dx.doi/10.1007/s00271-008-0136-x.489

23. Iniesta F, Testi L, Goldhamer DA, Fereres E. Quantifying reductions i n consumptive490

water use under regulated deficit irrigation in pistachio (Pistacia vera L.). Agric Water Manage.491

2008;95:877–886. Available:http://dx.doi.org/10.1016/j.agwat.2008.01.013.492

24. Acevedo-Opazo C, Ortega-Farias S, Fuentes S. Effects of grapevine (Vitis vinifera L.)493

water status on water consumption, vegetative growth and grape quality: An irrigation scheduling494

application to achieve regulated deficit irrigation. Agric. Water Manage. 2010;97(7):956-964.495

Available:http://dx.doi.org/ 10.1016/j.agwat.2010.01.025.496

25. Navarro JM, Botía P, Pérez-Pérez JG. Influence of deficit irrigation timing on the fruit497

quality of grapefruit (Citrus paradisi Mac.). Food Chem. 2015;175:329-498

336.Available:http://dx.doi/10.1016/j.foodchem.2014.11.152.499

26. Santos TP, Lopes CM, Rodrigues ML, Souza CR, Silva JMR, Maroco JP et al. Effects of500

deficit irrigation strategies on cluster microclimate for improving fruit composition of Moscatel field-501

grown grapevines. Sci Hortic. 2007;12:321–330.502

Available:http://dx.doi/10.1016/j.scienta.2007.01.006.503



21

27. 27. Coelho EF, Coelho-Filho MA, Oliveira SL. Irrigated agriculture: efficiency of irrigation504

and water use. Bahia Agríc. 2005; 7 (1): 57-60. English.505

28. 28. Passion FJR, Beltrão NEM, Azevedo CAV, Pimentel JVF, Carlos JA. Production and506

yield components of castor bean BRS Energia in function of different levels of irrigation and507

nitrogen organic fertilization. Braz J Appl Technol Agric Sci. 2013; 6 (3): 27-37. Available: http:508

//dx.doi/10.5935/PAeT.V6.N3.03.509

29. 29. Brazilian Company of Research and Agriculture. National Center for Cotton Research510

(Campina Grande, PB). Folder BRS: (Energy) Campina Grande. 2008a. English.511

30. 30. Embrapa - Brazilian Company of Research and Agropecuária. National Center for512

Cotton Research (Campina Grande, PB). Folder BRS 188 Paraguaçu Campina Grande. 1999.513

English.514

31. 31. Faria Filho AF, Araújo QR. Zoning of the physical environment of the municipality of515

Ilhéus, Bahia, Brazil, using the geoprocessing technique. Ilheus, CEPLAC / CEPEC. Technical516

Bulletin. 2003; 187, 20p. English.517

32. 32. Freire EC, Lima EF, Andrade FP, Milani M, Nóbrega MBM. Genetic Improvement. In:518

Azevedo DMP, Beltrão NEM editors. The castor agribusiness in Brazil. Embrapa Algodão519

(Campina Grande, PB) 2 ed. Brasília, DF: Embrapa Technological Information. 2007: pp..520

33. 33. Embrapa Embrapa, Brazilian Research and Agricultural Company. National Center521

for Cotton Research (Campina Grande, PB). Folder BRS: (Paraguaçu). Campina Grande. 2008b.522

English.523

34. 34. Scholander PF, Hammel HT, Bradstreet ED, Hemmingsen EA. Sap pressure in524

vascular plants.Science.1965; 148 (3668): 339-346. Available: http:525

//dx.doi/10.1126/science.148.3668.339.526

35. 35. Kramer PJ, Boyer JS. Water relations of plant and soils, Academic Press, New York,527

1995.528

36. 36. Severino LS, Cardoso GD, Vale LS, Santos JW. Method for determining the leaf area529

of the castor bean. Research and Development Bulletin, 55 EMBRAPA COTTON (Campina530

Grande, PB). 2005, 20p. English.531



22

37. Lima GS, Gheyi HR, Nobre RG, Soares LAA, Xavier DA, Santos Júnior JA.Water532

relations and gas exchange in castor bean irrigated with saline water of distinct cationic nature.533

Afr J Agric Res. 2015;10(13):1581-1594. Available:http://dx.doi/10.5897/AJAR2015.9606.534

38. Babita M, Maheswari M, Rao LM, Shanker AK, Rao DG. Osmotic adjustment, drought535

tolerance and yield in castor (Ricinus communis L.) hybrids. Environ Exp Bot. 2010;69(3):243-536

249. Available:http://dx.doi.org/10.1016/j.envexpbot.2010.05.006.537

39. Sapeta H, Costa JM, Lourenço T, Maroco J, Van der Linde P, Oliveira MM. Drought538

stress response in Jatropha curcas: Growth and physiology. Environ Exp Bot. 2013; 85:76-84.539

Available:http://dx.doi/10.1016/j.envexpbot.2012.08.012.540

40. Silva EN, Ferreira-Silva SL, Viégas RA, Silveira JAG. The role of organic and inorganic541

solutes in the osmotic adjustment of drought-stressed Jatropha curcas plants. Envir ExpBot.542

2010;69:279-285. Available:http:dx.doi/10.1016/j.envexpbot.2010.05.001.543

41. Gholz HL, Ewel KC, Teskey RO. Water and forest productivity. For Ecol Manage.544

1990;30:1-18. Available:http://dx.doi.org/10.1016/0378-1127(90)90122-R.545

42. Marenco RA, Lopes NF. Fisiologia vegetal: Fotossíntese, respiração, relações hídricas e546

nutrição mineral. 1th ed. UFV, Viçosa; 2005.547

43. Gulías J, Cifre J, Jonasson S, Medrano H, Flexas J. Seasonal and inter-annual variations548

of gas exchange in thirteen woody species along a climatic gradient in the Mediterranean island549

of Mallorca. Flora – Morphology, Distribution, Funct Ecol Plants. 2009;204:169-181.550

Available:http://dx.doi/10.1016/j.flora.2008.01.011.551

44. Rouhi V, Samson R, Lemeur R, Van Damme P. Photosynthetic gas exchange552

characteristics in three different almond species during drought stress and subsequent recovery.553

Environ Exp Bot. 2007;59:117-129. Available:http://dx.doi/10.1016/j.envexpbot.2005.10.001554

45. Inostroza L, Acuña H, Tapia G. Relationships between phenotypic variation in osmotic555

adjustment, wateruse efficiency, and drought tolerance of seven cultivars of Lotus corniculatus L.556

Chil J Agric Res. 2015;75(1):3-12.Available:http://dx.doi.org/10.4067/S0718-557

58392015000100001.558

46. Sausen TL,Rosa LMG. Growth and carbon assimilation limitations in Ricinus communis559

(Euphorbiaceae) under soil water stress conditions. Acta Bot Bras. 2010;24(3):648-654.560

Available:http://dx.doi/10.1590/S0102-33062010000300008.561



23

47. Verma KK, Vatsal S, Gupta RK, Ranjan S, Verma CL, Singh M. Influence of water562

application on photosynthesis, growth and biomass characteristics in Jatropha curcas. Curr Bot.563

2012;3(4):26-30.564

48. Kudoyarova GR, Kholodova VP, Veselov DS. Current state of the problem of water565

relations in plants under water deficit. Russian Plant Physiol. 2013;60(2):155-165.566

Available:http://dx.doi/ 10.1134/S102144371302014.567

49. Lima Neto MC, Martins MO, Ferreira-Silva SL, Silveira JAG. Jatropha curcas and Ricinus568

communis display contrasting photosynthetic mechanisms in response to environmental569

conditions. Sci Agric. 2015;72(3):260-269. Available:http://dx.doi/10.1590/0103-9016-2014-0325.570

50. Maes WH, Achten WMJ, Reubens B, Raes D, Samson R, Muys B. Plant-water571

relationships and growth strategies of Jatropha curcas L. seedlings under different levels of572

drought stress. J Arid Environ. 2009;73:877-573

884.Available:http://dx.doi/10.1016/j.jaridenv.2009.04.013.574

51. Flexas J, Medrano H. Drought-inhibition of photosynthesis in C3 plants: stomatal and non-575

stomatal limitations revisited. Ann Bot. 2002; 89(2):183–189.576

Available:http://dx.doi.org/10.1093/aob/mcf027.577

52. Grassi G, Magnani F. Stomatal, mesophyll conductance and biochemical limitations to578

photosynthesis as affected by drought and leaf ontogeny in ash and oak trees. Plant Cell Environ.579

2005;28:834–849. Available:http://dx.doi.org/10.1111/j.1365-3040.2005.01333.x.580

53. Lawlor DW. Limitation to photosynthesis in water stressed leaves: stomata versus581

metabolism and the role of ATP. Ann Bot. 2002;89:871–582

885.Available:http://dx.doi.org/10.1093/aob/mcf110.583

54. 54. Sampaio Filho OM, Silva SA, Bahia HF, Silva MS, Carvalho DS. Descriptive analysis584

of castor bean cultivars in two years of cultivation in the Bahian recôncavo. Rev Bras Educ Amb.585

2011; 6: 28-34. English.586

55. 55. Jaleel CA, Gopi R, Sankar B, Gomathinayagam M, Panneerselvam R. Differential587

responses in water use efficiency in two varieties of Catharanthus roseus under drought stress. C588

R Biol. 2008; 331 (1): 42-47.Available: http: //dx.doi/10.1016/j.crvi.2007.11.003589

56. 56. Formiga LA, Guerra HOC, Lacerda RD, Silva JEB, Araujo MS. Effect of available soil590

water on the development of two castor bean cultivars in the first and second cycles. Eng Agríc.591



24

2014; 34 (6): 1128-1138.Available: http: //dx.doi.org/10.1590/S0100-69162014000600009.592

English.593

57. 57. Beltrão NEM, Souza JG, Santos JW. Water stress (deficiency and excess) and its594

effects on the initial growth of the castor bean cultivar BRS 188 Paraguaçu. Rev Bras Oleag595

Fibrosas. 2003; 7 (2/3): 735-741. Portuguese.596

58. Fini A, Bellasio C, Pollastri S, Tattini M, Ferrini F. Water relations, growth, and leaf gas597

exchange as affected by water stress in Jatropha curcas. J Arid Environ. 2013;89:21-29.598

Available:http://dx.doi.org/10.1016/j.jaridenv.2012.10.009.599

59. Bañón S, Ochoa J, Franco JA, Alarcón JJ, Sánchez-Blanco MJ. Hardening of oleander600

seedlings by deficit irrigation and low air humidity. Environ Exp Bot. 2006;56(1):36-43.601

Available:http://dx.doi.org/10.1016/j.envexpbot.2004.12.004.602

60. Franco JA. Root development under drought stress. Technol Know Transfer e-Bull.603

2011;2(6):1-3.604

61. Cattivelli L, Rizza F, Badeck F-W, Mazzucotelli E, Mastrangelo AM, Francia E et al.605

Drought tolerance improvement in crop plants: An integrated view from breeding to genomics.606

Field Crops Res. 2008;105(1/2):1-14. Available:http://dx.doi.org/10.1016/j.fcr.2007.07.004.607

62. Barros Júnior G, Guerra HOC, Cavalcanti MLF, Lacerda RD. Water consumption and608

use efficiency for two castor bean cultivars submitted to water stress. Rev Bras Eng Agríc609

Ambient. 2008; 12 (4): 350-355. Available: http: //dx.doi.org/10.1590/S1415-610

43662008000400003. English.611

63. Nunes EN, Nascimento DAM, Alves AG, Suassuna JF, Nascimento R. Growth of612

castor bean cultivars (Ricinus communis L.) at different soil water levels. Sci Plena. 2013;613

9 (10): 1-10. English.614

64. Hunt R. Basic growth analysis, Unwin Hyman, London; nineteen ninety.615

65. Franco JA, Martínez-Sánchez JJ, Fernández JA, Bañón S. Selection and nursery616

production of ornamental plants for landscaping and xerogardening in semi-arid617

environments. J Hortic Sci Biotech. 2006; 81: 3-17.Available: http:618

//dx.doi.org/10.1080/14620316.2006.11512022619

66. Santana TA, Oliveira PS, Silva LD, Laviola BG, Almeida A-AF, Gomes FP. Water use620

efficiency and consumption in different Brazilian genotypes of Jatropha curcas L. subjected to soil621



25

water deficit. Biomass Bioenergy. 2015; 75: 119-125. Available: http: //dx.doi/ 10.1016 /622

j.biombioe.2015.02.008623


