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ABSTRACT 

Plant responses to abiotic stress are neither singular nor linear. The research represented 

within this dissertation was intended to evaluate selected biochemical and physiological 

responses in two Arugulas (Images 1– 5), to agronomic interventions designed to 

mitigate extreme environmental abiotic factors, characteristic of arid agricultural 

production regions. Plant stress responses were investigated under field conditions and 

within controlled environments (CE), during the course of a preliminary trial and three 

independent studies, all four directly related. 

The preliminary trial evaluated harvest and postharvest nutritional content (i.e., 

antioxidants) of two Arugulas, Eruca sativa (L.) Cav. ssp. sativa (P. Mill.) and Diplotaxis 

tenuifolia (L.) DC cv. Sylvetta; grown under field conditions in the semi-arid upper 

Sonoran Desert. In this trial, we defined baseline harvest and postharvest antioxidant 

values for the Arugulas, cultivated in a semi-arid environment. 

The initial study, conducted within a CE utilizing a water recycling system, evaluated 

changes in the nutritional value of three specialty leafy cruciferous vegetables: D. 

tenuifolia, E. sativa and Lepidium sativum; when subjected to increasing salinity levels in 

the nutrient solution. It was concluded that, when specific Crucifers are irrigated with 

moderately high levels of salinity, neither harvest nor postharvest nutritional values are 

compromised.  

The second study, investigated the response of a suite of plant physiological 
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parameters (e.g., yield and photosynthetic rate) in the three Crucifers to salinity, within 

the CE. This research provided guideline salinity values where yields did not decline, and 

encourages growers to consider water resources compromised by salinity and nutrient 

solution recycling.  

During the third study, the influence of environmental conditions on the nutritional 

content in leafy vegetables, prevalent immediately before harvest, was investigated; by 

subjecting plants to reduced sunlight treatments and early irrigation termination. We 

observed that, modulating light intensity late in the season, and early irrigation 

termination strategies, modify the nutritional content of leafy vegetables; and potentially 

the subsequent postharvest shelf life. 

Collectively evaluated, this research suggests that simple agronomic interventions are 

valuable, yet practicable, tools that can enhance the nutritional content of specialty 

vegetables, in arid regions: be that intervention an imposed controlled-stress, utilizing 

nutrient recycling systems within a CE, or basic light-reduction and irrigation termination 

strategies within conventional fields systems. 
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CHAPTER I 

INTRODUCTION 

 

Origins 

The rather accidental origins of my research project, developed from a simple garden 

project, and my naturalist’s observations concerning the response of an interesting leafy 

vegetable, with culinary value, fortuitously subjected to water stress in the semi-arid 

(MEIGS, 1953) Sonoran Desert. In this respect, my casual observations recall a statement 

concerning the nature of scientific inquiry; inquiry based on interesting, unexpected or 

“that’s funny” observations. My “Gee, that’s funny” experience, a phrase attributed to the 

biochemist, novelist, historian, and humorist Isaac Asimov, would prove to be the 

beginning of my doctoral research.  

In 1984, I ordered a variety of specialty seeds for my home garden in Tucson, 

Arizona, including a packet of seeds for an Arugula, Diplotaxis tenuifolia (L.) DC cv. 

Sylvetta.  Over the years, this hardy Crucifer4 (JUDD et al., 2002) would survive through 

Sonoran Desert summers and winters, without supplemental care, produce seeds, and 

established a permanent niche in my garden. When I returned to University, to pursue a 

Ph.D. in 2005, I had a serendipitous lunch conversation with Dr. Jorge Fonseca, Professor 

of Plant Science, University of Arizona, who expressed great interest in my Arugula 

                                                

4 While Brassicaceae has replaced Cruciferae as the family name the cruciform 

arrangement of the petals is the source of the term Crucifer. 
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projects, and agreed to be my research advisor. It would be after two decades of 

growing Arugula (1984 – 2006) before I would plant this crop in a cultivated field, 

guided by a formal experimental design, and subject this plant to biochemical assays at 

the University of Arizona’s Campus Agricultural Center (Images 1 – 5). 

 

Background 

Looking beyond my ‘Asimov Moment’, there are four primary factors that contributed to 

my dissertation topic. (1) Plants protect themselves from abiotic and biotic factors 

through the production of secondary metabolites. (2) The semi-arid Southwest’s 

vegetable production regions are characterized by abiotic extremes: seasonal high 

temperatures, intense sunlight, and irrigation water increasingly compromised by salinity 

(Tables 1 – 3); further, these abiotic factors are reported to affect the production of 

secondary metabolites in crops. (3) The nature of arid agricultural regions, and their 

contribution to agriculture, warrant investigations into sustainable water usage; in 

addition, closed irrigation systems that utilize nutrient recycling, are gaining interest, 

given the observed need to decrease agriculture water consumption and to reduce 

environmental impacts associated with open agriculture systems. (4) Arugula, has a long 

history of use in both the arid and semi-arid Mediterranean regions, it is very closely 

related to the research model crop Arabidopsis thaliana (L.) Heynh., and I propose that 

Arugula has value as an arid lands specialty crop plant and research tool.   
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Plant defense and nutrition 

Plants protect themselves from herbivory and pathogenic organisms through the 

production of a diverse arsenal of secondary metabolites; compounds that are also 

referenced as phytochemicals, phytonutrients, or natural plant products (NPP) 

(HAMMOND-KOSACK and JONES, 2000; TAIZ and ZEIGER, 2002). These defensive NPP 

(e.g., glucosinolates, phenolics, and vitamin C) are of interest given that they have: 

multiple ecological roles in plant-plant and plant-insect interactions (EVENDEN et al., 

1999; HAMMOND-KOSACK and JONES, 2000; TAIZ and ZEIGER, 2002), importance in food 

and agriculture (CROTEAU et al., 2000; VAN-DOORN et al., 1998), with reported 

nutritional and medicinal value in humans (MURRAY et al., 2001; PODSEDEK, 2007). 

Given that the high consumption of fruits and vegetables is associated with a lower 

incidence of numerous cancers and cardiovascular diseases (ISSA et al., 2006; LARSSON et 

al., 2006; LEE et al., 2006; RICE-EVANS et al., 1997; SURH, 2003); and that the daily 

intake of NPP that have a known antioxidant capacity is highly related to the 

consumption of fruits and vegetables (JOHNSON, 2002; KIM and LEE, 2004; MITHEN et 

al., 2000; RICE-EVANS et al., 1997; WU et al., 2004a; WU et al., 2004b); these foods are 

now, for better or worse, referenced as functional foods (HASLER, 2000; HASLER and 

BROWN, 2009). The link between the very compounds that plants deploy in their own 

defense, and these defensive plant compounds value for human nutrition, while 

explicable from an evolutionary biology perspective, and a dissertation topic in its own 

right, continues to drive my research. 
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Abiotic factors 

Plant growth, development, and productivity are typically limited by environmental 

conditions, abiotic factors, that are in excess or deficit, such as light and water, 

respectively (BRAY et al., 2000). Plants grown under environmental stress conditions, 

produce quantitatively more vitamin C and phenolic compounds (CHAMPOLIVIER and 

MERRIEN, 1996; ESTRADA et al., 1999; JEFFERY et al., 2003; REDDY et al., 2004). The 

semi-arid (HERRMANN and HUTCHINSON, 2006a; HERRMANN and HUTCHINSON, 2006b; 

MEIGS, 1953) Southwest’s vegetable production region is characterized by, seasonally 

high temperatures, intense sunlight (Tables 1 – 3), and saline irrigation waters (AZMET, 

2009; DOE, 2007; GARCÍA-HERNÁNDEZ, 2004; GIACOMELLI et al., 2005); coincidentally, 

this region is the second major producer of selected leafy vegetables in the USA. The 

above points collectively suggest that, the influence of abiotic factors on important 

dietary compounds merits study. 

The results of our preliminary field trials with Arugula (2006 – 2007), suggested a 

greater accumulation of specific NPP (i.e., total phenolics and vitamin C) than was 

observed in commercially available leaf vegetables, implying that the Southwest’s 

extreme agronomic conditions may influence NPP levels (Chapter II). My collaborators 

at the Yuma Agricultural Center had observed an improvement in green color, with high 

salinity in the water, and an increased accumulation of phenolics in Romaine lettuce (KIM 

et al., 2008).   They also observed that the increase in phenolics resulted in a 

unanticipated improvement in the plants postharvest shelf life; this surprising observation 

was repeated under early irrigation termination regimes (FONSECA, 2006b). The problems 
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encountered in the early field trials, such as control over environmental stressors, 

compromised our ability to isolate the effects of specific abiotic conditions; thus, we 

integrated a controlled environment agriculture (CEA) system into our research approach, 

to limit the regionally extreme nature of these physical factors. 

 

Sustainable agriculture 

Arizona is the second major producer of selected vegetables (e.g., iceberg and Romaine 

lettuce, spinach, cantaloupe, and broccoli) in the USA, and third for the production of 

fresh vegetables (AZDA, 2008). Greater than 70% of Arizona’s water supply is utilized 

by irrigated agriculture (AZDA, 2009); irrigation water that in Arizona’s vegetable crop 

production region has become more saline (AYERS and WESTCOT, 1994; HOFFMAN and 

SHANNON, 2007; US-DOI, 2008). As irrigation water becomes more limiting, reuse of 

agricultural effluents that are typically saline, may become necessary (GRIEVE et al., 

2001; PATEL et al., 2003; SUYAMA et al., 2007). Given the current trend of increasing soil 

salinity, in association with the need to increase water use efficiency (CLAY, 2004; 

GRISWOLD et al., 2005; TAYLOR, 1993), the use of a nutrient recycling system, such as an 

ebb and flow irrigation (EFI) system within a controlled environment (CE), should create 

regional economic value (Images 8 – 10).  A rigorous review of the research literature 

suggested that; limited information was available, on the effect of salinity in EFI systems 

on vegetable crops in general, and less information on the specific Crucifers at the center 

of our research. 
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Arugula as a model crop 

The Arugulas, have a long history of use in the arid and semi-arid Mediterranean regions: 

in traditional medicine systems and as a forage crop (DE FEO and SENATORE, 1993; 

MARTINEZ-LABORDE, 1996; MORALES and JANICK, 2002). The Arugula that has 

becoming popular as a salad green in the USA, is not the wild Arugula of the 

Mediterranean; whereas each Arugula by appearance, taste, and habit are distinct, they 

are both members of the agriculturally important family Brassicaceae (JUDD et al., 2002). 

The drought-tolerant wild Arugula, D. tenuifolia (Images 2 – 3), the Arugula endemic to 

the Mediterranean (MARTINEZ-LABORDE, 1996), was rarely grown in the USA prior to 

the start of our research. The common Arugula in markets within the USA, is Eruca 

vesicaria (L.) Cav. ssp. sativa (P. Mill.); it is the Arugula typically cultivated in mesic 

habitats (MORALES and JANICK, 2002) (Images 4 – 5).  

Interestingly, it was from a series of lunchtime discussions in the laboratory of Dr. 

Brian Larkins, concerning the culinary merits of D. tenuifolia, that our research project 

was formally born. The Brazilians, Drs. João Leiva-Neto and Ricardo Dante, claimed that 

Brazilian Arugula was a more robust plant, the Italian, Dr. Paolo Sabelli, claimed that my 

Arugula was similar to that of Italy, but more intense. While my casual observation, 

concerning the drought-tolerance of D. tenuifolia was a topic of interest, it was the taste 

difference between the Arugulas, which was the focal point of those Arugula discussions. 

The distinct pungency of D. tenuifolia, when contrasted to commercially produced E. 

sativa, suggested a number of questions. Were the differences merely an artifact of 

species differences, or were they related to cultivations differences? Why was the taste of 
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D. tenuifolia more distinct in summer than in winter? Could D. tenuifolia, with its 

drought tolerant characteristics, develop as a specialty crop in a semi-arid agricultural 

region such as Arizona? Were their distinct nutritional differences to a species and did 

climate influence nutritional quality?  

With a concomitant interest in Arugula and funding, provided by Dr. Jorge Fonseca, 

both Arugulas were planted in the field; and subsequently, within a controlled 

environment, at the University of Arizona’s CEAC, in response to the variability in our 

preliminary research results, that we attributed to extreme climatic variations we 

observed within the field (Table 3).  

Upon receiving USDA funding, from an Arizona Department of Agriculture’s 

Specialty Crop Grant, a third specialty Crucifer was integrated into our research, the 

Garden Cress Lepidium sativum L. (Image 7). The specific crops selected for this 

research are classified as specialty crops (USDA, 2009) or high-value crops; that is to say 

that they would create economic value (USDA/ERS, 2006) for producers in arid regions, 

as aridity is defined by Meigs (1953), and where water can be economically limiting, as 

suggested by Herrmann et al. (2006). 

 

Background Summary 

As a means to evaluate the response of Arugula, to a semi-arid climate, I performed an 

extensive review of published journal papers, to determine what assays would be 

appropriate to evaluate the nutritional status of our model crop. Subsequent to that 

review, we designed and implemented a preliminary field study, to evaluate the response 
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of Arugula, to an established agricultural field system in the upper Sonoran Desert. 

These efforts are reflected in the above introduction and discussion of Arugula as a model 

crop, as well as below in Chapter II, 2006 Preliminary Study.  Concurrent with these 

efforts, we initiated a field study at the Yuma Agricultural Center, Yuma, AZ; in 

addition, we wrote five grant proposals, in an effort to secure funding for our Arugula 

project. A USDA funded Arizona Department of Agriculture Specialty Crop Grant 

proposal was accepted in 2007; my research advisor, Dr. Fonseca, was the PI and I was 

the Co-PI.  This grant provided a substantial portion of the funds that permitted the 

completion of this Arugula research. The data obtained from our original research formed 

the basis for three independent journal manuscripts (Appendices A, B, and C); these 

manuscripts collectedly address our objectives.  

 

Research Objectives and Approach  

The central objective of our research was to determine if, we could enhance the 

nutritional value in leafy vegetable crops, through water-stress, without significantly 

compromising harvest yield (Appendix A). 

As a means to address our objective, within the context of a controlled experimental 

design, we utilized an ebb and flow irrigation (EFI) system (Images 8 – 10), within a 

controlled environment (CE). CE systems, coupled with a nutrient recycling system have 

been gaining interest in crop production; given, the realized need to both decrease 

agriculture water consumption and to reduce environmental impacts associated with open 

agriculture systems (CLAY, 2004; GLEICK, 1993; GRISWOLD et al., 2005; HERRMANN and 
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HUTCHINSON, 2006a; MORISON et al., 2008; TAYLOR, 1993). In addition, the reuse of 

saline agricultural effluents may become necessary as water becomes more limiting 

(ASHRAF and MCNEILLY, 2004; GRIEVE et al., 2001; SHANNON and GRIEVE, 1998; 

SUYAMA et al., 2007). 

We selected salinity, as a proxy for water-stress, given that initial plant responses to 

salinity or water-deficit induced stress are similar (MUNNS, 2002; XIONG and ZHU, 2002; 

ZHU, 2002). 

The Arugulas were selected, given that research focused on both Arugulas is rare 

(D'ANNA et al., 2003), the range of salinity treatments imposed on them has been limited 

(ASHRAF, 1994), and the Arugulas are reported to be tolerant to saline irrigation water 

(ASHRAF and MCNEILLY, 2004; SHANNON and GRIEVE, 1998). In addition, each 

Arugula’s salinity tolerance, as tolerance is currently defined (STEPPUHN et al., 2005a; 

STEPPUHN et al., 2005b) has not been reported. 

To quantify our plant’s responses to a controlled environmental stress, we measured 

specific physiological plant responses (Appendix B); such as, photosynthetic rate and 

harvest yield that are reported to respond to salinity stress (ASHRAF, 2001; CHAVES et al., 

2009; CHAVES et al., 2002; KOYRO, 2006; REDDY et al., 2004), and the postharvest 

responses to salinity treatments, responses that under-investigated (FONSECA, 2006a). We 

conducted biochemical assays of two major dietary antioxidants: total phenolics (RICE-

EVANS et al., 1997) and vitamin C (EITENMILLER, 1998; USD-HHS, 2000), they are 

accepted proxies for the nutritional value of leafy vegetables (KIM and LEE, 2004; 

PODSEDEK, 2007). These antioxidants are reported to respond to stress, differentially by 
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species and stressor (CLOSE and MCARTHUR, 2002; TATTINI et al., 2004; TREUTTER, 

2006). 

Concurrent with our CE projects that focused on the nutritional and physiological 

responses of Arugula to salinity stress (Appendices A and B), we examined the 

importance of environmental conditions, prevalent immediately before harvest, by 

subjecting plants to 60 and 90% reduced sunlight treatments; utilizing nylon shade 

screens during the seven day period prior to harvest (Appendix C). The nutritional 

assessments in the latter study were focused on phenolic and selenium (Se) content. In 

addition to the Arugulas we also evaluated: two popular salad greens, iceberg and 

Romaine lettuce (Lactuca sativa), and a broccoli, cv. Sessantina Grossa (Brassica rapa 

L.)., a popular cruciferous vegetable known for a high antioxidant composition. The 

addition of Se to our nutritional assessments is based on four factors: Se content in the 

soil is variable and Se content in the regional irrigation waters is high (BAÑUELOS et al., 

2003; GRIEVE et al., 2001); current research suggests that Se is an essential micronutrient 

for plant growth and development (PEZZAROSSA et al., 2009; RÍOS et al., 2008; TOLER et 

al., 2007); some vegetables are Se-accumulators (SUAREZ et al., 2003); and Se is both an 

essential dietary component and reduces cancer risk in humans (NAVARRO-ALARCON and 

CABRERA-VIQUE, 2008; WHANGER, 2004). 

The research discussed in Appendices A and B is centered on the use of a CE and EFI 

systems (i.e., technology intensive) to limit extreme environmental stress, while 

observing plant responses to an imposed, yet controlled, stress, salinity; whereas, the 

research presented in Appendix C investigates a low-technology approach to limiting 
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environmental stress. A review of the literature suggests that: modulating the 

nutritional value of leafy vegetable crops in arid regions, through light intervention 

immediately prior to harvest, has not been investigated. The secondary component of this 

research was irrigation termination (IT), this permitted us to evaluate IT effects on 

nutritional content; it has been demonstrated that IT treatments produced a longer 

postharvest shelf life (FONSECA, 2006b). 

The important links between the research discussed within Appendices A, B, and C 

are that: agronomic interventions modulate plant physiological responses, these responses 

can enhance or diminish nutritional content, and subsequently result in a diminished or 

improved shelf life. An immediate benefit of our research is that it will provide the 

produce industry and consumer with specific nutritional values of common and novel 

leafy vegetables, produced in a region characterized by an arid climate. 

 

Dissertation format 

The inclusion of published or publishable research manuscripts is consistent with The 

University of Arizona Graduate College, the Arid Lands Resource Sciences Doctoral 

Program, and was approved by my doctoral committee. My dissertation is presented in 

the form of: a discussion on the origins of my research, an introductory preliminary 

study, followed by three independent manuscripts; each manuscript was prepared for and 

submitted to peer reviewed journals. The common thread that links the four documents is 

the response of a model leafy vegetable crop to environmental stress. The origins of my 

dissertation were simply chance observations of a naturalist, and subsequent conjectures 
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concerning putative causal factors in nature; the research presented within my 

dissertation represents efforts to subject original observations to a science methodology, 

with the explicit inference that my dissertation is a refutable manuscript. 

I independently designed and conducted the experimental protocols, and verified each 

laboratory assay for the 2006 Preliminary Study, Chapter II.  The literature review and 

writing are entirely my own effort. This study proved to be the driver of the Present 

Study, Chapter III. 

The two central projects (Present Study, Chapter III; Appendices A and B): from 

literature review and experimental design, through research execution and writing, 

represent my own individual efforts; under the editorial eye of, and with due respect to, 

my co-author, Jorge Fonseca. 

The tertiary study (Present Study, Chapter III; Appendix C) is a collaborative research 

effort between Jorge Fonseca, his associates at the Yuma Agricultural Center, and 

myself. The research concept and data collection included all participants. The literature 

review, data analysis, and manuscript writing represent my own individual efforts, with 

insights and editing contributed by my associates from the Yuma Agricultural Center. 
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CHAPTER II 

2006 PRELIMINARY TRIAL 

 

Our initial field research efforts, during the period of February to June 2006, netted 

mixed results; they did not refute, nor did they support, our initial conjectures concerning 

the response of Arugula to controlled water stress. The following mini-paper reviews the 

rationale, objects, methods, and results from the preliminary trial; and explains the need 

to move the majority of our research into a controlled environment. 

 

Preliminary trial title 

2006 Preliminary Trial: Harvest and Postharvest Nutritional Content of Two Arugulas 

Grown in a Semi-arid Southwestern Desert  

Jeffrey Muir Hamilton and Jorge M. Fonseca 

 

Preliminary trial abstract 

We evaluated harvest and postharvest nutritional content of two specialty crops, the 

mesic Arugula Eruca sativa and the wild Arugula Diplotaxis tenuifolia; field-grown in 

semi-arid upper Sonoran Desert, Tucson, AZ, USA (Figures 1 – 5). Nutritional content 

was defined by total phenolics content (TPC) and vitamin C (VC).  At harvest TPC and 

VC values observed are similar to those reported in the literature. During two trials E. 

sativa exhibit significant increases in TPC between 7- and 14-days postharvest (DPH), 

followed by declines at 21-DPH. During Trial 1 the TPC in D. tenuifolia followed a 
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similar pattern to that observed in E. sativa; however, in Trial 2 TPC declined at 7-

DPH to 21-DPH. The VC values observed are similarly reported in the literature, as were 

the harvest to 7-DPH period declines; however, the magnitude of the postharvest declines 

was interesting, when contrasting the two Arugulas. This research fell far short of the 

original objective, concerning antioxidant responses to controlled water-stress; although, we 

did define baseline harvest and postharvest antioxidant values for the two Arugulas, 

produced in semi-arid field environment.  Unanticipated conditions, resulted in the early 

termination of this research, and encouraged a decision to utilize salinity as a proxy for 

controlled water-stress, within a controlled environment system. 

 

Preliminary trial rationale 

Although, plant responses to water stress have been studied (BAHER and MIRZA, 2002; 

BOUCHEREAU et al., 1996; BRAY et al., 2000; DELFINE et al.; KELES and ONCEL, 2002), 

very little research has examined the impact of using “controlled” water-stress (HANSON 

et al., 1979; KALLARACKAL et al., 1990); reduced irrigation, at a specific physiological 

stage of a plant, to enhance the nutritional content (TUCKER, 2003; WELCH and GRAHAM, 

2005) of specialty leafy vegetables (KUEPPER et al., 2002) grown in arid agricultural 

regions, while maintaining production yields. Our hypothesis was that, a controlled 

water-stress system could enhance the production of natural plant products (NPPs) 

(CROTEAU et al., 2000; KAYS, 1997; MANN, 1994) of nutritional importance in selected 

crop plants, while maintaining high-production yields. We proposed to investigate: (1) 

the biochemical effect of a controlled water-stress system on crop plants, as measured by 

the enhanced production of specific NPPs; and (2) determine the correlation between 
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NPPs content and postharvest quality. Few, if any, studies have addressed the 

relationship between postharvest crop quality and the quantity of specific NPPs (WESTON 

and BARTH, 1997; WINKEL-SHIRLEY, 2002). Results from recent research suggested that, 

plants grown under environmental stress produce quantitatively more NPPs of medicinal 

interest (MARABOTTINI et al., 2001; REDDY et al., 2004; TATTINI et al., 2004). Most of 

these NPPs protect plants, both from herbivory and pathogen attack (CLOSE and 

MCARTHUR, 2002; CROTEAU et al., 2000; HAMMOND-KOSACK and JONES, 2000; TAIZ 

and ZEIGER, 2002); in addition, specific abiotic stress conditions enhance beneficial NPPs 

and antioxidant production in plant (DELFINE et al.; HANCOCK and VIOLA, 2005; 

HOWARD et al., 2002). Interestingly, whereas numerous current journal articles stress the 

importance of phenolics for plants and in human nutrition (BUESCHER et al., 1999; ISSA et 

al., 2006; LEE et al., 2006; ZHANG et al., 1992), their postharvest degradation 

(ALASALVAR et al., 2005; AWAD and DE JAGER, 2003; CAPECKA et al., 2005), and 

postharvest factors that affect nutritional content (BUESCHER et al., 1999; DAVEY et al., 

2000; GIL et al., 1999; GOLDMAN et al., 1999), none appeared to address the influence of 

phenolics in extending postharvest quality. 

Arid and semi-arid, as defined by Meigs (1953), agricultural production regions in 

Arizona are dependent on groundwater and surface water for agricultural use (AZDA, 

2009). This project examined a means to maximize the economic return of Arizona’s 

agricultural production (FONSECA, 2004), through the implementation of controlled 

water-stress (i.e., a proxy for reduced water consumption), in high-value specialty crops 

(BACHMANN, 2002), to enhance the return on Arizona’s limited water resources. 
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Enhancing agricultural production in arid agricultural regions, while minimizing water 

consumption, is a realistic water-management strategy (CLAY, 2004; PASSIOURA, 2006; 

PEREIRA et al., 2002), especially for high-value and strategic crops (HERRMANN and 

HUTCHINSON, 2006a). 

 

Preliminary trial objectives 

We evaluated the effects of controlled water-stress in selected specialty crop plants on: 

total phenolics content (TPC), vitamin C (VC), and relationships between these 

antioxidant indices to postharvest quality.  Results from recent research suggest that TPC 

and VC are directly correlated with the antioxidant capacity of vegetables (GIL et al., 

1999; HANCOCK and VIOLA, 2005; JAVANMARDI et al., 2003; KAUR and KAPOOR, 2002; 

RICE-EVANS et al., 1997). Our inference was that, higher antioxidant levels at harvest 

would enhance the postharvest quality, as defined by an increased shelf life of the 

vegetable. Demonstrating higher levels of dietary antioxidants, and an extended 

postharvest shelf life in specialty vegetables, could result in an added value to Arizona 

vegetables, encourage growers to begin or increase production of these vegetables, thus 

promoting crop quality and diversification. 

 

Preliminary trial materials and methods 

Our study utilized two specialty leafy vegetables, from the agriculturally important 

family Brassicaceae (JUDD et al., 2002), both referenced as Rocket or Arugula (PADULOSI 

and PIGNONE, 1996). The mesic Eruca vesicaria (L.) Cav. ssp. sativa (P. Mill.) Thell. cv. 
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Sprint (HERNÁNDO-BERMEJO and LEÓN, 1994) and a drought-tolerant Arugula 

(MARTINEZ-LABORDE, 1996), Diplotaxis tenuifolia (L.) DC cv. Sylvetta (Figures 1 – 5). 

D. tenuifolia is endemic to the Mediterranean, but rarely grown in the USA; whereas, the 

mesic E. sativa is the primary Arugula grown for production, both in the Mediterranean 

and USA (GUERENA, 2006; MORALES and JANICK, 2002). The majority of the published 

research has focused on E. sativa (ASHRAF and NOOR, 1993; BENNETT et al., 2002; 

BENNETT et al., 2006; DEO and LAL, 1982; KAUSHAL et al., 1982; MIYAZAWA et al., 

2002; NICOLA et al., 2005; UENO et al., 2003). The selection of these specific crucifers is 

based on several factors, including: various types of Arugula have a long history of use in 

arid and semi-arid Mediterranean regions, both in traditional medicine systems and as a 

forage crop (DE FEO and SENATORE, 1993; MARTINEZ-LABORDE, 1996); they are 

referenced as salt-tolerant species (SHANNON and GRIEVE, 1998; SZWED and SYKORA, 

1996); and the primary author has grown D. tenuifolia in Tucson for over 20 years, 

observing this plant’s performance when subjected to long periods of drought during the 

summer. 

Seeds of D. tenuifolia and E. sativa (Johnny's Selected Seeds, Winslow, ME, USA) 

were sown and then covered with a floating row-cover (Agribon Ag-30®; Polymer 

Group, Inc. Charlotte, NC, USA) at the University of Arizona's Campus Agriculture 

Center. The cropping system was based on 120 ft long and 82 in wide rows using a 

subsurface irrigation technology (Ro-Drip®, Drip Tape; John Deere Water Technologies, 

San Marcos, CA, U.S.A.). The trial was designed to include four water-stress treatments 

(i.e., normal irrigation, two reduced irrigations, and no irrigation) and four-replicates in a 
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randomized complete block design, with treatments to be initiated at 0.5-month, 1.0-

month, 1.5-months post-germination; however, due to unanticipated factors, the scope of 

the preliminary trial was reduced, as is discussed in the results.  

Sub-surface drip irrigation was selected as the most efficacious irrigation practice in 

arid cropping systems, after an extensive review of the current literature (AYARS et al., 

1999; AYERS and WESTCOT, 1994; BELTRÃO et al., 2000; BRYLA et al., 2003; 

CALLEBAUT et al., 1985; FOX and ROCKSTROM, 2003; PATEL et al., 2003; TIWARI et al., 

2003). 

Total phenolics content (TPC) was determined by a modified Folin-Ciocalteu 

procedure (SINGLETON et al., 1999; SINGLETON and ROSSI, 1965). This 

spectrophotometric-based method provides results expressed in gallic acid equivalents 

(GAE), mg of gallic acid equivalents per 100 g fresh weight (mg GAE · 100 g-1 FW), 

units published in USDA documents. The VC content was determined using a modified 

version of the 2,6-dichlorophenol-indophenol (DCPIP) titrimetric method (AOAC, 1990; 

PELLETIER, 1985); in this assay the antioxidant VC reacts in a 1:1 fashion with DCPIP 

(EITENMILLER, 1998).  

The experiment was completed twice and determinations were repeated in triplicate. 

Data for phenolics and VC were subjected to analysis of variance and Student’s t-test, 

respectively, at P ≤ 0.05. Where appropriate, homogeneous subsets were determined by 

Duncan’s Multiple Range test and by Levene’s test for homogeneity of variances, and if 

significant, were analyzed using the Welch-F test. Statistical computations were carried 

out using a statistical software package (StatPlus Mac 2009; AnalystSoft, Vancouver, 



 33 

BC, Canada, version 5.6.9). 

 

Preliminary trial results and discussion 

The results and discussion are limited to harvest and postharvest changes observed in the 

antioxidants; the water-stress data has not been included, due to modest March 2006 rains 

and multiple disruptions in the irrigation system. 

An review of at harvest total phenolic content (TPC) that we observed (Table 5) is 

consistent with published values (HEIMLER et al., 2007; HEIMLER et al., 2006), 

considering that seasonal and climatic variations in phenolics are reported (DI VENERE et 

al., 2000). For example, the mean TPC, as expressed as GAE, reported for March 2006, 

one month after the February 2006 planting, were 64.76 ± 4.0 and 75.23 ± 5.2 mg GAE · 

100 g-1 FW for E. sativa and D. tenuifolia, respectively; whereas, results from the April 

2006 assay revealed 136.90 ± 13.3 and 140.51 ± 10.0 mg GAE · 100 g-1 FW for E. sativa 

and D. tenuifolia, respectively. In contrast, the TPC from a non-irrigated established D. 

tenuifolia plot (i.e., 2004), conducted on the same day, revealed 276 ± 34.7 mg GAE · 

100 g-1 FW; and the TPC of E. sativa, purchased from a local retail outlet during the same 

assay period, was 78.12 ± 5.8 mg GAE · 100 g-1 FW.  

During Trial 1 we observed between the May 2006 harvest, and the 14-days 

postharvest (14-DPH) period, a significant decrease in TPC in E. sativa; in contrast to a 

non-significant TPC increase in D. tenuifolia, during the same period (Figure 10); 

although, the TPC increased in both Arugulas, between harvest and 14-DPH period, and 

TPC declined during the 14- and 21-DPH period (Figure 10). In contrast to Trial 1, 



 34 

during Trial 2 we observed that TPC: decreased in D. tenuifolia during the harvest to 

7-DPH period, yet increased significantly in E. sativa’s TPC during the harvest to 7- and 

14-DPH periods (Figure 11). The postharvest increases in TPC that we observed are 

consistent with results reported for lettuce (ZHANG and HAMAUZU, 2003; ZHAO et al., 

2007), jicama (AQUINO-BOLAÑOS and MERCADO-SILVA, 2004), and cherries (Goncalves 

et al., 2004).   

The VC values we observed at harvest, reside within the range of values reported for 

Arugula, and other leafy crucifers (DAVEY et al., 2000; MARTÍNEZ-SÁNCHEZ et al., 2008; 

PODSEDEK, 2007). During both trials, VC declined during the May 2006 harvest to 7-

DPH periods; however, significant declines were only observed in E. sativa (Figures 12 – 

13). The postharvest declines we observed during both trials in VC are similarly reported 

for spinach (BERGQUIST et al., 2005) and Arugula (MARTÍNEZ-SÁNCHEZ et al., 2006); 

with postharvest changes reported to be dependent upon the growth period of the plant at 

harvest, and to environmental factors at harvest (BERGQUIST et al., 2006; MARTINEZ-

SANCHEZ et al., 2006). The interesting observation, was not that postharvest values 

declined, but the magnitude of the declines when contrasting the two Arugulas: VC 

declined non-significantly during the harvest to 7-DPH periods in D. tenuifolia  (P = 

0.09, Trial 1; P = 0.07, Trial 2); whereas, significant postharvest declines in VC were 

observed in E. sativa (P = 0.002, Trial 1; P = 0.002, Trial 2).  

A tentative hypothesis to explain the interesting differences in at harvest VC levels 

between the two Arugulas, the significant postharvest decline in E. sativa in contrast to 

D. tenuifolia, and the similarities in VC content at the end of the 7-DPH period, rests on 
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the differential development stages of the two Arugulas at harvest; both Arugulas were 

harvested on the same day, rather than by a qualitative measure that would indicate an 

equivalent growth stage. The Arugula’s differential growth habit is a reflection of the fact 

that the arid adapted D. tenuifolia is a perennial, characterized by an intermediate C3–C4 

photosynthetic pathway (MARTINEZ-LABORDE, 1996; UENO et al., 2003), whereas E. 

sativa is a C3 annual (HERNÁNDO-BERMEJO and LEÓN, 1994; MORALES and JANICK, 

2002); in addition, both have unique biochemical profiles (MARTINEZ-SANCHEZ et al., 

2007). Spinach and Arugula antioxidant levels at harvest and postharvest changes in 

those antioxidants, are reported to depend upon the growth period (i.e., developmental 

stage) of a plant at harvest (BERGQUIST et al., 2006; MARTÍNEZ-SÁNCHEZ et al., 2008; 

MIYAJIMA, 1994).  

An alternative hypothesis, to rationalize the observed differences between the two 

Arugulas’ at harvest VC levels, is through a resource (i.e., carbon) allocation thesis 

(FRANKEL and BERENBAUM, 1999).  For example, during Trial 2 at harvest TPC was high 

in D. tenuifolia and low in E. sativa; whereas, VC in D. tenuifolia was low and high in E. 

sativa. Resource allocation would suggest that, since carbon pools within a plant are 

limited, you may not expect increases to two primary antioxidants, within a plant at the 

same point in time (Figures 11 – 12). The simplest hypothesis to test would be the first, 

the resource allocation hypothesis is complicated by the vast array of independent genes, 

thus gene products, expressed in response to a single stressor (MILLER and MITTLER, 

2006). 
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Preliminary trial conclusions and future research 

Our preliminary research fell far short of the original objective, concerning antioxidant 

responses in Arugula to controlled water-stress; however, the research had several 

fortuitous consequences. This research did provide: baseline harvest and postharvest 

antioxidant values for the two Arugulas, confirmed that our antioxidant assays did 

provide values that fell within the range of published values, and the unanticipated 

irrigation disruptions did suggest that a controlled environment could limit environmental 

extremes, as well as mechanical issues. 

Concurrent with this preliminary Arugula trial was a trial that I was managing at the 

University of Arizona’s Controlled Environment Agricultural Center (CEAC); research 

that focuses on tomatoes Lycopersicon esculentum (L.). My CEAC research experience 

with tomatoes, in addition with a review of several economic policy papers, collectively 

suggested to me that controlled environments in arid agricultural regions could create 

regional economic value (FAO, 1995; GLEICK, 1993; SHALHEVET, 1994; UMALI, 1993), 

for the production of leafy vegetables; concurrently, the fortuitous receipt of a USDA 

funded Arizona Specialty Crop Grant, conspired to motivate moving our primary 

research into a controlled system, that research is discussed in the Chapter III, Present 

Study, Appendices A and B. 
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CHAPTER III 

PRESENT STUDY 

 

Summary 

 

The research objectives, methods, results, and conclusions of this Arugula study are 

presented in the papers appended to this dissertation; within the following paragraphs are 

brief summaries of those manuscripts. 

 

Appendix A: Effect of Saline Irrigation Water on Antioxidants in Three 

Hydroponically Grown Leafy Vegetables: Diplotaxis tenuifolia, Eruca sativa, and 

Lepidium sativum (Submitted to the journal HortScience, 25 September 2009) 

 

A high dietary intake of fruits and vegetables, is reported to be associated with a lower 

incidence of numerous diseases (e.g., cancer and cardiovascular disease) (LARSSON et al., 

2006; LEE et al., 2006; SURH, 2003). This observation is attributed to the biological 

relevance of various categories of natural plant products (CROTEAU et al., 2000), such as 

phenolic compounds and vitamin C, known for their high antioxidant capacity (KIM and 

LEE, 2004; RICE-EVANS et al., 1997). It is reported, that the levels of these naturally 

occurring antioxidants are higher in plants grown in arid regions (CHAMPOLIVIER and 

MERRIEN, 1996; REDDY et al., 2004). 

This controlled environment based study, evaluated changes in the nutritional value of 
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three specialty leafy vegetables, Diplotaxis tenuifolia, Eruca sativa and Lepidium 

sativum, when subjected to increasing salinity levels in the nutrient solutions. During two 

trials, it was observed that, at harvest total phenolics increased and vitamin C decreased, 

in response to salinity treatments, postharvest nutritional values responded similarly; 

however, postharvest visual quality improved modestly in response to salinity. 

It was concluded that, when these specific leafy Crucifers are irrigated with 

moderately high levels of salinity in the nutrient solution neither harvest nor postharvest 

nutritional values are compromised. An interesting aspect of the results was that higher 

order regression models, rather than linear, provided numerically more complete 

descriptions of the effects of salinity on the two antioxidants investigated. Given that 

there is limited research specifically focused on the nutritional response of specialty 

Crucifers, to a range of salinity treatments, in conjunction with the current need for water 

recycling, and the upward trend in CEA production in arid regions, our research should 

have value for producers and consumers.  

 

Appendix B: Yield, Photosynthetic Rate and Leaf Water Potential Responses to 

Salinity Treatments in Three Crucifers: Eruca sativa, Diplotaxis tenuifolia, and 

Lepidium sativum (Submitted to the journal, Environmental and Experimental Botany, 1 

August 2009; manuscript assignment number, EEB-D-09-00360) 

 

Irrigation waters in many of the world’s arid vegetable crop production regions are 

increasingly quantitatively limited and compromised by high mineral salt content 
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(GLEICK, 1993; SHALHEVET, 1994; UMALI, 1993). Even where crops are being 

irrigated by non-saline water greater than 50% of irrigated lands world-wide and 25% of 

the irrigated farmlands within the USA suffers from excessive salinity, related to current 

irrigation practices (CLAY, 2004; PASTERNAK and MALACH, 1994). With irrigation water 

in arid regions qualitatively and quantitatively more limiting (HERRMANN and 

HUTCHINSON, 2006a), reuse of agricultural effluents typically saline may become 

necessary (GRIEVE et al., 2001; PATEL et al., 2003; SUYAMA et al., 2007). Increasing 

agricultural water use efficiency and mitigating environmental impacts associated with 

open agriculture systems (CLAY, 2004; GRISWOLD et al., 2005; TAYLOR, 1993) could be 

accomplished through the use of an ebb and flow irrigation system within a controlled 

environment.  

This study evaluated the response of a suite of plant physiological parameters (e.g., 

yield and photosynthetic rate) to nutrient solutions of increasing salinity using within a 

controlled environment in three-specialty crop Crucifers. A regression analysis of the 

data typically reveled nonlinear responses in the measured physiological factors to 

salinity: at low salinity treatments increases were observed, followed by periods of 

stability to moderate salinity levels, and declines at the highest salinity treatments. In 

general the response of an individual Crucifers was not unique.  

As salinity tolerance in currently defined (SHANNON and GRIEVE, 1998; STEPPUHN et 

al., 2005a; STEPPUHN et al., 2005b) the highest salinity treatment was insufficient to 

calculate the salinity tolerance level for any of our Crucifers. However, this research does 

provide guideline salinity values where yields are not compromised in controlled 
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environment production systems.  This could encourage growers to consider water 

resources compromised by salinity and nutrient solution recycling. Three immediately 

relevant research projects are suggested from the observed outcomes. The first is that the 

range of salinity treatments needs to be increased given that salinity tolerance for this 

specialty crops has not yet been defined.  The second is that the discharge water from the 

evaporative cooling system, characterized by high mineral content, should have been 

evaluated as a water resource for this project.  The third would be to evaluate microbial 

population responses within a nutrient recycling agricultural system in contrast to the 

more prevalent non-recycling systems. 

 

Appendix C: Reduced Light Effects on Nutritional Content in Leafy Greens (Eruca 

sativa, Diplotaxis tenuifolia, and Lactuca sativa) in Aridic Production Regions 

(Submitted to the Journal of Agricultural and Food Chemistry, 24 September 2009) 

 

The arid and semi-arid Southwest’s vegetable production regions annual direct solar 

radiation are higher than any other agricultural region within the USA (AZMET, 2009; 

DOE, 2007; GIACOMELLI et al., 2005) (Tables 1 – 2). Plant responses to general 

environmentally stress events include the increased production of specific secondary 

metabolites (e.g., phenolics), commonly referenced as natural plant products (NPP) 

(BRAY et al., 2000; CROTEAU et al., 2000); these NPP are reported to respond 

differentially to environmental stressors (NEWSTED, 2004; TATTINI et al., 2004), such 

high solar radiation. The fact that Arizona, located in the arid Southwestern USA, is the 
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second major producer of selected leafy vegetables in the USA (AZDA, 2008), 

suggests that the influence of solar radiation, on important dietary NPP in leafy 

vegetables, should be investigated. 

 The primary focus of this study was to evaluate the importance of environmental 

conditions, prevalent immediately before harvest, on the nutritional content in leafy 

vegetables (e.g., phenolics, antioxidants, and selenium); by subjecting plants to 60 and 

90% reduced sunlight treatments, utilizing nylon shade screens during the 7-day period 

prior to harvest.  In addition, with one cultivar, we evaluated 4 day and 16 day pre-

harvest irrigation termination.  To the best of our knowledge, modulating the nutritional 

value of leafy vegetable crops, in arid agricultural region, through light intervention 

immediately prior to harvest, has not been investigated. The results of this study should 

enhance our understanding of how light, at the end of plant’s growth cycle, can enhance 

or diminish nutritional content, as well as postharvest shelf life. 

We observed that, modulating light intensity late in the season, and early irrigation 

termination strategies, are relevant agronomic practices that may modify the nutritional 

content of leafy vegetables; and potentially the subsequent postharvest shelf life, that is 

associated with nutritional content, with the caveat that these interventions may exhibit 

season variations. 

 

Conclusions from Present Study 

The research that is represented within this dissertation was designed to examine the 

response of specific crops to agronomic interventions, intended to mitigate extreme 
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abiotic factors; the conclusions that may be derived from this research are presented as 

two subsets, hypothetical and practical. 

As is true in life, a retrospective review of our research permits me to construct a 

central hypothetical conclusion, with respect a biological system’s (e.g., a leafy vegetable 

crop) responses to stress: expect variability, do not anticipate linearity, nor a Gaussian 

distribution of the data; biological systems’ responses to external influences are just that, 

system responses. For example, if you perturb a biological system with a single 

controlled stressor at a significant magnitude (e.g., salinity), you will observe a change in 

the dependant variables (e.g., phenolics) that you are measuring; yet, concurrent with the 

changes you did observe, are other systems responses, that are acting as ‘accessory’ 

independent variables, that may have contributed to the variability in the dependant 

variable responses we measured. 

Beyond the systems conclusion, there are some practical conclusions that can be 

derived from research, with value for the agricultural community, thus for society. 

Although, a controlled environment (CE) does afford the grower a buffer from extreme 

environmental conditions, the variability within the controlled environment was far 

greater than anticipated.  The CE coupled with the ebb and flow (EFI) recycling system, 

did permit a simple and efficient means to bring several specialty crops (i.e., high-value) 

to harvest within a six week period; in addition, moderate levels of salinity did contribute 

to the nutritional content our selected crops, and may have contributed to their 

postharvest shelf life. That said, the very low-technology applications of shade cloth and 

irrigation termination, into a conventional filed system with conventional crops, crops 
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that do not command a price premium, did not compromise nutritional content, and 

may have benefited the crops postharvest shelf life.  

 

Future Research  

Postharvest benefits 

The first avenue of research, suggested from our collective efforts, is to further evaluate 

the contribution of salinity and irrigation termination to postharvest shelf life: Is 

postharvest shelf life extended in response to antioxidant content, a lower leaf water 

content at harvest, or by providing microenvironments that suppress pathogenic microbial 

populations?  

Salinity tolerance  

We did not succeed in delineating the salinity tolerance of the Arugulas, as salinity 

tolerance is currently defined; it would create value for producers to push the range of 

salinity values and define the salinity threshold, thus encourage growers to consider the 

utility of compromised water resources. 

Alternate water resources 

Incorporating the controlled environments evaporative cooler discharge, directly into the 

nutrient recycling system, and then monitoring both the electroconductivity of the 

nutrient solution, and the subsequent nutritional value and postharvest shelf life of the 

crops, would have value where water is limited. 

Light interruption technologies 

A large-scale field experiment with shade cloth, in an arid agricultural production region, 
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could have economic feasibility, particularly when coupled with an irrigation 

termination strategy. For example, over the past three years I implemented a non-

controlled study to evaluate the utility of 20% to 60% shade cloth with field grapes (Vitis 

vinifera L. and V. labrusca L.), in the upper Sonoran Desert. My results support the 

following observations: I was able to bring these crops to harvest at the same point in the 

season, in comparison to the seven years prior to the shade introduction, Brix did not 

decline, yield did not decline in the 20% treatment, canopy cover did decline in the 60% 

treatment, and less frequent irrigation schedules were permitted. This would be an 

exciting concept to apply to an open field vegetable crop system. 

To address these questions would require two to three years of funding, depending 

upon the crops selected; the necessary research facilities and technological requirements 

are economically minimal, the value to arid lands agriculture regions, where water is 

limiting would justify such efforts. 

A final point of consideration for research discussions that focus on geographical 

regions that are characterized by arid and semi-arid climates, as defined by Meigs (1952), 

is to incorporate the term ‘aridic’ into the general arid lands research lexicon. Whereas 

the term aridic is most commonly used to describe a soil moisture regime in soil 

taxonomy discussions (e.g., an aridic soil moisture regime), it has been used to describe a 

general geographical region characterized by a specific climate and biome; in addition I 

have used the term aridic within the title and body of Appendix C. 
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IMAGES  

 

 

Image 1. The Arugulas from field plots: Eruca sativa (L.) Cav. ssp. sativa (P. Mill.), at 

baby leaf stage (width 3 cm), and Diplotaxis tenuifolia (L.) DC cv. Sylvetta, mature and 

water stressed, Spring 2008, at the University of Arizona’s Campus Agricultural Center, 

Tucson, Arizona, USA. © 2009 Jeffrey Muir Hamilton 
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IMAGES –– Continued 

 

 

 

Image 2. A row of Diplotaxis tenuifolia (L.) DC cv. Sylvetta in a field plot, Spring 2006, 

at the University of Arizona’s Campus Agricultural Center, Tucson, Arizona, USA. © 

2009 Jeffrey Muir Hamilton 
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IMAGES –– Continued 

 

 

Image 3. Leaf detail of Diplotaxis tenuifolia (L.) DC cv. Sylvetta in a field plot, Spring 

2006, at the University of Arizona’s Campus Agricultural Center, mature leaf width 0.5 – 

2 cm. © 2009 Jeffrey Muir Hamilton 
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IMAGES –– Continued 

 

 

Image 4. A row of mature Eruca vesicaria (L.) Cav. ssp. sativa (P. Mill.), Spring 2006, 

in a field plot at the University of Arizona’s Campus Agricultural Center, Tucson, 

Arizona, USA (lat. 32° 16' 49" N). © 2009 Jeffrey Muir Hamilton 
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IMAGES –– Continued 

 

 

Image 5. Mature leaf detail of Eruca vesicaria (L.) Cav. ssp. sativa (P. Mill.) in a field 

plot at the University of Arizona’s Campus Agricultural Center, Spring 2006, fully 

expanded leaf width 5.0 – 10.0 cm. © 2009 Jeffrey Muir Hamilton 
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IMAGES –– Continued 

 

 

Image 6. The classic shape cruciform shape of a Crucifer’s flower as represented a 

Diplotaxis tenuifolia (L.) DC cv. Sylvetta floral cluster in a field plot at the University of 

Arizona’s Campus Agricultural Center, Spring 2006, flower width ~ 1.0 cm. © 2009 

Jeffrey Muir Hamilton 
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IMAGES –– Continued 

 

 

Image 7. The Crucifer Garden Cress, Lepidium sativum L. cv. Presto, in a greenhouse 

plot, Spring 2008, at the University of Arizona’s Controlled Environment Agricultural 

Center, Tucson, Arizona; at the baby leaf stage, width 1.5 - 2.0 cm. 

 

 

 

 

 



 52 

IMAGES –– Continued 

 

 

 

Image 8. Overview of the ebb and flow irrigation (EFI) system within a controlled 

environment (CE), greenhouse, at the University of Arizona’s Controlled Environment 

Agricultural Center (CEAC), Tucson, Arizona, Winter 2007. (1) Timer control housing 

for 4-separate timer for each table. (2) An integrated Vaisala Humiter® 50-Y (Helsinki, 

Finland) transmitter mounted within an aspirating PVC housing positioned 0.25 m above, 

and centered over, each treatment table; designed to measure air temperature and relative 

humidity over each table independently. (3) Individual 170 L nutrient solution storage 

tank for each treatment table. (4) Agribon Ag-30® floating row-cover removed for 

seedling inspection. 
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IMAGES –– Continued 

 

 

Image 9. Diplotaxis tenuifolia (L.) DC cv. Sylvetta seeds germinating within 72-cell 

seedling trays (28 x 55 cm), filled with perlite during preliminary germination trails 

within a CE. During formal trials seeds were germinated in a standard media mix: 40% 

perlite, 40% vermiculite, and 20% peat, capped with a thin layer of vermiculite.  The row 

cover has been removed in image for seedling inspection at the University of Arizona’s 

Controlled Environment Agricultural Center, Tucson, Arizona, Winter 2007. 
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IMAGES –– Continued 

 

 

Image 10. Lepidium sativum L. cv. Presto (yellow markers) and Diplotaxis tenuifolia (L.) 

DC cv. Sylvetta (red markers) seeds germinating within seedling trays: (1) individual 170 

L nutrient solution, (2) timers, and (3) individual table fill and drainage section, at the 

University of Arizona’s Controlled Environment Agricultural Center, Tucson, Arizona, 

Winter 2007. 

 

 



 55 

FIGURES 

 

 

Figure 1. 2006 Preliminary Trial 1 harvest to 21-days postharvest total phenolic content 

(TPC), reported in gallic acid equivalents (GAE) for two Arugulas. Data was subjected to 

ANOVA, each bar represents the mean ± SD from 3-randomly selected plant samples, 

with 3-replicates per GAE determination. Means for groups in homogeneous subsets are 

followed by the same letter as reported by Duncan’s multiple-range test. Homogeneity of 

variances determined by Levene’s test, if significant (P ≤ 0.05) the Welch F test was used 

to determine significance. 
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FIGURES –– Continued 

 

 

Figure 2. 2006 Preliminary Trial 2 harvest to 21-days postharvest total phenolic content 

(TPC), reported in gallic acid equivalents (GAE) for two Arugulas. Data was subjected to 

ANOVA, each bar represents the mean ± SD from 3-randomly selected plant samples, 

with 3-replicates per GAE determination. Means for groups in homogeneous subsets are 

followed by the same letter as reported by Duncan’s multiple-range test. Homogeneity of 

variances determined by Levene’s test, if significant (p ≤ 0.05) the Welch F test was used 

to determine significance. 
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FIGURES –– Continued 

 

 

Figure 3. 2006 Preliminary Trial 1 harvest and 7-days postharvest (7-DPH) vitamin C 

content (VC) reported for two Arugulas. Data was subjected to a Student’s t-test, each bar 

represents the mean ± SD from 3-randomly selected plant samples, with 3-replicates per 

VC determination (P ≤ 0.05). Not significant (NS) 
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FIGURES –– Continued 

 

 

Figure 4. 2006 Preliminary Trial 2 harvest and 7-days postharvest (7-DPH) vitamin C 

content (VC) reported for two Arugulas. Data was subjected to a Student’s t-test, each bar 

represents the mean ± SD from 3-randomly selected plant samples, with 3-replicates per 

VC determination (P ≤ 0.05). Not significant (NS) 
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TABLES 

Table 1. Yuma Agricultural Center, Yuma, AZ, USA, climate data during the 

experimental periods discussed in Chapter I, Introduction, and Chapter III, Appendix C. 

Data is expressed as daily-averages and period ranges: solar radiation (SR), temperature 

(°C), and relative humidity (RH). Solar radiation data was measured in the 400 – 1100 

nm waveband range, using a pyranometer (LI-COR; Lincoln, Nebraska USA), by the 

Arizona Meteorological Network, University of Arizona, Tucson, AZ, USA 

Yuma, AZ, USA: 32 m 

32° 42’ 45” N; 114° 42’ 18” W 

Nov. & Dec. 

2007 Early 

season 

Jan. & Feb. 

2008 

March & April 

2008    Late 

season 

SR     Langleys · day-1 329 & 253 291 & 388 518 & 649 

SR     Range Langleys · day-1 72 - 523 86 - 500 104 - 699 

SR     kW · h · (m-2 · day-1) 3.83 & 2.95 3.39 & 4.51 6.03 & 7.54 

h · d-1  > .10 kW · h · (m-2 · d-1) 7.25 8.37 10.24 

mean (°C) 18.1 & 12.5 11.6 & 14.9 17.6 & 21.5 

range (°C) 1.1 – 38.7 -0.2 – 28.9 7.5 – 37.2 

RH % 45.89 & 54.57 49.6 & 39.9 33.4 & 28.6 

RH % range 21.3 – 83.2 16.5 – 76.8 5.0 – 82.4 
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TABLES –– Continued 

Table 2. Campus Agricultural Center, Tucson, AZ, USA, climate data during the March 

through June 2008 experimental periods discussed in Chapter III, Appendices A and B. 

Data is reported as daily-averages and ranges: solar radiation (SR), temperature (°C), and 

relative humidity (RH); during Trial I (TI) and Trial II (TII). Solar radiation data was 

measured in the 400 – 1100 nm waveband range, using a pyranometer (LI-COR; 

Lincoln, Nebraska USA), by the Arizona Meteorological Network.  

Tucson, AZ, USA; 713 m 

32° 16’ 49” N; 110° 56’ 45”  

March 

2008 TI 

April 

TI 

May 

TII 

June 

TII 

SR   Langleys · day-1 506 647 668 688 

SR   Range Langleys · day-1 274 - 606 398 - 701 316 - 760 400 - 744 

SR   kW · h · (m-2 · d-1) 5.88 7.52 7.74 7.98 

h · d-1 >.10 kW · h · (m-2 d-1) 9.8 10.0 11.0 11.7 

SR   mol · (m-2 · d-1) 44.1 56.4 58.2 59.9 

mean (°C) 14.8 19.3 22.7 29.9 

range (°C) - 0.5 – 30.1 2.3 – 35.2 6.1 – 38.7 11.8 – 42.3 

RH % 34.6 21.6 25.3 22.1 

RH % range 4.5 – 100 2.3 – 82.1 2.3 – 90.6 2.9 – 86.5 
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TABLES –– Continued 

Table 3. Campus Agricultural Center, Tucson, AZ, USA, climate data during the 2006 

preliminary trial discussed Chapter II, 2006 Preliminary Trial. Data is reported as daily-

averages and ranges: solar radiation (SR), temperature (°C), and relative humidity (RH). 

Solar radiation data was measured in the 400 – 1100 nm waveband range, using a 

pyranometer (LI-COR; Lincoln, Nebraska USA), by the Arizona Meteorological 

Network, University of Arizona.  

Tucson, AZ, USA; 713 m 

32° 16’ 49” N; 110° 56’ 45” W 

March 

2006 

April 

 

May 

 

June 

 

SR     Langleys · day-1 438 592 728 636 

SR     Range Langleys · day-1 112 - 577 134 - 726 426 - 792 152 - 789 

SR     kW · h · (m-2 · d-1) 5.10 6.89 8.46 7.39 

h · d-1  > .10 kW · h · (m-2 · d-1) 10.67 12.1 12.6 12.5 

SR   mol · (m-2 · d-1) 38.2 51.6 63.5 55.4 

mean (°C) 14.2 19.4 26.3 29.9 

range (°C) - 1.3 – 28.3 2.9 – 34.1 9.3 – 37.7 14.3 – 41.4 

RH % 40.4 25.3 18.7 23.2 

RH % range 2.9 – 100 3.3 – 79.2 4.3 – 80.2 2.6 – 82.1 
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TABLES –– Continued 

Table 4. Controlled Environment Agricultural Center, Tucson, AZ, USA, climate data 

within controlled environment (CE), during the March through June 2008 experimental 

periods as discussed in Chapter III, Appendices A and B. Data is reported as daily-

averages: total CE solar radiation (SR), photosynthetically active radiation (PAR) at plant 

canopy level, temperature (°C), and relative humidity (RH); during Trial I (TI) and Trial 

II (TII). PAR was measured in the 400 to 700 nm waveband range (LI-COR LI-190 

Quantum sensor; Lincoln, NE, USA); the unit of measurement is micromoles of photons 

per square meter per second (µmol · m-2 · s-1), converted to moles of photons per square 

meter per day (mol · m-2 · d-1) for comparison with external environmental data (Table 2).  

Tucson, AZ, USA; 713 m 

32° 16’ 49” N; 110° 56’ 45” W 

March - April 

TI 

May - June 

TII 

SR µmol · m-2 · s-1 1208 846 

PAR SR mol · m-2 · d-1 22.55 23.24 

CE mean day (°C) 22.3 ± 2.5 23.1 ± 1.8 

CE mean night (°C) 19.5 ± 0.6 17.6 ± 3.0 

CE mean day RH % 37.4 ± 9.9 54.1 ± 6.7 

CE mean night RH % 32.9 ± 5.4 59.5 ± 13.0 
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TABLES –– Continued 

Table 5. Preliminary trial Arugula total phenolic content, Folin-Ciocalteu Method, 

expressed as mg Gallic Acid / 100 g fresh weight. Mean GAE values are presented for 

Eruca sativa, field-grown and commercially purchased. Mean GAE values for Diplotaxis 

tenuifolia are field grown and from an established non-irrigated plot. 

Date Arugula GAE1 

E. sativa (baby leaf field) 2,3 64.76 ± 4.02 

D. tenuifolia (baby leaf field) 75.23 ± 5.22 

 

March 2006 

D. tenuifolia (baby leaf non-irrigated wild) 4 110.68 ± 14.9 

 

E. sativa (mature field) 136.90 ± 13.27 

E. sativa (commercially purchased) 5 78.13 ± 5.78 

D. tenuifolia (mature field) 140.51 ± 10.04 

 

April 2006 

D. tenuifolia (non-irrigated wild) 276.92 ± 34.72 

 

1 Gallic acid equivalents (GAE) mean values ± 1-standard deviation determined from 3-

replications of 3-independent samples.  

2 Baby leaf was defined as less than 10 cm in length.  

3 Field plots irrigated twice per day using subsurface drip irrigation.  

4 Plant established in 2005, not irrigated, and subjected to multiple cuttings. 

5 Mature Arugula purchased from Trader Joe’s, Tucson, Arizona, on day of harvest. 



 64 

REFERENCES 

Alasalvar, C., Al-Farsi, M., Quanticka, P.C., Shahidib, F., and Wiktorowiczc, R., 2005. 

Effect of chill storage and modified atmosphere packaging (MAP) on antioxidant 

activity, anthocyanins, carotenoids, phenolics and sensory quality of ready-to-eat 

shredded orange and purple carrots. Food Chem. 89:69-76. 

AOAC, 1990. Vitamin C (ascorbic acid) in vitamin preparations and juices: 2,6-

Dichlorindophenol titrimetric method, p. 1058-1059. In: Cuniff, P. (ed.), Official 

Methods of Analysis of AOAC International. AOAC Arlington, VA. 

Aquino-Bolaños, E.N. and Mercado-Silva, E., 2004. Effects of polyphenol oxidase and 

peroxidase activity, phenolics and lignin content on the browning of cut jicama. 

Postharvest Bio. Tech. 33:275-283. 

Ashraf, M., 1994. Organic substances responsible for salt tolerance in Eruca sativa. Biol. 

Plant. 36:255-259. 

Ashraf, M., 2001. Relationships between growth and gas exchange characteristics in 

some salt-tolerant amphidiploid Brassica species in relation to their diploid 

parents. Environ. Exp. Bot. 45:155-163. 

Ashraf, M. and McNeilly, T., 2004. Salinity tolerance in brassica oilseeds. Crit. Rev. 

Plant Sci. 23:157-174. 

Ashraf, M. and Noor, R., 1993. Growth and pattern of ion uptake in Eruca sativa Mill. 

under salt stress. Angew. Bot. :17-21. 

Awad, M.A. and de Jager, A., 2003. Influences of air and controlled atmosphere storage 

on the concentration of potentially healthful phenolics in apples and other fruits. 



 65 

Postharvest Biol. Technol. 27:53-58. 

Ayars, J.E., Phene, C.J., Hutmacher, R.B., Davis, K.R., Schoneman, R.A., Vail, S.S., and 

Mead, R.M., 1999. Subsurface drip irrigation of row crops: a review of 15 years 

of research at the Water Management Research Laboratory. Agric. Water 

Manage. 42:1-27. 

Ayers, R.S. and Westcot, D.W., 1994. Water quality for agriculture, FAO Irrigation and 

Drainage Papers. FAO, Rome, Italy. 

AZDA, 2008. Annual Report, FY 2007-2008, p. 12-15. Arizona. Department of 

Agriculture, Phoenix. 

AZDA, 2009. Water Efficiency Information for Arizona's Agriculture Sector. Arizona 

Department of Water Resources, Phoenix. 

AZMET, 2009. The Arizona Meteorological Network. University of Arizona. 

Bachmann, J., 2002. Specialty Vegetables, p. 1-7. In: ATTRA (ed.). National Sustainable 

Agricultural Information Service. 

Baher, Z.F. and Mirza, M., 2002. The influence of water stress on plant height, herbal 

and essential oil yield and composition in Satureja hortensis L. Flavour 

Fragrance J. 17:275-277. 

Bañuelos, G.S., Pasakdee, S., and Finley, J.W., 2003. Growth response and selenium and 

boron distribution in broccoli varieties irrigated with poor quality water. Journal 

of Plant Nutrition 26:2537-2549. 

Beltrão, J., Faria, J., Miguel, G., Chaves, P., and Trindade, D. 2000. Cabbage yield 

response to salinity of trickle irrigation water537). 



 66 

Bennett, R.N., Mellon, F.A., Botting, N.P., Eagles, J., Rosa, E.A., and Williamson, G., 

2002. Identification of the major glucosinolate (4-mercaptobutyl glucosinolate) in 

leaves of Eruca sativa L. (salad rocket). Phytochem. Rev. 61:25-30. 

Bennett, R.N., Rosa, E.A.S., Mellon, F.A., and Kroon, P.A., 2006. Ontogenic profiling of 

glucosinolates, flavonoids, and other secondary metabolites in Eruca sativa 

(Salad Rocket), Diplotaxis erucoides (Wall Rocket), Diplotaxis tenuifolia (Wild 

Rocket), and Bunias orientalis (Turkish Rocket). J. Agric. Food Chem. 54:4005-

4015. 

Bergquist, S.Å.M., Gertsson, U.E., Knuthsen, P., and Olsson, M.E., 2005. Flavonoids in 

baby spinach (Spinacia oleracea L.): changes during plant growth and storage. 

J.Agric. Food Chem. 53:9459-9464. 

Bergquist, S.M., Gertsson, U.E., and Olsson, M.E., 2006. Influence of growth stage and 

postharvest storage on ascorbic acid and carotenoid content and visual quality of 

baby spinach (Spinacia oleracea L.). J. Sci. Food Agric. 86:346-355. 

Bouchereau, A., Clossais-Besnard, N., Bensaoud, A., Leport, L., and Renard, M., 1996. 

Water stress effects on rapeseed quality. Eur. J. Agron. 5:19-30. 

Bray, E.A., Bailey-Serres, J., and Weretilnyk, E., 2000. Responses to abiotic stress, p. 

1191-1193. In: Buchanan, B. B., Gruissem, W., and Jones, R. L. (eds.), 

Biochemistry and Molecular Biology of Plants. ASPP, Rockville, Md. 

Bryla, D.R., Banuelos, G.S., and Mitchell, J.P., 2003. Water requirements of subsurface 

drip-irrigated faba bean in California. Irrigation Sci. 22:31-37. 

Buescher, R., Howard, L., and Dexter, P., 1999. Postharvest enhancement of fruits and 



 67 

vegetables for improved human health. HortSci. 34:1167-1170. 

Callebaut, M., Badji, M., and Feyen, J., 1985. Response of some horticultural crops to 

irrigation in the semi-arid region of Tunisia. Sci. Hortic. 26:279-291. 

Capecka, E., Mareczek, A., and Leja, M., 2005. Antioxidant activity of fresh and dry 

herbs of some Lamiaceae species. Food Chem. 93:223-226. 

Champolivier, L. and Merrien, A., 1996. Effects of water stress applied at different 

growth stages to Brassica napus L. var. Oleifera on yield, yield components and 

seed quality. Euro. J. Agron. 5:153-160. 

Chaves, M.M., Flexas, J., and Pinheiro, C., 2009. Photosynthesis under drought and salt 

stress: regulation mechanisms from whole plant to cell. Ann. Bot. 103:551-560. 

Chaves, M.M., Pereira, J.S., Maroco, J., Rodrigues, M.L., Ricardo, C.P.P., Osorio, M.L., 

Carvalho, I., Faria, T., and Pinheiro, C., 2002. How plants cope with water stress 

in the field? Photosynthesis and growth. Ann. Bot. 89:907-916. 

Clay, J.W., 2004. World agriculture and the environment : a commodity-by-commodity 

guide to impacts and practices. Island Press, Washington  

Close, D.C. and McArthur, C., 2002. Rethinking the role of many plant phenolics; 

protection from photodamage not herbivores? Oikos 99:166-172. 

Croteau, R., Kutchan, T.M., and Lewis, N.G., 2000. Natural products (secondary 

metabolites), p. 1286-1308. In: Buchanan, B. B., Gruissem, W., and Jones, R. L. 

(eds.), Biochemistry and Molecular Biology of Plants. ASPP, Rockville, Md. 

D'Anna, F., Miceli, A., and Vetrano, F., 2003. First results of floating system cultivation 

of Eruca sativa L. Acta Hort. 609:361-364. 



 68 

Davey, M.W., Montagu, M.V., Inze, D., Sanmartin, M., Kanellis, A., Smirnoff, N., 

Benzie, I.J., Strain, J.J., Favell, D., and Fletcher, J., 2000. Plant L-ascorbic acid: 

chemistry, function, metabolism, bioavailability and effects of processing. J. Sci. 

Food Agric. 80:825-860. 

De Feo, V. and Senatore, F., 1993. Medicinal plants and phytotherapy in the Amalfitan 

Coast, Salerno Province, Campania, Southern Italy. J. Ethnopharmacol. 39:39-51. 

Delfine, S., Loreto, F., Pinelli, P., Tognetti, R., and Alvino, A., Isoprenoids content and 

photosynthetic limitations in rosemary and spearmint plants under water stress. 

Agric., Ecosyst. Environ 106:243-252  

Deo, C. and Lal, P., 1982. Effect of water quality and moisture regime on soil properties 

and yield of mustard and taramira (Eruca sativa). J. Indian Soc. Soil Sci.:411-414. 

Di Venere, D., Calabrese, N., Linsalata, V., Cardinali, A., and Bianco, V.V., 2000. 

Influence of sowing time on phenolic composition of Rocket. Acta. Hort. 

533:361-364. 

DOE, 2007. United States concentrating solar power resource: Direct normal,” on-line 

map, http://www.nrel.gov/gis/images/map_csp_national_hi-res.jpg. National 

Renewable Energy Laboratory. 

Eitenmiller, R.R., 1998. Vitamin C, p. 287-288. In: Nielsen, S. S. (ed.), Food Analysis. 

Aspen Publishers, Gaithersburg, MD. 

Estrada, B., Pomar, F., Diaz, J., Merino, F., and Bernal, M.A., 1999. Pungency level in 

fruits of the Padron pepper with different water supply. Sci. Hortic. 81:385-396. 

Evenden, M.L., Judd, G.J.R., and Borden, J.H., 1999. A synomone imparting distinct sex 



 69 

pheromone communication channels for Choristoneura rosaceana (Harris) and 

Pandemis limitata (Robinson) (Lepidoptera: Tortricidae). Chemoecology 9:73-80. 

FAO. 1995. The use of saline waters for crop production. FAO, Rome. 

Fonseca, J. 2004. Western Vegetable Newsletter. University of Arizona. 

Fonseca, J., 2006a. Personal Communication. In: Hamilton, J. (ed.), Tucson. 

Fonseca, J.M., 2006b. Postharvest quality and microbial population of head lettuce as 

affected by moisture at harvest. J. Food Sci. 71:46-49. 

Fox, P. and Rockstrom, J., 2003. Supplemental irrigation for dry-spell mitigation of 

rainfed agriculture in the Sahel. Agricultural Water Management 61:29-50. 

Frankel, S. and Berenbaum, M., 1999. Effects of light regime on antioxidant content of 

foliage in a tropical forest community. Biotropica 31:422-429. 

García-Hernández, J., 2004. Water quality in the Colorado River. Southwest Hydrol. 

3:18-19. 

Giacomelli, G.A., Kubota, C., and Jensen, M., 2005. Design consideration and 

operational management of greenhouse for tomato production in semi-arid 

regions. Acta Hort. 691:525-532. 

Gil, M.I., Ferreres, F., and Tomas-Barberan, F.A., 1999. Effect of postharvest storage and 

processing on the antioxidant constituents (flavonoids and vitamin C) of fresh-cut 

spinach. J. Agric. Food Chem. 47:2213-2217. 

Gleick, P.H., 1993. Water in crisis: a guide to the world's fresh water resources. Oxford 

University Press, New York. 

Goldman, I.L., Kader, A.A., and Heintz, C., 1999. Influence of production, handling, and 



 70 

storage on phytonutrient content of foods. Nutr. Rev. 57:S46-S52. 

Grieve, C.M., Poss, J.A., Suarez, D.L., and Dierig, D.A., 2001. Lesquerella growth and 

selenium uptake affected by saline irrigation water composition. Ind. Crops Prod. 

13:57-65. 

Griswold, D., Slivinski, S., and Preble, C. 2005. Ripe for reform, six good reasons to 

reduce U.S. farm subsidies and trade barriers Cato Institute, Washington, D.C. 

Guerena, M., 2006. Cole Crops and Other Brassicas: Organic Production In: ATTRA 

(ed.). National Sustainable Agricultural Information Service. 

Hammond-Kosack, K. and Jones, J.D.G., 2000. Responses to plant pathogens, p. 1102-

1105. In: Buchanan, B. B., Gruissem, W., and Jones, R. L. (eds.), Biochemistry 

and molecular biology of plants. ASPP, Rockville, Md. 

Hancock, R.D. and Viola, R., 2005. Improving the nutritional value of crops through 

enhancement of L-Ascorbic acid (vitamin C) content: rationale and 

biotechnological opportunities. J. Agric. Food Chem. 53:5248-5257. 

Hanson, A.D., Nelsen, C.E., Pedersen, A.R., and Everson, E.H., 1979. Capacity for 

proline accumulation during water stress in barley and its implications for 

breeding for drought resistance. Crop Sci. 19:489-493. 

Hasler, C.M., 2000. The changing face of functional foods. J. Am. Coll. Nutr. 19:499S-

506S. 

Hasler, C.M. and Brown, A.C., 2009. Position of the American Dietetic Association: 

functional foods. J. Am. Diet Assoc. 109:735-746. 

Heimler, D., Isolani, L., Vignolini, P., Tombelli, S., and Romani, A., 2007. Polyphenol 



 71 

content and antioxidative activity in some species of freshly consumed salads. 

J. Agric. Food Chem. 55:1724-1729. 

Heimler, D., Vignolini, P., Dini, M.G., Vincieri, F.F., and Romani, A., 2006. Antiradical 

activity and polyphenol composition of local Brassicaceae edible varieties. Food 

Chem. 99:464-469. 

Hernándo-Bermejo, J.E. and León, J. 1994. Neglected horticultural crops. FAO, Rome. 

Herrmann, S.M. and Hutchinson, C.F., 2006a. Desert outlook and options for action: 

Narritive and qualitative scenarios, p. 94-99. In: Ezcurra, E. (ed.), Global Desert 

Outlook. UNEP. 

Herrmann, S.M. and Hutchinson, C.F., 2006b. The scientific basis: linkages between land 

degradation, drought and desertification, p. 46-48. In: Johnson, P. M., Mayrand, 

K., and Paquin, M. (eds.), Governing Global Desertification; Linking 

Environmental Degradation, Poverty and Participation. Ashgate. 

Hoffman, G.J. and Shannon, M.C., 2007. Salinity, p. 131-160. In: Lamm, F. R., Ayars, J. 

E., and Nakayama, F. S. (eds.), Microirrigation for Crop Production. Elsevier 

B.V. . 

Howard, L.R., Pandjaitan, N., Morelock, T., and Gil, M.I., 2002. Antioxidant capacity 

and phenolic content of spinach as affected by genetics and growing season. J. 

Agric. Food Chem. 50:5891-5896. 

Issa, A.Y., Volate, S.R., and Wargovich, M.J., 2006. The role of phytochemicals in 

inhibition of cancer and inflammation: New directions and perspectives. J. Food 

Compos. Anal. 19:405-419. 



 72 

Javanmardi, J., Stushnoff, C., Locke, E., and Vivanco, J.M., 2003. Antioxidant activity 

and total phenolic content of Iranian Ocimum accessions. Food Chemistry 83:547-

550. 

Jeffery, E.H., Brown, A.F., Kurilich, A.C., Keck, A.S., Matusheski, N., Klein, B.P., and 

Juvik, J.A., 2003. Variation in content of bioactive components in broccoli. J. 

Food Compos. Anal. 16:323-330. 

Johnson, I.T., 2002. Glucosinolates in the human diet. Bioavailability and  implications 

for health. Phytochem. Rev. 1:183-188. 

Judd, W.S., Campbell, C.C., Kellog, E.A., Stevens, P.F., and Donoghue, M.J., 2002. 

Phylogenetic relationships of angiosperms, Brassicales, p. 402-404, Plant 

Systematics: a phylogenetic approach. Sinauer Associates, Sunderland, MA. 

Kallarackal, J., Milburn, J., and Baker, D., 1990. Water relations of the Banana. III. 

Effects of controlled water stress on water potential, transpiration, photosynthesis 

and leaf growth. Funct. Plant Biol. 17:79-90. 

Kaur, C. and Kapoor, H.C., 2002. Anti-oxidant activity and total phenolic content of 

some Asian vegetables. Int. J. Food Sci. Tech. 37:153-161. 

Kaushal, G.P., Sital, J.S., and Bhatia, I.S., 1982. Studies on Taramira seed (Eruca sativa 

Lam.) proteins. J Agric Food Chem 30:431-435. 

Kays, S.J., 1997. Secondary metabolic processes and products, p. 225-226, Postharvest 

Physiology of Perishable Plant Products. Exon, Athens, GA. 

Keles, Y. and Oncel, I., 2002. Response of antioxidative defence system to temperature 

and water stress combinations in wheat seedlings. Plant Sci. 163:783-790. 



 73 

Kim, D.O. and Lee, C.Y., 2004. Comprehensive study on vitamin C equivalent 

antioxidant capacity (VCEAC) of various polyphenolics in scavenging a free 

radical and its structural relationship. Crit. Rev. Food Sci. Nutr. 44:253-273. 

Kim, H.J., Fonseca, J.M., Choi, J.H., Kubota, C., and Kwon, D.Y., 2008. Salt in irrigation 

water affects the nutritional and visual properties of romaine lettuce (Lactuca 

sativa L.). J. Agric. Food Chem. 56:3772-3776. 

Koyro, H.W., 2006. Effect of salinity on growth, photosynthesis, water relations and 

solute composition of the potential cash crop halophyte Plantago coronopus (L.). 

Environ. Exp. Bot. 56:136-146. 

Kuepper, G., Bachmann, J., and Thomas, R., 2002. Specialty Lettuce & Greens: Organic 

Production. In: NCAT, U.-R. (ed.). ATTRA. 

Larsson, S.C., Bergkvist, L., and Wolk, A., 2006. Fruit and vegetable consumption and 

incidence of gastric cancer: a prospective study. Cancer Epidemiol. Biomarkers 

Prev. 15:1998-2001. 

Lee, J.E., Giovannucci, E., Smith-Warner, S.A., Spiegelman, D., Willett, W.C., and 

Curhan, G.C., 2006. Intakes of fruits, vegetables, vitamins A, C, and E, and 

carotenoids and risk of renal cell cancer. Cancer Epidemiol. Biomarkers Prev. 

15:2445-2452. 

Mann, J., 1994. Carbohydrates, p. 36-39. In: Mann, J., Davidson, R. R., Hobbs, J. B., 

Banthrope, D. V., and Harborne, J. B. (eds.), Natural products: their chemistry 

and biological significance. Longman Scientific & Technical; Wiley, Harlow, 

Essex, England; New York. 



 74 

Marabottini, R., Schraml, C., Paolacci, A.R., Sorgona, A., Raschi, A., Rennenberg, H., 

and Badiani, M., 2001. Foliar antioxidant status of adult Mediterranean oak 

species (Quercus ilex L. and Q. pubescens Willd.) exposed to permanent CO2-

enrichment and to seasonal water stress. Environ. Pollut. 115:413-423. 

Martinez-Laborde, J.B. 1996. A Brief Account of the Genus Diplotaxis, Legnaro 

(Padova), Italy. 

Martínez-Sánchez, A., Allende, A., Bennett, R.N., Ferreres, F., and Gil, M.I., 2006. 

Microbial, nutritional and sensory quality of rocket leaves as affected by different 

sanitizers. Postharvest Biol. Technol. 42:86-97. 

Martínez-Sánchez, A., Gil-Izquierd, A., Gil, M.I., and Ferreres, F., 2008. A comparative 

study of flavonoid compounds, vitamin C, and antioxidant properties of baby leaf 

brassicaceae species. J. Agric. Food Chem. 56:2330-2340. 

Martinez-Sanchez, A., Llorach, R., Gil, M.I., and Ferreres, F., 2007. Identification of new 

flavonoid glycosides and flavonoid profiles to characterize Rocket leafy salads 

(Eruca vesicaria and Diplotaxis tenuifolia). J. Agric. Food Chem. 55:1356-1363. 

Martinez-Sanchez, A., Marin, A., Llorach, R., Ferreres, F., and Gil, M.I., 2006. 

Controlled atmosphere preserves quality and phytonutrients in wild rocket 

(Diplotaxis tenuifolia). Postharvest Biol. Technol. 40:26-33. 

Meigs, P., 1953. World distribution of arid and semi-arid homioclimates, p. 203-210, In: 

Review of Research on Arid Zone Hydrology. Arid Zone Programme, 1. 

UNESCO, Paris. 

Miller, G. and Mittler, R., 2006. Could heat shock transcription factors function as 



 75 

hydrogen peroxide sensors in plants? Ann. Bot. 98:279–288. 

Mithen, R.F., Dekker, M., Verkerk, R., Rabot, S., and Johnson, I.T., 2000. The nutritional 

significance, biosynthesis and bioavailability of glucosinolates in human foods. J. 

Sci. Food Agric. 80:967-984. 

Miyajima, D., 1994. Effects of concentration of nutrient solution, plant size at harvest, 

and light condition before harvest on the ascorbic acid and sugar concentrations in 

leaves of hydroponically grown komatsuna (Brassica campestris L. rapifera 

group). J. Japan Soc. Hort. Sci. 63:567-574. 

Miyazawa, M., Maehara, T., and Kurose, K., 2002. Composition of the essential oil from 

the leaves of Eruca sativa. Flavour Fragrance J.  17:187-190. 

Morales, M. and Janick, J., 2002. Arugula: A promising specialty leaf vegetable, p. 418-

423. In: Janick, J. and Whipkey, A. (eds.), Trends in new crops and new uses. 

ASHS Press, Alexandria, VA. 

Morison, J.I.L., Baker, N.R., Mullineaux, P.M., and Davies, W.J., 2008. Improving water 

use in crop production. Phil. Trans. R. Soc. B 363:639-658. 

Munns, R., 2002. Comparative physiology of salt and water stress. Plant, Cell Environ. 

25:239-250. 

Murray, S., Lake, B.G., Gray, S., Edwards, A.J., Springall, C., Bowey, E.A., Williamson, 

G., Boobis, A.R., and Gooderham, N.J., 2001. Effect of cruciferous vegetable 

consumption on heterocyclic aromatic amine metabolism in man. Carcinogenesis 

22:1413-1420. 

Navarro-Alarcon, M. and Cabrera-Vique, C., 2008. Selenium in food and the human 



 76 

body: A review. Sci. Total Environ. 400:115-141. 

Newsted, J.L., 2004. Effect of light, temperature, and pH on the accumulation of phenol 

by Selenastrum capricornutum, a green alga. Ecotoxicol. Environ. Saf. 59:237-

243. 

Nicola, S., Hoeberechts, J., and Fontana, E., 2005. Comparison between traditional and 

soilless culture systems to produce Rocket (Eruca sativa) with low nitrate. Acta 

Hort. 697:549-555. 

Padulosi, S. and Pignone, D. 1996. Rocket: a Mediterranean crop for the world, Legnaro, 

Italy. 

Passioura, J., 2006. Increasing crop productivity when water is scarce--from breeding to 

field management. Agric. Water Manage. 80:176-196. 

Pasternak, D. and Malach, Y.D., 1994. Crop irrigation with saline water, p. 599-622. In: 

Pessarakli, M. (ed.), Handbook of Plant and Crop Stress. Dekker, New York. 

Patel, R.M., Prasher, S.O., Goel, P.K., Madramootoo, C.A., and Broughton, R.S., 2003. 

Brackish water subirrigation for vegetables. Irrig. Drain. 52:121-132. 

Pelletier, O., 1985. Vitamin C (L-ascorbic acid and dehydro-L-ascorbic acids), p. 303-

347. In: Augustin, J. J., Klein, B.P., Becker, D.A., Venugopal, P.B. (ed.), Methods 

of Vitamin Analysis. Wiley, New York. 

Pereira, L.S., Oweis, T., and Zairi, A., 2002. Irrigation management under water scarcity. 

Agric. Water Manage. 57:175-206. 

Pezzarossa, B., Remorini, D., Piccotino, D., Malagoli, M., and Massai, R., 2009. Effects 

of selenate addition on selenium accumulation and plant growth of two Prunus 



 77 

rootstock genotypes. J. Plant Nutr. Soil Sci 172:261-269. 

Podsedek, A., 2007. Natural antioxidants and antioxidant capacity of Brassica vegetables: 

A review. LWT - Food Sci. Technol. 40:1-11. 

Reddy, A.R., Chaitanya, K.V., and Vivekanandan, M., 2004. Drought-induced responses 

of photosynthesis and antioxidant metabolism in higher plants. J. Plant Physiol. 

161:1189-1202. 

Rice-Evans, C.A., Miller, N.J., and Paganga, G., 1997. Antioxidant properties of phenolic 

compounds. Trends Plant Sci. 2:152-159. 

Ríos, J., Blasco, B., Cervilla, L., Rubio-Wilhelmi, M., Ruiz, J., and Romero, L., 2008. 

Regulation of sulphur assimilation in lettuce plants in the presence of selenium. 

Plant Growth Regul. 56:43-51. 

Shalhevet, J., 1994. Using water of marginal quality for crop production: major issues. 

Agri. Water Manage. 25:233-269. 

Shannon, M.C. and Grieve, C.M., 1998. Tolerance of vegetable crops to salinity. Sci. 

Hortic. 78:5-38. 

Singleton, V.L., Orthofer, R., Lamuela-Raventos, R.M., and Lester, P., 1999. Analysis of 

total phenols and other oxidation substrates and antioxidants by means of Folin-

Ciocalteu reagent, p. 152-178, Methods Enzymol. Academic Press. 

Singleton, V.L. and Rossi, J.A., 1965. Colorimetry of total phenolics with 

phosphomolybdic-phosphotungstic acid reagents. Am. J. Enol. Viticul. 16:144-

158. 

Steppuhn, H., van Genuchten, M.T., and Grieve, C.M., 2005a. Root-Zone salinity: I. 



 78 

Selecting a product-yield index and response function for crop tolerance. Crop 

Sci. 45:209-220. 

Steppuhn, H., van Genuchten, M.T., and Grieve, C.M., 2005b. Root-Zone salinity: II. 

Indices for tolerance in agricultural crops. Crop Sci. 45:221-232. 

Suarez, D.L., Grieve, C.M., and Poss, J.A., 2003. Irrigation method affects selenium 

accumulation inforage Brassica species. J. Plant Nutr. 26:191-201. 

Surh, Y.-J., 2003. Cancer chemoprevention with dietary phytochemicals. Nat. Rev. 

Cancer 3:768-780. 

Suyama, H., Benes, S.E., Robinson, P.H., Grattan, S.R., Grieve, C.M., and Getachew, G., 

2007. Forage yield and quality under irrigation with saline-sodic drainage water: 

greenhouse evaluation. Agri.Water Manage. 88:159-172. 

Szwed, W. and Sykora, K., 1996. The vegetation of road verges in the coastal dunes of 

the Netherlands. Folia Geobot.Phytotax. 31:433-451. 

Taiz, L. and Zeiger, E., 2002. Plant Defenses: Surface protectants and secondary 

metabolites, p. 364-369. In: Taiz, L. and Zeiger, E. (eds.), Plant Physiology. 

Sinauer Associate, Sunderland, MA. 

Tattini, M., Galardi, C., Pinelli, P., Massai, R., Remorini, D., and Agati, G., 2004. 

Differential accumulation of flavonoids and hydroxycinnamates in leaves of 

Ligustrum vulgare under excess light and drought stress. New Phytol. 163:547-

561. 

Taylor, J., 1993. The growing abundance of natural resources, p. 1-3. In: Crane, E. H. and 

Boaz, D. (eds.), Market Liberalism: A Paradigm for the 21st Century. Cato 



 79 

Institute, Washington, D.C. 

Tiwari, K.N., Singh, A., and Mal, P.K., 2003. Effect of drip irrigation on yield of cabbage 

(Brassica oleracea L. var. capitata) under mulch and non-mulch conditions. 

Agric. Water Manage. 58:19-28. 

Toler, H.D., Charron, C.S., Carl E. Sams, and Randle, W.R., 2007. Selenium increases 

sulfur uptake and regulates glucosinolate metabolism in rapid-cycling Brassica 

oleracea. J. Am. Soc. Hortic. Sci. 132:14-19. 

Treutter, D., 2006. Significance of flavonoids in plant resistance: a review. Environ. 

Chem. Let. 4:147-157. 

Tucker, G., 2003. Nutritional enhancement of plants. Curr. Opin. Biotechnol. 14:221-

225. 

Ueno, O., Bang, S.W., Wada, Y., Kondo, A., Ishihara, K., Kaneko, Y., and Matsuzawa, 

Y., 2003. Structural and biochemical dissection of photorespiration in hybrids 

differing in genome constitution between Diplotaxis tenuifolia (C3-C4) and 

Radish (C3). Plant Physiol. 132:1550-1559. 

Umali, D. 1993. Irrigation induced salinity. A growing problem for development and 

environment. World Bank, Washington, DC. . 

US-DOI, 2008. Review Water Quality Standards For Salinity Colorado River System. 

Colorado River Board  of California. 

USD-HHS, 2000. Chapter 7 Selenium, p. 284-324. In: USD-HHS (ed.), Dietary 

Reference Intakes for Vitamin C, Vitamin E, Selenium, and Carotenoids. National 

Academic Press. 



 80 

USDA, 2009. Agicultural Marketing Service. 

USDA/ERS, 2006. Data Sets: vegetables and melons yearbook. Economic Research 

Service. 

Van-Doorn, H.E., Van der Kruk, G.C., Van-Holst, G.-J., Raaijmakers-Ruijs, N.C.M.E., 

Postma, E., Groeneweg, B., and Jongen, W.H.F., 1998. The glucosinolates 

sinigrin and progoitrin are important determinants for taste preference and 

bitterness of Brussels sprouts. J. Sci. Food Agric. 78:30-38. 

Welch, R.M. and Graham, R.D., 2005. Agriculture: the real nexus for enhancing 

bioavailable micronutrients in food crops. J. Trace Elem. Med. Biol. 18:299-307. 

Weston, L.A. and Barth, M.M., 1997. Preharvest factors affecting postharvest quality of 

vegetables. HortSci. 32:812-816. 

Whanger, P.D., 2004. Selenium and its relationship to cancer: an update. Brit. J. Nutr. 

91:11–28. 

Winkel-Shirley, B., 2002. Biosynthesis of flavonoids and effects of stress. Curr. Opin. 

Plant Bio. 5 218-233. 

Wu, X., Beecher, G.R., Holden, J.M., Haytowitz, D.B., Gebhardt, S.E., and Prior, R.L., 

2004a. Lipophilic and Hydrophilic Antioxidant Capacities of Common Foods in 

the United States. J. Agric. Food Chem. 52:4026-4037. 

Wu, X., Gu, L., Holden, J., Haytowitz, D.B., Gebhardt, S.E., Beecher, G., and Prior, 

R.L.R.L., 2004b. Development of a database for total antioxidant capacity in 

foods: a preliminary study. J. Food Compos. Anal. 17:407-422. 

Xiong, L. and Zhu, J.K., 2002. Molecular and genetic aspects of plant responses to 



 81 

osmotic stress. Plant Cell Environ. 25:131-139. 

Zhang, D. and Hamauzu, Y., 2003. Antioxidant Activity and Total Phenolics in Post-

harvest Iceberg. Lettuce (Lactuca sativa). Acta Hort. 628:687-691. 

Zhang, Y., Talalay, P., Cho, C.-G., and Posner, G.H., 1992. A major inducer of 

anticarcinogenic protective enzymes from broccoli: isolation and elucidation of 

structure. Proc. Natl. Acad. Sci. 89:2399-2403. 

Zhao, X., Carey, E.E., Young, J.E., Wang, W., and Iwamoto, T., 2007. Influences of 

Organic Fertilization, High Tunnel Environment, and Postharvest Storage on 

Phenolic Compounds in Lettuce. HortSci. 42:71-76. 

Zhu, J.-K., 2002. Salt and drought stress signal transduction in plants. Annu. Rev. Plant 

Biol. 53:247-273. 

 

 

 



 

 
 

82 
APPENDIX A 

 

EFFECT OF SALINE IRRIGATION WATER ON ANTIOXIDANTS IN THREE 

HYDROPONICALLY GROWN LEAFY VEGETABLES: Diplotaxis tenuifolia, Eruca 

sativa, and Lepidium sativum 

 

Jeffrey Muir Hamiltona and Jorge M. Fonsecab 

a The University of Arizona, Arid Land Resource Sciences, CEAC, 1951 E. Roger Road, Tucson, 

AZ 85719, USA 

b The University of Arizona, Department of Plant Science, Yuma Agricultural Center, 6425 W 

8th Street, Yuma, AZ 85364, USA  

 

a Please address correspondence to this author at: 6719 North Quartzite Canyon Place, Tucson, 

AZ 85718, USA; (520) 665-9588, email – jeffreymuirhamilton@me.com or 

jeffmuir@u.arizona.edu 

 

 

 

 

 

 

 

 



 

 
 

83 
Subject Category: Environmental Stress Physiology 

 

Effect of Saline Irrigation Water on Antioxidants in Three Hydroponically Grown Leafy 

Vegetables: Diplotaxis tenuifolia, Eruca sativa, and Lepidium sativum 

 

Additional index words. Arugula, controlled environment agriculture, greenhouse, phenolics, 

postharvest, salinity, vitamin C 

 

Abstract. Our study evaluated changes in nutritional content of leafy vegetables, at harvest and 

during postharvest, in response to nutrient solutions of increasing salinity; using a re-circulating 

ebb and  flow (EFI) irrigation system. Two antioxidants were used as proxies for nutrition, 

ascorbic acid (AsA) and total phenolic content (TPC); as determined by the 2,6-

dichloroindolphenol titrimetric and the Folin-Ciocalteu methods, respectively. Two arugulas, 

Diplotaxis tenuifolia (L.) DC cv. Sylvetta and Eruca sativa (P. Mill.) Thell. cv. Astro, and a 

garden cress, Lepidium sativum L. cv. Presto, were grown with five salinity levels, ranging from 

1.5 to 9.5 dS m-1 electrical conductivity (EC) during two trials. During Trial I (April 2008), the 

responses of the TPC to salinity treatments, at harvest and postharvest, for all species collectively 

evaluated, were best described by a linear regression models; whereas, Trial II (June) harvest, 8- 

and 16-days in postharvest (DPH) storage TPC responses to salinity, were best depicted by cubic 

regression models. We observed negative linear responses in AsA to treatments in Trial I  and 

Trial II; with cubic regression models providing more complete descriptions of AsA responses to 

treatments. Trial I and II AsA responses to treatments during 8DPH were best described with 

cubic models. During both trials, mean TPC increased, while mean AsA values decreased 
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significantly, from harvest to 16DPH. We did observe modest improvements in overall visual 

quality of the leafy greens in response to salinity. We concluded, that the nutritional content of 

crucifers grown in an EFI system, with moderately high levels of salinity, is not compromised.  

 

Introduction. The high consumption of fruits and vegetables, is associated with a lower incidence 

of numerous cancers and cardiovascular diseases (LARSSON et al., 2006; LEE et al., 2006; SURH, 

2003). The daily intake of plant phenolics and vitamin C, both known for their high antioxidant 

capacity, is attributed primarily to the consumption of fruits and vegetables (KIM and LEE, 2004; 

RICE-EVANS et al., 1997; WU et al., 2004). Plants grown in aridic regions produce quantitatively 

more vitamin C and phenolic compounds than plants grown in mesic regions (CHAMPOLIVIER 

and MERRIEN, 1996; REDDY et al., 2004). Given, that the diverse Brassicaceae family (crucifers) 

are reported to have cancer preventative properties (HEIMLER et al., 2006; WALLIG et al., 2005), 

with numerous agriculturally important species tolerant to salinity (ASHRAF and MCNEILLY, 

2004; SHANNON and GRIEVE, 1998), we selected three specialty crop crucifers; that are reported 

to be rich in plant products associated with anti-cancer properties (BENNETT et al., 2006; 

RODRIGUEZ et al., 2006). Two arugulas, Eruca sativa (P. Mill.) Thell. cv. Astro and Diplotaxis 

tenuifolia (L.) DC cv. Sylvetta, and a garden cress, Lepidium sativum L. cv. Presto, are reported 

to be tolerant to saline irrigation water (MARTINEZ-LABORDE, 1996).  

Irrigation water in many of the world’s arid and semiarid agricultural production regions is, 

increasingly quantitatively limited and compromised by high content of salts (GLEICK, 1993; 

SHALHEVET, 1994); and as irrigation water becomes more limiting, reuse of agricultural effluents 

(PATEL et al., 2003; SUYAMA et al., 2007), that are typically saline, may become necessary.  The 

positive effects of salinity on polyphenol content have been reported in other crucifers, such as 
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the European searocket (Cakile maritima Scop.) (KSOURI et al., 2007). Thus, our research 

would contribute to understand the effect of selected levels of salinity, on plant-derived dietary 

antioxidants vitamin C (EITENMILLER, 1998) and polyphenols (PODSEDEK, 2007; RICE-EVANS et 

al., 1997), in three neglected specialty crucifers (NUEZ and HERNANDEZ BERMEJO, 1994). This 

would provide value (i.e., a greater diversity of vegetables with known nutritional values) for 

consumers and create additional opportunity for producers (BACHMANN, 2002; GREER and 

DIVER, 2000); with opportunity defined as, knowledge of the response of high-value specialty 

crops to irrigation water of known salinity (GRIEVE et al., 2001). A demonstration that vegetable 

nutrition can be maintained, in an ebb and flow irrigation (EFI) water recycling system, within a 

controlled environment, would suggest the value of recycling irrigation water where water and 

arable land are limiting; given that, EFI systems limit water use and environmental pollution 

associated with nutrient solution runoff (INCROCCI et al., 2006).  Scarce, is the information 

available on the effect of EFI systems, on the quality of vegetable crops in general (ROUPHAEL 

and COLLA, 2005), and the specific crucifers in our study in particular (D'ANNA et al., 2003; 

NICOLA et al., 2007). Specialty leafy vegetables (BACHMANN, 2002), with reported nutritional 

benefits, offer regional growers a price and marketing advantage; given that consumers are 

increasingly aware of nutritional food values, for which they willing to pay a premium (WINTER 

and DAVIS, 2007).  

Of the crops selected for this study, the arugula E. sativa, is a common component in specialty 

salad mixes; however, wild arugula D. tenuifolia, while common in the Mediterranean region (DI 

VENERE et al., 2000; MARTINEZ-LABORDE, 1996), and is discussed in high-end cooking forums, 

is rare in markets within the USA. The third and least evaluated crucifer, a garden cress, L. 

sativum; it is uncommon in the USA, with little reported nutritional data (GOKAVI et al., 2004; 
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NUEZ and HERNANDEZ BERMEJO, 1994). Results from our field trials with arugula 

(unpublished data of authors), revealed higher antioxidant values than in commercially available 

arugula, suggesting that agronomic factors characteristic of the aridic Southwest (e.g., salinity 

level in the water or high solar radiation) may contribute to the higher values (Table 1).  It was 

previously reported that Romaine and iceberg lettuce (Lactuca sativa L.), grown in the 

Southwestern USA, showed an improvement in green color and an increased accumulation of 

total phenolics (TPs), with high salinity in the water (KIM et al., 2008). The response of plant 

TPs to light has been studied in field-cultivated spinach (Spinacia oleracea L.) (BERGQUIST et 

al., 2007b)and lettuce (unpublished data of authors), as well as to changing levels of greenhouse 

irradiance in a medicinal herb (Labisia pumila Behth.) (JAAFER and HARIS, 2008); however, 

abiotic factor influences on TPs in crucifers, are usually associated with field studies (DI VENERE 

et al., 2000; HEIMLER et al., 2006; MARTINEZ-SANCHEZ et al., 2007). And as with phenolics, 

vitamin C has been reported to increase in cherry tomato (Lycopersicon esculentum Mill.), in 

response to increasing salinities ranging from EC 1.0 to 6.0 dS m-1 (SERIO et al., 2004); yet 

decline in Pak Choi (Brassica rapa L.) in response to salinity above EC 9.5 dS m-1 (MAHMUD et 

al., 1999). 

Our objective, was to evaluate the effect of water stress on two antioxidants, in three specialty 

leafy vegetables; imposed by an increasing regime of salinity in the irrigation water. A secondary 

goal was to determine if,  a controlled environment agriculture (CEA) facility, coupled with an 

EFI system, could be implemented to efficiently obtain added value (e.g. higher levels of TP and 

AsA than currently published); while, recycling a nutrient solution during the production cycle.  

To the best of our knowledge, information concerning the specific effects of a range of salinity 

treatments, on the nutritional status of our selected crucifers, is limited. That observation, in 
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association with the upward trend in CEA production, particularly in aridic water limited 

regions, suggests our research should have value for producers and consumers. 

  

Materials and Methods 

Plant materials and growth environment.  D. tenuifolia cv. Sylvetta, E. sativa cv. Astro, and L. 

sativum cv. Presto (Johnny's Selected Seeds, Winslow, ME, USA) were sown in a 40% perlite, 

40% vermiculite, and 20% peat moss medium within 72 cell germination trays; then capped with 

a thin layer of vermiculite.  Seed trays were covered with two layers of a floating row-cover 

(Agribon Ag-30, Polymer Group, Inc. Charlotte, NC, USA) and placed within EFI tables, in a 

climate-controlled greenhouse. A 50% knitted polypropylene shade cloth (Green-Tek, Inc., 

Edgerton, WI, USA) was placed 2.5 m above tables. Seeds were sub-irrigated, 3-times every 24 

hours for 5 minutes, with water (pH 7.8; EC 0.40 dS m-1). The oxidation-reduction potential 

(ORP) status (SUSLOW, 2004) of our water systems was adjusted with a hydrogen peroxide based 

fungicide (ZeroTol, BioSafe Systems, East Hartford, CT), to an ORP value (NEWMAN, 2004) of 

300 mV (pH 6.5, EC 0.40 dS m-1). 

The five salinity treatments electrical conductivity (EC) values were: 1.5 (control), 3.5, 5.5, 

7.5, and 9.5 dS m-1. Five, 8, and 10 days after the respective seed germination of E. sativa, L. 

sativum, and D. tenuifolia, seedling were fertigated with a half-strength nutrient solution  (EC 

0.75 dS m-1; pH 6.5), and row-covers were removed. Full-strength nutrient solutions (EC 1.5 dS 

m-1; pH 6.5) were applied after 7 days of half-strength nutrient solution. Fifteen days after 

germination, treatments were initiated by incremental incorporation of a saline solution into 

nutrient solution tanks, until the first target EC of 3.5 dS m-1 was achieved, with all treatments 

plants; excepting the control that was retained at an EC of 1.5 dS m-1. Separate tables and tanks 
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were maintained for each of the 5 treatments, thus after 3 days at the lowest EC treatment all 

plants except the lowest EC treatment plants were moved to the next higher level EC treatment. 

This incremental increase to higher EC treatments was repeated, until 3 replications of each 

cultivar were established, within each of the 5 tables.  All plants were maintained in target 

nutrient solutions until the highest EC treatments plants received the 9.5 dS m-1 treatment for 2 

weeks. Trays were positioned in tables to avoid tray-to-tray contact and rotated within a table 

every third day. Treatments were assigned to tables randomly in both Trial I and II. The 

hydrogen peroxide based fungicide concentration, within nutrient solution tanks, was maintained 

within an ORP range of 200-350 mV, pH range 6.0-7.0. 

 

Nutrient and saline solutions. A concentrated stock nutrient solution was prepared in 19.0 L 

containers and was comprised of the following elements in g L-1: 30.0 N, 5.0 P, 20.0 K, 22.2 Ca, 

8.6 Cl, 7.8 S, 6.0 Mg, 0.4 Fe, 0.1 Cu, 0.09 Zn, 0.07 Mn, and 0.001 Mo. Aliquots of the stock 

nutrient solution were added to all 170 L tanks until the control EC of 1.5 dS m-1 was attained.  

Water lost from tanks due to evapotranspiration was replaced with nutrient solution diluted to EC 

1.5 dS m-1; with an equal and simultaneous replenishment to all treatment tanks. A concentrated 

stock saline solution was prepared with 200 g NaCl and 200 g CaCl2 per liter water; aliquots 

sufficient to attain target salinities were determined by measuring the EC of the solution within 

tanks. 

 

Greenhouse microenvironment. The plants were cultivated in a greenhouse at the Controlled 

Environment Agricultural Center, University of Arizona (Table 2). Temperature and relative 

humidity measures for each trial represent means derived from eight individual stations, with 
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data collected every 15 minutes. Within greenhouse average solar radiation was measured 

from 0645 to 1900 HR and was recorded at canopy level. (Table 2) 

 Measurements. Within the greenhouse EC and pH were measured using hand held EC and pH 

meters (ECTestr high, PhTestr1; Oakton Instruments, Inc. Vernon Hills, IL, USA), ORP was 

measured using a hand held ORP and temperature meter  (HI 98121; Hanna Instruments, 

Woonsocket, RI, USA). Air temperature and relative humidity were measured using an 

integrated type transmitter (Vaisala Humiter 50-Y, Helsinki, Finland) mounted within an 

aspirating PVC housing positioned 0.25 m above the center of each treatment table.  Media 

temperature was measured using radiation-shielded 0.5 mm Type-T thermocouple wire, placed 

within 3 media trays in 2 treatment tables.  Photosynthetically active radiation (PAR), 400 to 700 

nm waveband, was monitored with a light sensor (LI-COR LI-190 Quantum sensor; Lincoln, 

NE, USA) centrally positioned between 4 treatment tables at canopy height. All devices were 

connected to a datalogger (Campbell Scientific CR-23X Datalogger, Logan, UT, USA). A 

spectrophotometer (Beckman Coulter DU-64, Fullerton, CA, USA) was used for total phenolic 

measurements. 

 

Total phenolic extraction and determination. For each replicate, 5g of freshly harvested leaf 

tissue was chopped in a kitchen-mini-chop (Braun MR430HC, Kronberg, Germany) for three 5 

second pulses, mixed to a paste in a mortar with a pestle for 30 second, and blended with 10 mL 

of 80% aqueous ethanol in 18 mL tubes (Falcon; BD Biosciences, San Jose, CA, USA). The 

mixture was shaken in a water bath in the dark for 12 hours at 30 ºC and filtered through #2 filter 

paper (Whatman, Piscataway, NJ, USA); the ethanolic supernatant was used for the 

determination of phenolic compounds. The total phenolic content was determined using Folin-
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Ciocalteu’s reagent method described by Singleton (SINGLETON et al., 1999). At 25 ºC (room 

temperature), 50 µL of the ethanolic extract was added to 350 µL of deionized water and 250 µL 

of Folin-Ciocalteu’s reagent. After 5 minutes, 1.0 mL of 10% aqueous Na2CO3 solution was 

added, the mixture was vortexed for 10 second, then covered and incubated in the dark at 25 ºC 

for 2 hours. Utilizing transfer pipettes, ~ 1.5 mL of the incubated solution were transferred to 

micro-cuvettes. The absorbance was measured at 765 nm; a standard curve was prepared using 

gallic acid (GA) (Merck, Darmstadt, GER), and the absorbance was converted to the content in 

and expressed in terms of mg GA equivalent (GAE) 100 g-1 fresh weight of sample.  Solutions 

and GA calibration standards were prepared as described by Waterhouse (WATERHOUSE, 2005); 

the calibration curve range was  20 – 200 µg · mL-1.  

 

Ascorbic acid extraction and determination. For each replicate, 2 g of fresh whole leaf tissue was 

placed in a freezer for 5 minutes, within a covered mortar that has been stored in a 0 °C freezer. 

The tissue was then rapidly ground (< 30 seconds) with a 5 mL solution of, ice-cold meta-

phosphoric and acid-acetic acid (i.e., the extraction solution). The resultant extract slurry was 

filtered into glass culture tubes, housed within an ice-water bath, and the extract was then 

centrifuged for 10 minutes at 1000 gN. The extraction solution was prepared by mixing 15 g of 

meta-phosphoric acid pellets (33.5%) in 40 mL HOAc (99%) and 200 mL 0.3N H2SO4, diluted to 

500 mL with deionized water; rapidly filtered into an amber glass bottle, and stored at 4 °C 

(AOAC, 1990; NIELSEN, 1998; PELLETIER, 1985). The ascorbic acid content was determined 

using a modified version of the 2,6-dichlorophenolindophenol (DCPIP) titrimetric method 

(AOAC, 1990). From the above extraction, 1.5 mL aliquots of the supernatant were pipetted into 

glass culture tubes; then a 0.025% DCPIP (Acros Organics, Geel, Belgium) solution was added 
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drop-wise to the extract, until the almost colorless extract shifted to a rose-pink end point 

color, which persisted for at least 30 seconds.  The replicated titration with DCPIP was carried 

out rapidly; to minimize interference by sulphydryl compounds, phenols, and sulfites (ALBRECHT 

and SCHAFER, 1990). The DCPIP solution was prepared by dissolving 50 mg DCPIP in 50 mL 

deionized H20, containing 42 mg NaHCO3, shaken vigorously to dissolve, diluted to 200 mL in 

deionized H20, filtered into amber glass, and stored at 4 °C (AOAC, 1990). Three replicates of 

each standard and each treatment sample were titrated with the DCPIP solution. The mean values 

reported are expressed as mg of vitamin C 100 g-1 of fresh weight (FW) material.  Calculations, 

solutions and ascorbic acid calibration standards were prepared as described by AOAC (AOAC, 

1990). The ascorbic acid content was calculated on the basis of the calibration curve of L-

ascorbic acid (J.T. Baker, Phillipsburg, NJ, USA); the calibration curve range was 20 - 240 µg · 

mL-1. 

 

Harvest-postharvest storage. Crops were manually harvested in the greenhouse at 0800; with a 

sharp, stainless steel knife, leaves we cut 2 cm above growth media, placed directly into 1.89 L 

food storage containers (Glad plastic PP 5; Oakland, CA, USA), weighed, and then transferred to 

a dark 12 °C walk-in cooler within 1 hour. 

 

Harvest-postharvest overall visual quality. The overall visual quality (OVQ) of the leafy greens 

was evaluated at harvest, seven and fourteen days postharvest (7- and 14-DPH); immediately at 

harvest they were placed in 1.89 L food storage containers, and stored in a dark 12 °C walk-in 

cooler. The OVQ was rated on a scale of 1 to 9, as follows: 9 = excellent, 8 = very good, 7 = 

good, 6 = acceptable, and all material rated as 5 or less deemed unmarketable. 
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Experimental design and statistics. Our completely randomized experimental design, included 3 

crucifer species, subjected to 5 salinity treatments (EC range 1.5 to 9.5 dS m-1). Plant leaf 

material was harvested individually, from 3 randomly selected cells within the 72-cell trays, for 

each of the 3 replicates, and for all 5 treatments. The experiment was completed twice and all 

assays were repeated in triplicate; with results expressed as means  ± standard deviations. Data 

for each dependent variable (AsA and TP) were subjected to one-way analysis of variance 

(ANOVA). Independent of the ANOVA, results were tested by Levene’s test for homogeneity of 

variances, and if significant were analyzed using the Welch ANOVA. Homogeneous subsets 

were determined by Duncan’s Multiple Range test. Relationships between treatments and the 

dependent variables were modeled by regression analysis. All statistical computations were 

carried out using a statistical software package, and differences were deemed significant at P ≤  

0.05. 

 

Results and Discussion 

Total phenolics content results. For all plants collectively evaluated, we observed no difference 

in total phenolic content (TPC) in response to salinity treatments in Trial I. In contrast, during 

Trial II we observed a positive response of TPC to salinity (R2 linear = .354, P ≤  0.05); with 

higher order regression models providing an improvement in our ability to depict treatment 

responses (R2 quadratic = .354, R2 cubic = .359; P ≤  0.05). Trial I TPC, following eight days 

postharvest (8DPH), demonstrated a negative response to salinity (R2 linear = .354, P ≤  0.05); 

however, the 8DPH response of TPC in Trial II was revealed only by a cubic regression model 

(R2 cubic = .247, P ≤  0.05). In Trial I a negative response of TPC to salinity was observed 
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following the 16-days postharvest (16DPH) period (R2 linear = .183, P ≤  0.05).  

The responses of individual crucifers, to increasing nutrient solution salinity, suggest slight 

differences from the collective response, outlined above. In E. sativa the effect of salinity on 

TPC at harvest is revealed by a cubic regression model during Trial I (Fig. 1A); yet linear, 

quadratic, and cubic models during Trial II (Fig. 1B). Regression models did not reveal 8DPH 

nor 16DPH phenolic responses to treatments.  

For D. tenuifolia, at harvest TPC responses to salinity treatments were apparent only in Trial 

II; responses that can be depicted by linear, quadratic, or cubic models (Fig. 2).  Phenolic 

responses to salinity treatments 8DPH were depicted by linear, quadratic, and cubic models 

during Trial I (Fig. 3A); however, only a cubic model revealed treatment responses in Trial II 

(Fig. 3B). In both trials the TPC responses to treatments, following the 16DPH period, are best 

described by cubic regression models (Fig. 4A and B). 

L. sativum TPC decreased in Trial I and increased in Trial II, in response to salinity treatments: 

regression analysis did reveal a positive linear response to treatments during Trial I (R2 linear = 

.294, P ≤ 0.05), at harvest; however, a non-linear regression trend was observed during Trial II 

8DPH period (R2 cubic = .560, P ≤ 0.05).  

 

Total phenolics content discussion. In a classic paper, Fraenkel (1959) stated that the function of 

secondary plant metabolites (e.g., phenolics) was to protect plants from herbivory (FRAENKEL, 

1959). Subsequent reviews regarding the role of specific plant phenolics (e.g., flavonoids) 

highlight their role in response to general environmental stress(DIXON and PAIVA, 1995), as anti-

microbial and herbivory defenses (HARBORNE and WILLIAMS, 2000), in response to light 

(WINKEL-SHIRLEY, 2002), nutrient availability (CLOSE and MCARTHUR, 2002), and resource 
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availability (KOUKI and MANETAS, 2002). Currently, most reviews assign a multifaceted role 

for secondary metabolites, as attractants, feeding deterrents, and for stress protection (TREUTTER, 

2006); a logical perspective, given that plant defenses have been and are evolving in a complex 

interaction between abiotic and biotic stressors (HAUGEN et al., 2008). Consistent within current 

literature is the perspective that specific secondary metabolites (e.g., phenolics and flavonoids) 

respond differentially to environmental stressors; such as sunlight or salinity (CLOSE and 

MCARTHUR, 2002; TATTINI et al., 2004; TREUTTER, 2006), at the species level and in a pattern 

related to a plant’s developmental stage (BERGQUIST et al., 2005). Current research, supports the 

observation that plants, grown under conditions of stress, have higher specific leaf phenolic 

concentrations; be that stressor high-light (TATTINI et al., 2004), low nutrient conditions (CLOSE 

and MCARTHUR, 2002), or salinity (TASSONI et al., 2008).  

Specifically relevant to our research results, are the effects of salinity stress within the 

economically important family Brassicaceae (JUDD et al., 2002). The aridic oil seed crop 

lesquerella (Lesquerella fendleri (Gray) S. Wats.) responds to salinity with a decline in biomass 

production but without a change in the composition or content of seed oil (GRIEVE et al., 2001). 

Mouse ear cress (Arabidopsis thaliana (L.) Heynh.) responds to stress with an increase in the 

production of specific organic compounds; polyamines (TASSONI et al., 2008) and 

flavonoids(WINKEL-SHIRLEY, 2002). The halophyte European searocket (Cakile maritima Scop.) 

responds to salinity with an increase in leaf polyphenols (KSOURI et al., 2007). Two closely 

related rockcress species (Arabis drummondii  L. and A. holboellii), differentially respond to 

environmental stress with defensive metabolites, responses unique to a species and by specific 

stressor (JONES et al., 2006). Most germane to our study is that the phenolic composition within 

the edible members of Brassicaceae vary by species (HEIMLER et al., 2006) in response to 
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environmental stress (e.g., salinity, temperature, or sunlight). Our preliminary field studies 

supported that observation; when contrasting TPC of field-grown arugula, under high-light (> 

2000 µmol · m-2 · s-1) with water stress, to high-light without water stress, to greenhouse arugula 

(unpublished data). Pertinent to the discussion of our TPC results, are the observations that 

seasonal variations in phenolics also have been observed (BERGQUIST et al., 2007b; DI VENERE 

et al., 2000; LAMBERS et al., 1998), that appear to contradict the suggestion that stress alone (e.g., 

high-light) results in higher TPC values. For example, between spring and summer harvests it 

has been reported that flavonoids decline, up to 86% in D. tenuifolia and 66% in E. vesicaria (DI 

VENERE et al., 2000). Spinach is reported to have higher TPC in the spring than in the fall; a 

related study suggests this is a cultivar specific response (HOWARD et al., 2002). In a field trial, 

S. oleracea plants sown in April produced twice the total flavonoids as plants sown in August; 

and with shade cloth, flavonoid concentrations varied inconsistently between seasons and plant 

growth stages (BERGQUIST et al., 2007b).  

Although, the literature supports the premise that plants have unique and differential responses 

to stress, our results open two important questions. The first question results from the unexpected 

variability in the response of TPC to salinity; within a cultivar and between trials. A second 

related question arises from the observation that a higher order polynomial regression model 

provided equivalent or higher correlation coefficients over a linear model.  

A simple answer to the first question concerning the differences observed between trials is not 

obvious given that our greenhouse climate data, based on eight individual sensors, revealed a one 

degree increase (22.3º to 23.1º C) in mean daily temperatures (Table 2). Mean relative humidity, 

however, increased significantly during Trial II, by 32% and 50%, during the day and night, 

respectively (Table 2). Although, average daily solar radiation values were similar between 



 

 
 

96 
trials, higher peak illumination periods (PAR values) were observed in Trial I. Based on those 

modest climate differences between trials, and a literature review, we have three hypotheses that 

address the differences between trials. The first hypothesis addresses the modest overall climate 

differences, the second considers peak periods of illumination, and the third focuses on the 

increase in humidity during Trial II.  

Not anticipating meaningful differences in overall climate between trials, and to maintain 

consistency between trials, harvests dates were scheduled on the number of days after treatments 

began; rather than on a physical parameter, such as the length of the longest leaf for each 

replicate. The modest overall climate differences, may have been sufficient to alter ontological 

development in one or more of the species, with a putative resultant change in phenolic 

accumulation at harvest. The literature review above provides support for the premise that 

secondary metabolite (e.g., phenolics) variation occurs at multiple levels: within plant structure, 

between ontological stages, and in response to biotic and abiotic factors (BERGQUIST et al., 2005; 

BERGQUIST et al., 2007b; HAUGEN et al., 2008; HOWARD et al., 2002; TATTINI et al., 2004). The 

differential production of defensive secondary metabolites in response to stress is not unusual, 

even in very closely related members of a genus (HAUGEN et al., 2008; JONES et al., 2006). 

Further, interspecific variation in plants polyphenols is the expected, rather than the exception 

(HÄTTENSCHWILER and VITOUSEK, 2000); and given that our cultivars have unique character 

traits, differential responses should have been anticipated, to the modest climate differences we 

observed during the separate trials. E. sativa and L. sativum are mesomorphic annuals, 

characterized by the C3 photosynthetic pathway (HERNÁNDO-BERMEJO and LEÓN, 1994); 

whereas, D. tenuifolia is a C3-C4 intermediate (UENO et al., 2003), endemic to semiarid and arid 

climates (MARTINEZ-LABORDE, 1996).  Our results with field-grown arugula (unpublished data), 
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indicate that D. tenuifolia survives summers in the semi-aridic Sonoran Desert, without 

supplemental water; whereas, E. sativa can persist only if early summer monsoon rains occur. 

Our field experience with L. sativum is that, it survives in our region only with supplemental 

irrigation; it is the first in a greenhouse to exhibit a ‘visual’ loss of leaf turgor when water 

stressed.  Studies with E. sativa and L. sativum germinated in municipal wastes, inclusive of EC 

7.5 dS m-1, suggest they have similar salinity tolerances. Germination in D. tenuifolia declines 

between EC 8.0 to 12.0 dS m-1(MARTINEZ-LABORDE, 1996); and its salinity tolerance is inferred 

from endemic and naturalized habitats (MARTINEZ-LABORDE, 1996; SZWED and SYKORA, 1996). 

Given, that an increase in phenolics occurs in response to moderate water stress, with a 

differential effect on specific classes of phenolics to that moderate stress(KOUKI and MANETAS, 

2002), our hypothesis for the inconsistencies between trials is that: plant specific responses (e.g., 

the production of different phenolics), occurred in response to the modest climate differences, 

and in response to each increasing level of salinity treatment.  

Another possible explanation for the variation in phenolic content between trials is related to 

the higher peak illumination periods observed in Trail I. The influence of intermittent bright sun-

flecks can induce oxidative stress at the leaf level, resulting in high TPC of shade-adapted leaves 

(CLOSE and MCARTHUR, 2002; WATLING et al., 1997), and a concomitant change in phenolic 

metabolism (CLOSE and MCARTHUR, 2002; TREUTTER, 2006).  The position of the shade cloth in 

our greenhouse was constant; however, due to seasonal effects, the angle that light entered the 

greenhouse was lower during the first trial. Although peak periods of illumination were based on 

quantitative values, the transient periods of direct sunlight on specific plots was simply an 

observation.  A hypothesis, that a seemingly minor flux in an abiotic factor (i.e., transient 
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sunlight flecks) may have a quantifiable biologically relevant influence, is supported by the 

literature referenced above. 

The simplest hypothesis, centers on observed increase in relative humidity (RH) during Trial 

II. Vapor pressure (i.e., humidity) differentials between the internal leaf environment and 

ambient air, is a driving force for transpiration of water by leaves (NOBEL, 2005). Given that, 

plant responses to water vapor differentials between leaf and air reportedly species specific 

(LAMBERS et al., 1998); then, differential water potential gradients, between leaf tissue and air, 

should influence the nutritional quality of vegetables (WESTON and BARTH, 1997). We reported 

that the average relative humidity increased from Trial I to Trial II, by 32% (day) and 50% 

(night), respectively (Table 2).  A review of the literature that addresses the relationship between 

RH and salinity, suggests that the modest differences in RH that we observed, can have 

biologically relevant consequence. For example, in the highly salt-sensitive red kidney bean 

(Phaseolus vulgaris L.), grown in NaCl solutions ranging from 0 to 9800 ppm (EC 0.0 to > 15.0 

dS m-1), it was demonstrated that at a continuous 95% RH, although plant size was declined, fruit 

yield was maintained (O'LEARY, 1975). Subsequent studies suggest that, depending upon the salt 

sensitivity of the species, increases in RH (e.g., from 30% to 70% RH) can improve yields, when 

plants are subjected to moderate (~ EC 5.0 dS m-1) or high (> EC 9.0 dS m-1) salinities, in the 

nutrient solution (AN et al., 2005).  In a hydroponics study with potato (Solanum tuberosum L.), 

utilizing NaCl solutions in excess of EC 15.0 dS m-1, while subjected to 65% and 85% RH, only 

plants in the 85% treatment recovered when returned to non-saline conditions (BACKHAUSEN et 

al., 2005). A conclusion from the later study is that light or humidity, or both factors, may have a 

dramatic impact on plant tolerance to salinity (BACKHAUSEN et al., 2005).  
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Thus, it may be safe to hypothesize that the dissimilar response of harvest TPC, to salinity 

treatments, between our two trials is attributable to a synergistic effect; between the observed 

modest changes in climatic factors, coupled with known species-specific responses. Although 

admittedly tenuous, this differential pattern of light exposure between trials, the significant 

difference in humidity, in conjunction with the factors reviewed above to account for within trial 

variation, may suggest a rationale for the variation between trials. 

Regarding the second question, that addresses our observation that, higher order regression 

models may more adequately describe the response of phenolics to salinity; we propose that, 

given salinity may impede ontological development (HASEGAWA et al., 2000), and defensive 

secondary plant compounds are differentially expressed at a specific ontogenetic stage 

(BERGQUIST et al., 2005), a resultant nonlinear response in TPC to that salinity stress should be 

expected. Linear models are considered limited representatives of biological phenomena in 

general (SEGEL, 1980), and the production of secondary metabolites in response to stress is a 

nonlinear event (LAMBERS et al., 1998). For example, nonlinear models are utilized to describe; 

the relationships between secondary metabolite content and photosynthetic rate in St. John’s 

wort (Hypericum perforatum L.) (MOSALEEYANON et al., 2005), the treatment effects of specific 

secondary metabolites on germination and root growth in A. thaliana (REIGOSA and PAZOS-

MALVIDO, 2007), and the relationships reported between phenolics compounds in the leaves of 

mountain birch (Betula sp.) in response to herbivory (OSSIPOV et al., 2001). In a field study, 

evaluating the effects of water deficits on the accumulation of specific foliar phenolic 

compounds (i.e., tannins) in the Pinaceae family, it was concluded that; tannins responses, to 

water deficits, are best described by a quadratic equation, and that the effects on secondary plant 

products vary with the magnitude of the water deficits (HORNER, 1990). In a related previous 
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study, that author suggested that the magnitude and duration of water deficits, differentially 

influence the specific tannin concentrations; and that previously reported ‘inconsistencies’, 

between foliar phenolic compounds and plant water status, are reflections of their nonlinear 

relationship (HORNER, 1988). Consistent, with the water deficit studies above, was that the 

phenolic responses to salinity treatments in our study were typically better described (i.e., greater 

coefficient of determination) with higher order regression models. 

The field studies referenced above were relating to water deficits, as measured by water status; 

however, we were evaluating the effects of salinity stress within a CEA system where water is 

not limiting. The observation of nonlinear response of phenolics to stress has not been limited to 

field studies. In a study examining the effects of increasing levels of drought stress (i.e., 

increasing days without water), with greenhouse tomatoes, the levels of two specific phenolics, 

chlorogenic acid and rutin, exhibited a nonlinear response (ENGLISH-LOEB et al., 1997), similar 

to the response we observed in TPC to increasing salinity levels. Given, that it is possible that 

drought stress results in the increase production of phenylalanine, a primary phenolic precursor 

(CROTEAU et al., 2000), and that the biosynthesis of phenolics is especially sensitive to moderate 

water deficits (HORNER, 1990); then, water stress driven by salinity (ASHRAF and MCNEILLY, 

2004; KIM et al., 2008) should result in a nonlinear response in phenolic biosynthesis.  That the 

response in secondary metabolites to water stress is variable (KOUKI and MANETAS, 2002), that 

the variation reflects the magnitude of the deficit (HORNER, 1990), and that there are differential 

effects on specific classes of phenolics (ENGLISH-LOEB et al., 1997; KOUKI and MANETAS, 

2002), suggests that the vary inconsistency we observed, is consistent with previous research. 

 

Ascorbic acid results. TPC responses to salinity treatments were usually best described by linear 
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or cubic regression models; in contrast, leaf ascorbic acid (AsA) content, in response to 

treatments, were best depicted using cubic regression models. For all plants collectively 

evaluated; we observed negative non-linear responses in AsA to treatments in Trial I (R2 cubic = 

.233) and Trial II and (R2 cubic = .2; P ≤ 0.05). The 8DPH responses in AsA to treatments we also 

best described by higher regression models, Trial I (R2 cubic = .226) and Trial II and (R2 cubic = 

.196; P ≤  0.05). Mean AsA For the three species collectively evaluated, AsA decreased 

significantly from harvest to 8DPH and 16DPH in Trial I and II, respectively.  

With some observable variations, the harvest AsA responses of individual crucifers, to 

increasing nutrient solution salinity, were similar to the collective response during both trials; 

again with the treatment response depicted best by higher order regression models (Fig. 5A and 

B). The 8DPH individual AsA responses to treatments are similarly depicted during Trial I (Fig. 

6); however, only in L. sativum was a response to salinity treatments observed, 8DPH during 

Trial I (R2 Cubic = .906; P < 0.001). Only in the arugula D. tenuifolia was a regression trend 

during 16DPH in AsA values observed; while adequately described by a linear model, a cubic 

model provided a modest improvement in the description of the response in AsA to salinity (R2 

Linear = .528, R2 Cubic = .625; P ≤ 0.05). 

 

Ascorbic acid discussion. Although, referenced by multiple names; vitamin C, ascorbate, L-

ascorbic acid, or just ascorbic acid, this antioxidant is the primary (BRAY et al., 2000) and most 

abundant antioxidant in plants (HANCOCK and VIOLA, 2005; SMIRNOFF, 2000); a secondary 

metabolite responsive to endogenous and exogenous perturbations (DAVEY et al., 2000). Within 

the literature, vitamin C usually references both ascorbic acid (AsA) and oxidation product 

dehydroascorbic acid (DHA), with AsA at harvest being the predominant form (DAVEY et al., 
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2000).  The DCPIP assay we utilized, is an accepted proxy for vitamin C content; in that 

DCPIP reduces AsA in 1:1 ratio, thus it does not account for DHA (AOAC, 1990). Modest 

variations in the DHA/AsA ratio are reported to be associated with both pre- and postharvest 

factors; in addition, it is suggested that without a direct measure of DHA, the vitamin C could be 

underestimated (BERGQUIST et al., 2007a; GIL et al., 1999).  We did not find a reference in the 

literature that questioned the validity of this assay; furthermore, given that AsA is the more 

biologically active form (DAVEY et al., 2000; HANCOCK and VIOLA, 2005), perhaps an assay that 

reflects AsA, rather than total vitamin C, would be a better approximation of the nutritional value 

of a food. In the following discussion, the antioxidant in question will be referenced as AsA or 

vitamin C; depending upon how it was used in the supporting literature. 

Vitamin C and AsA content variations are reported in leafy vegetables by: species (HEIMLER et 

al., 2006; MARTÍNEZ-SÁNCHEZ et al., 2008; PODSEDEK, 2007), growth stage, harvest date, 

shading (BERGQUIST et al., 2007a; BERGQUIST et al., 2005; BERGQUIST et al., 2007b), in response 

to time of day, season, stress (DAVEY et al., 2000; NAVARRO et al., 2006) in response to 

postharvest storage conditions (BERGQUIST et al., 2007a; GIL et al., 1999; MAHMUD et al., 1999), 

and quantitatively by the method of assay (MARTÍNEZ-SÁNCHEZ et al., 2008). The reported 

vitamin C or AsA content of crucifers in general (PODSEDEK, 2007), and D. tenuifolia and E. 

sativa specifically (MARTÍNEZ-SÁNCHEZ et al., 2008), are consistent with values we observed in 

our specific crucifers (Fig. 5A and B); as are the range of AsA values reported for other 

cruciferous vegetables (DAVEY et al., 2000; JEFFERY et al., 2003). Our results are consistent with 

other research, in that at harvest D. tenuifolia AsA values may be greater than E. sativa; 

however, our highest values were from 20% to 50% greater when contrasted to one study 

(MARTÍNEZ-SÁNCHEZ et al., 2008). In two related studies, that were focused on D. tenuifolia, our 
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harvest AsA values were similar to one study (MARTÍNEZ-SÁNCHEZ et al., 2006a), yet over 

50% greater than the other study (MARTÍNEZ-SÁNCHEZ et al., 2006b). The variability in results is 

important; not to suggest inconsistency between studies, but to emphasize the variable range of 

antioxidant content observed within a species. 

Two important abiotic factors differentiate these studies; our study included salinity treatments 

in a CEA system, while the referenced studies were conducted under field conditions, during the 

winter, with unspecified cultivation practices. The postharvest decline of vitamin C in D. 

tenuifolia, under controlled conditions in those studies (MARTÍNEZ-SÁNCHEZ et al., 2006a; 

MARTÍNEZ-SÁNCHEZ et al., 2006b), reflect what we observed for our crucifers; with a difference 

being that they distinguished between AsA and DHA, but did not include salinity. The 

postharvest decline in AsA content that we observed, in our highest salinity treatments, was 

similarly reported for B. rapa; however, B. rapa AsA was reported to recover during the 7DPH 

to 14DPH period (MAHMUD et al., 1999). The postharvest decline that we observed in AsA 

values from harvest to 16DPH (data not shown), is similarly to that reported for S. oleracea 

(BERGQUIST et al., 2007a; BERGQUIST et al., 2006). Contrasting our postharvest results with 

others, is complicated by the fact that, we attempted to emulate extreme postharvest storage 

conditions, 12 °C, rather than 2 to 4 °C. A study that contrasted postharvest changes in vitamin C 

in S. oleracea, as a function of pre-harvest conditions, light transmittance, and postharvest 

temperature (2 and 10 °C), did report results for their low light transmittance treatment, with a 

postharvest storage temperature of 10 °C, that are very similar to our 12 °C postharvest results 

(BERGQUIST et al., 2007a). 

The variations in vitamin C levels that we observed within a species, between trials, and during 

postharvest storage, are consistent with the biologically variable nature of this essential dietary 
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antioxidant (DAVEY et al., 2000; HANCOCK and VIOLA, 2005; SMIRNOFF, 2000). The 

variations in AsA content, we observed between trials, are similar to those reported for D. 

tenuifolia (MARTÍNEZ-SÁNCHEZ et al., 2006a; MARTÍNEZ-SÁNCHEZ et al., 2006b) and for other 

leaf greens (BERGQUIST et al., 2007a; BERGQUIST et al., 2006). Support for our assumption that 

polynomial regression models provided a better explanation for the response of AsA to salinity, 

suggested by the higher coefficients of determination that we observed, rests on the reported 

responses of AsA to environmental change.  

 

Overall visual quality results. The overall visual quality (OVQ) of the leafy greens was assessed 

twice; during an April and May 2008 harvest, and was limited to Trial II plant material. The 

greens OVQ at harvest, when contrasting the April and May periods, suggests no difference in 

the D. tenuifolia; however, E. sativa OVQ was higher in April and L. sativum OVQ was lower. 

The arugulas postharvest OVQ exhibited very modest improvements in OVQ, in response to 

salinity treatments; following the 7- and 14-DPH periods, and remained within marketable 7.8 to 

9 and 6.6 to 7.2 ranges, respectively (data not shown). In contrast, L. sativum exhibited modest 

improvement in OVQ following both 7-DPH periods, in response to increasing salinity; 

however, following 14-DPH the L. sativum OVQ dropped below 5, in all treatments. 

 

Overall visual quality discussion. The interesting observation was the very modest improvements 

in OVQ, during postharvest, in response to the EC 7.5 to 9.5 treatments. As discussed above, 

phenolics increased in response to salinity, and high phenolics at harvest are associated with an 

increase in postharvest shelf life in Romaine lettuce (KIM et al., 2008) and iceberg lettuce 

(FONSECA et al., 2009). A secondary suggestion, regarding the modest improvements that we 
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observed in OVQ, in response to salinity, may be associated with the non-significant decline 

in fresh harvest weight, and the significant increase in the dry weight to fresh weight ratio 

observed, in response to increasing salinity (data not shown); together, suggesting a lower 

moisture content at harvest. It has been demonstrated that iceberg lettuce has a higher 

postharvest quality, when subjected to irrigation termination 8 to 16 days prior to harvest; as a 

result of a lower moisture content at harvest (FONSECA, 2006). 

 

Summary and Conclusion 

Contrasting our two trials, the variation that we observed in the harvest nutritional content, 

AsA and TPC, is consistent with what has been previously reported. We did not observe a 

correlation between antioxidants nor a trend that suggested a relationship (e.g., high AsA and 

low TPC). Our initial assumption that climatic conditions (e.g., light, temperature, humidity) 

between our two trials would be constant was incorrect, maximum greenhouse solar radiation 

and relative humidity did differ between trials, as discussed above.  

 Even with the climate control, potentially afforded by a controlled environment, the 

determination of an ideal nutrient solution salinity level, that enhances the nutritional quality of 

leafy vegetables, may be dependent upon subtle environmental influences.  The focus of our 

research was to investigate the effects of nutrient solution salinity; on ascorbic acid and total 

phenolics in three cruciferous leafy vegetables, D. tenuifolia, E. sativa and L. sativum, utilizing 

an ebb and flow solution recycling system. An interesting outcome of our current research was 

that, while a linear regression model adequately described the effects of treatments, higher order 

models provided, at least numerically, a more complete description.  Given the vast array of 

factors (e.g., climate, season, salinity), that influence both phenolics and ascorbic acid, an 
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expectation of a linear response seems far from realistic in a biological system. The results in 

our study suggested that, with moderately high levels of salinity (EC 5.5 to 9.5 dS m-1), neither 

harvest nor postharvest nutritional content is compromised. In addition, we demonstrated that 

specific green leafy vegetables, could be brought to harvest stage within six weeks, in a water 

recycling system, without nutrient additions to the initial nutrient solution.  

Given, the limited information available concerning the specific effects of a range of salinity 

treatments, on the nutritional status of our selected crucifers, in association with the upward trend 

in CEA production, particularly in aridic regions, our research should have value for producers 

and consumers. 
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Table 1. Tucson, AZ, USA, 2008, climate data outside controlled environment (OCE), 

reported as in daily-averages and ranges for, solar radiation (SR), temperature (°C), and relative 

humidity (RH); during Trial I (TI) and Trial II (TII). Solar radiation data, measured in the 400 – 

1100 nm waveband range, using a pyranometer (LI-COR; Lincoln, Nebraska USA), by the 

Arizona Meteorological Network, University of Arizona, Tucson, AZ, USA. 

Tucson, AZ, USA; 713 m 

32° 16’ 49” N; 110° 56’ 45” W 

March 

TI 

April 

TI 

May 

TII 

June 

TII 

OCE SR     Langleys · d-1 506 647 668 688 

OCE SR     Range Langleys · d-1 274 - 606 398 - 701 316 - 760 400 - 744 

OCE SR     kW · h · (m-2 · d-1) 5.87 7.50 7.74 7.98 

OCE SR  > 0.10 kW · h · (m-2 · d-1) Z 9.8 10.0 11.0 11.7 

OCE SR   mol · (m-2 · d-1) 44.1 56.4 58.2 59.9 

OCE mean (°C) 14.8 19.3 22.7 29.9 

OCE range (°C) - 0.5 – 30.1 2.3 – 35.2 6.1 – 38.7 11.8 – 42.3 

OCE RH % 34.6 21.6 25.3 22.1 

OCE RH % range 4.5 – 100 2.3 – 82.1 2.3 – 90.6 2.9 – 86.5 

Z Number of hours per day of solar radiation greater than unit specified (0.10). 
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Table 2. Tucson, AZ, USA, 2008, climate within controlled environment (CE), reported as 

daily-means ± SD: total CE solar radiation (SR), PAR canopy level, temperature (°C), and 

relative humidity (RH); during Trial I (TI) and Trial II (TII). PAR (photosynthetically active 

radiation) in the 400 to 700 nm waveband, (LI-COR LI-190 Quantum sensor; Lincoln, NE, 

USA); the unit of measurement is micromoles per second per square meter (µmol · m-2 · s-1). 

Tucson, AZ, USA; 713 m 

32° 16’ 49” N; 110° 56’ 45” W 

March - April 

TI 

May - June 

TII 

CE   SR µmol · (m-2 · s-1) 1208 846 

PAR SR mol · (m-2 · d-1) 22.55 23.24 

CE mean day (°C) 22.3 ± 2.5 23.1 ± 1.8 

CE mean night (°C) 19.5 ± 0.6 17.6 ± 3.0 

CE mean day RH % 37.4 ± 9.9 54.1 ± 6.7 

CE mean night RH % 32.9 ± 5.4 59.5 ± 13.0 
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Figure 1A. The relationships between total phenolic content (TPC), measured in gallic acid 

equivalents (GAE), and salinity treatments, ranging from 1.5 to 9.5 dS m-1 electrical conductivity 

(EC); for the arugula Eruca sativa at harvest during Trial I, March and April 2008. Each circular 

symbol represents the mean of 3-determinations, with each determination derived from an 

independent sample (n = 15). FW = fresh weight 
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Figure 1B. Contrasting linear, quadratic, and cubic regression models; to illustrate the 

relationships between total phenolic content (TPC), measured in gallic acid equivalents (GAE), 

and salinity treatments, ranging from 1.5 to 9.5 dS m-1 electrical conductivity (EC); for the 

arugula Eruca sativa at harvest during Trial II, May and June 2008. Each circular symbol 

represents the mean of 3-determinations, with each determination derived from an independent 

sample (n = 15).   

FW = fresh weight 
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Figure 2. Contrasting linear, quadratic, and cubic regression models; to illustrate the 

relationships between total phenolic content (TPC), measured in gallic acid equivalents (GAE), 

and salinity treatments, ranging from 1.5 to 9.5 dS m-1 electrical conductivity (EC); for the 

arugula Diplotaxis tenuifolia at harvest during Trial II, May and June 2008. Each circular symbol 

represents the mean of 3-determinations, with each determination derived from an independent 

sample (n = 15). FW = fresh weight 
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Figure 3A. Contrasting linear, quadratic, and cubic regression models; to illustrate the 

relationships between total phenolic content (TPC), measured in gallic acid equivalents (GAE), 

and salinity treatments, ranging from 1.5 to 9.5 dS m-1 electrical conductivity (EC); for the 

arugula Diplotaxis tenuifolia at eight-days postharvest (8DPH) during Trial I, March and April 

2008. Each circular symbol represents the mean of 3-determinations, with each determination 

derived from an independent sample (n = 15). FW = fresh weight 
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Figure 3B. Contrasting linear, quadratic, and cubic regression models; to illustrate the 

relationships between total phenolic content (TPC), measured in gallic acid equivalents (GAE), 

and salinity treatments, ranging from 1.5 to 9.5 dS m-1 electrical conductivity (EC); for the 

arugula Diplotaxis tenuifolia at eight-days postharvest (8DPH) during Trial II, May and June 

2008. Each circular symbol represents the mean of 3-determinations, with each determination 

derived from an independent sample (n = 15). FW = fresh weight 
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Figure 4A. Contrasting linear, quadratic, and cubic regression models; to illustrate the 

relationships between total phenolic content (TPC), measured in gallic acid equivalents (GAE), 

and salinity treatments, ranging from 1.5 to 9.5 dS m-1 electrical conductivity (EC); for the 

arugula Diplotaxis tenuifolia, at sixteen-days postharvest (16DPH) during Trial I, March and 

April 2008. Each circular symbol represents the mean of 3-determinations, with each 

determination derived from an independent sample (n = 15). FW = fresh weight 
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Figure 4B. Contrasting linear, quadratic, and cubic regression models; to illustrate the 

relationships between total phenolic content (TPC), measured in gallic acid equivalents (GAE), 

and salinity treatments, ranging from 1.5 to 9.5 dS m-1 electrical conductivity (EC); for the 

arugula Diplotaxis tenuifolia at sixteen-days postharvest (16DPH), during Trial II, May and June 

2008. Each circular symbol represents the mean of 3-determinations, with each determination 

derived from an independent sample (n = 15). FW = fresh weight 
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Figure 5A. Cubic regression models, illustrating the relationships between vitamin C content 

and salinity treatments, ranging from 1.5 to 9.5 dS m-1 electrical conductivity (EC): for the 

arugulas Diplotaxis tenuifolia and Eruca sativa, and the cress Lepidium sativum; individually 

determined at harvest during Trial I. Each symbol represents the mean of 3-determinations, with 

each determination derived from an independent sample. 
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Figure 5B. Cubic regression models, illustrating the relationships between vitamin C content and 

salinity treatments, ranging from 1.5 to 9.5 dS m-1 electrical conductivity (EC): for the arugulas 

Diplotaxis tenuifolia and Eruca sativa, and the cress Lepidium sativum; individually determined 

at harvest during Trial II. Each symbol represents the mean of 3-determinations, with each 

determination derived from an independent sample. FW = fresh weight 
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Figure 6. Cubic regression models, illustrating the relationships between vitamin C content and 

salinity treatments, ranging from 1.5 to 9.5 dS m-1 electrical conductivity (EC): for the arugulas 

Diplotaxis tenuifolia and Eruca sativa, and the cress Lepidium sativum; individually determined 

eight-days postharvest (8DPH) during Trial II. Each symbol represents the mean of 3-

determinations, with each determination derived from an independent sample. FW = fresh weight 
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Abstract                                                                                                                                         

Our study evaluated harvest relative yield (Yr), photosynthetic rate (PR), stomatal conductance 

(SC), and leaf water potential (LWP) responses in three leafy Cruciferous vegetables to nutrient 

solutions of increasing salinity using a re-circulating ebb and flow irrigation (EFI) system within 

a controlled environment (CE). Two Arugulas Diplotaxis tenuifolia and Eruca sativa along with 

the garden cress Lepidium sativum, were grown with five salinity levels ranging from 1.5 to 9.5 

dS m-1 electrical conductivity (EC) during two trials: April 2008 (Trial I) and June 2008 (Trial 

II).  Yr was reported as the ratio of the absolute yield of the treatment group relative to the 
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control, thus reflected plant responses to salinity treatments. Regression analysis reveled the 

general trend of a nonlinear increase in Yr (P ≤ 0.05) in response to salinity. ANOVA suggested 

initial increases in Yr to low treatments (EC 3.5 dS m-1), followed by stability in response to 

moderate treatments (EC 5.5 to 7.5 dS m-1), typically with declines at the highest treatment level 

(EC 9.5 dS m-1). Responses to salinity in PR, SC, and LWP were usually best depicted by higher 

order regression models, with these parameters exhibiting initial declines at low salinity, stability 

at moderate salinity, and then declines at the highest treatment levels (P ≤ 0.05). While we did 

observe significant correlations when contrasting PR, SC and LWP  (P ≤ 0.05), correlations 

between these parameters and Yr were rare. Our study suggests that while the overall trend was a 

decline in Yr, PR, SC, and LWP as salinity treatments increased from EC 1.5 to 9.5 dS m-1, we 

did observe stability or increases in these indices at moderately high levels of salinity (EC ≈ 3.5 - 

7.5 dS m-1). We did not observe responses to salinity treatments that were unique to a specific 

Crucifer. While our highest salinity treatment was too low to define a salinity tolerance level for 

any of our Crucifers it provides a guideline of salinity values where yields are not compromised 

in three specific Crucifers. This research may encourage CE growers that utilize EFI systems to 

consider the use of moderately saline recycled water and nutrient solution recycling. 

 

Keywords: Arugula; controlled environment; Diplotaxis; Eruca; Lepidium; photosynthetic rate; 

relative yield; salinity 
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1. Introduction 

Irrigation water in many of the world’s aridic vegetable crop production regions, while 

increasingly quantitatively limited, are compromised by high content of salts (Gleick, 1993; 

Umali, 1993; Shalhevet, 1994). Current agricultural irrigation issues are putatively exacerbated 

by current climate change trends (Goklany, 2008).  Greater than 50% of irrigated lands world-

wide are impacted by salinity, even while being irrigated by non-saline water (Pasternak and 

Malach, 1994). It is reported that 25% of the irrigated farmlands within the USA suffers from 

excessive salinity related to irrigation (Clay, 2004). As irrigation water becomes more limiting, 

reuse of agricultural effluents (Patel et al., 2003; Suyama et al., 2007), typically saline may 

become necessary (Shannon and Grieve, 1999; Grieve et al., 2001). With the current trend of 

increasing soil salinity the importance of increasing water use efficiency in agriculture (Taylor, 

1993; Clay, 2004; Griswold et al., 2005) could be addressed through the use of an ebb and flow 

irrigation (EFI) system within a controlled environment (CE). Simple CE systems that utilize a 

nutrient recycling system are gaining interest concurrent with the observed need to decrease 

agriculture water consumption and to reduce environmental impacts associated with open 

agriculture systems (Magan, 2008; Morison et al., 2008). Limited information is available on the 

effect of EFI systems on the yield of vegetable crops in general and the specific specialty crop 

Crucifers in our study in particular. A demonstration that yield can be maintained in an EFI 

water recycling system within a CE would suggest the value of recycling irrigation water where 

water and arable land are limiting, given that EFI systems limit both water use and 

environmental pollution associated with nutrient solution runoff.  
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Our research aim is to examine the effects of selected levels of salinity, as a proxy for 

stress, on the plant parameters, relative yield (Yr), photosynthetic rate (PR), stomatal 

conductance (SC), and leaf water-potential (LWP), thus provide growers with a nutrient solution 

salinity values at which yield and postharvest quality are not compromised. Stress here is defined 

as a reduction in a physiological process such as photosynthesis or growth (Lambers, 1998; Bray 

et al., 2000). Salt stress is an increasingly evident limiting factor in irrigation dependent 

agriculture (Clay, 2004). Salt accumulation, both within the growth media and the plant cell, 

results in stress associated inhibition of photosynthesis and growth, thus yield (Xiong and Zhu, 

2002; Zhu, 2002). Knowledge of the response of specific high-value specialty crops to irrigation 

water of known salinity would provide additional opportunity for producers.  

We selected three-specialty crop Crucifers moderately tolerant to saline irrigation water 

(Martinez-Laborde, 1996; Shannon and Grieve, 1999; Ashraf and McNeilly, 2004): two 

Arugulas, Eruca sativa (P. Mill.) Thellung cv. Astro and Diplotaxis tenuifolia (L.) DC cv. 

Sylvetta, and a garden cress Lepidium sativum L cv. Presto.   Tolerance was defined as a plants 

ability to respond to a nutrient solution salinity without significant negative effects (Shannon and 

Grieve, 1999), such as a decline in yield. The representative leafy vegetable Crucifers were 

selected based on our field trials and following a review of the literature that suggested we could 

expect a differential response in plants characterized by the C3 photosynthetic pathway (e.g., E. 

sativa and L. sativum) than in a C4 intermediate (e.g., D. tenuifolia), with a C4 intermediate 

(Ueno et al., 2003) more sensitive to salinity (Ghannoum, 2009). The least studied Crucifers are 

L. sativum (Gokavi et al., 2004) and the Mediterranean native D. tenuifolia (Martinez-Laborde, 

1996), both are rare in the mixed salads marketed within the USA. E. sativa, a salt-tolerant arid 



 

 

134 

adapted species endemic to the Mediterranean or Western Asia (Deo and Lal, 1982; Ashraf 

and Noor, 1993; Ashraf, 1994), has been evaluated in a floating cultivation system (D'Anna et 

al., 2003), and is the predominant Arugula in specialty salad mixes. We previously observed 

from our Southern Arizona field trials that the Arugulas had higher antioxidant values (i.e., total 

phenolics and vitamin C) and a deeper green color than in commercially available Arugula (data 

not shown), however we did not determine if the salinity levels in the water or extreme sunlight 

characteristic of the Southwestern USA contributed to the higher values. A common lettuce, 

Lactuca sativa L., grown in the aridic Southwestern USA showed an improvement in green color 

with high salinity in the water and increased accumulation of total phenolics (Kim et al., 2008). 

Subsequent to our field research during CE studies we observed that antioxidant values were 

higher at salinity values in the range of EC 3.5 to 7.5 dS m-1. A determination of photosynthetic 

and yield responses to salinity within the CE system was a logical next step. The CE is a unique 

cropping system that by its very structure mitigates or limits the multiple environmental forces 

characteristic of aridic regions (e.g., high-light, temperature, and humidity), factors reported to 

influence the severity of the salinity response (Shannon and Grieve, 1999). Our use of the CE 

permitted us to hold these environmental variables within a narrower range of control than that 

which was afforded by our field system to better our understanding of our specific crop plant’s 

responses to salinity treatments. For example the low humidity characteristic of aridic cropping 

system can be limited so that the plant responses to salinity treatments may be investigated 

without the additional influence of high vapor pressure differentials between internal leaf and 

external environment (Nobel, 2005). The focus of our work was on growth and photosynthesis, 

as measured by Yr and PR. Both primary plant processes respond to salt stress, responses that 
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can be influenced by humidity, temperature, and high-light quantities (Lambers et al., 1998; 

Chaves et al., 2002; Munns et al., 2006; Chaves et al., 2009). 

Our research objective was to quantify the effects of water stress, imposed by five increasing 

salinity levels in the nutrient solution by evaluating Yr, PR, SC, and LWP responses, in three 

specialty leafy vegetables, utilizing EFI within a CE system while recycling the nutrient solution. 

A review of the literature suggests limited information is available concerning the specific 

effects of a range of salinity treatments on Yr, PR, LWP, and postharvest storage water loss in 

our selected Crucifers. Given the upward trend in CE production, particularly in aridic water 

limited regions, our research would encourage producers to consider nutrient recycling systems, 

the use of compromised irrigation resources, and to diversify their production with niche market 

specialty crops given that sales have increases during the 1999-2004 reported period 

(USDA/ERS, 2006). Our research focused on a specific suite of specialty leafy vegetable crops 

that may be economically produced when grown with water of moderate salinities, thus 

contributing to on farm productivity and diversity. Moderate salinity is reported to have positive 

effects in specific vegetable crops (Shannon and Grieve, 1999), however moderate needs to be 

defined for a specific crop. 

2. Material and methods 

2.1 Plant materials and growth environment  

In a greenhouse at the Controlled Environment Agricultural Center (University of Arizona, 

Tucson, AZ), equipped with a pad and fan evaporative cooling system and an overhead natural 

gas heating system, day and night air temperature settings were 24 ° and 18 °C, respectively. 

Seeds of D. tenuifolia, E. sativa, L. sativum  (Johnny's Selected Seeds, Winslow, ME, USA) 
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were sown in a perlite and vermiculite mixed media within 72 cell germination trays, capped 

with a thin layer of vermiculite.  Seed trays were covered with a floating row-cover (Agribon 

Ag-30; Polymer Group, Inc. Charlotte, NC, USA) and placed within EFI tables. A 50% knitted 

polypropylene shade cloth (Green-Tek, Inc., Edgerton, WI, USA) was placed 2.5 m above tables. 

Seeds were sub-irrigated, 3-times every 24 h for 5 min, with tap water (pH 7.8 and EC 0.40 dS 

m-1). The oxidation-reduction potential (ORP) status (Suslow, 2004) of our water systems was 

adjusted with a hydrogen peroxide based fungicide (ZeroTol; BioSafe Systems, East Hartford, 

CT), to an ORP value of 300 mV, pH 6.5, and EC 0.40 dS m-1. Five, 8, and 10 days after E. 

sativa, L. sativum, and D. tenuifolia germination seedling were fertigated with a half-strength 

nutrient solution  (EC 0.75 dS m-1, pH 6.5) and row-covers were removed. Full-strength nutrient 

solutions were applied after 7 days of half-strength. Three weeks after germination, treatments 

were initiated by incremental incorporation of a saline solution into nutrient solution tanks until 

the first target treatment of EC-3.5 dS m-1 was achieved with all treatments plants, excepting the 

control that remained at EC-1.5 dS m-1. Separate tables and tanks were maintained for each of 

the 4 treatments and control, thus after 3 days at the lowest EC treatment all plants except the 

lowest EC treatment plants were moved to the next higher level EC treatment. This incremental 

elevation to higher EC treatments was repeated until 3 replications of each cultivar were 

established within each of the 5 tables.  All plants were maintained in target nutrient solution 

until the highest EC treatments plants received EC-9.5 dS m-1 treatment for 2 weeks. Trays were 

positioned in tables to avoid tray-to-tray contact and rotated within a table every third day. 

Treatments were assigned to tables randomly in both Trial I and II. Hydrogen peroxide fungicide 

concentrations within nutrient solution tanks were maintained within an ORP range of 200-350 
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mV, pH range 6.0-7.0. The concentrated stock nutrient solutions were prepared in 19.0 L 

containers and was comprised of the following elements in g L-1: 150 N, 25 P, 100 K, 110 Ca, 43 

Cl, 39 S, 30 Mg, 3 Fe, 0.5 Cu, 0.45 Zn, 0.35 Mn, and 0.01 Mo. Aliquots of the stock nutrient 

solution were added to all 170 L tanks until the control EC of 1.5 dS m-1 was attained.  Water 

lost from tanks due to evapotranspiration was replaced with nutrient solution diluted to EC 1.5 

dS m-1, with equal and simultaneous replenishment to all treatment tanks. A concentrated stock 

saline solution was prepared with 200 g NaCl and 200 g CaCl2 per liter water; aliquots sufficient 

to attain target salinities were determined by measured EC. 

2.2 Greenhouse microenvironment 

Within the greenhouse, the average day/night time air temperatures for Trial I and II were 

22.3 ± 2.5/ 19.5 ± 0.6 and 23.1 ± 1.8/ 17.6 ± 3.0 º C, respectively. The average day/night relative 

humidity as percentages for Trial I and II were 37.4 ± 9.9/ 32.9 ± 5.4 and 54.1 ± 6.7/ 59.5 ± 13.0, 

respectively. Temperature and relative humidity measures, for each trial, represent means 

derived from eight individual stations, with data collected every 15 min. The greenhouse average 

solar radiation was measured from 0645 to 1900 hours; and during the experimental periods were 

22.55 and 23.24 mol · d-1 for Trial I and II, respectively. The maximum greenhouse solar 

radiation was 1208 and 846 µmol · m-2 s-1 for Trial I and II, respectively.                                                                        

2.3 Measurements  

All measurements were conducted in a shaded northern sector of the CE between 0900 and 

1000 hours. PR and SC measurements were performed on the youngest fully expanded leaf using 

a CIRAS-2 Portable Photosynthesis System, PP Systems (Amesbury, MA). Leaf gas exchange 

chamber was set at a CO2 concentration of 400 µmol · mol-1 and air temperature 24 ° C.  The 
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halogen lamp system provided a PPF of 1500 µmol · m-2 · s-1. Leaf water potential 

measurements, reported in megapascals (MPa), were determined using a dewpoint meter, (WP4; 

Decagon Devices, Inc., Pullman, WA, USA).  Leaf disks were cut from fully expanded leaves, 

placed immediately within a stainless steel sample cup, and the meter was permitted to stabilize 

for 5 min, prior to each measurement. EC and pH were measured using hand held EC and pH 

meters (ECTestr® high, PhTestr®1; Oakton Instruments, Inc., Vernon Hills, IL, USA),  ORP 

was measured using a hand held ORP and temperature meter  (HI 98121, Hanna Instruments®, 

Woonsocket, RI, USA). Air temperature and relative humidity were measured using an 

integrated type transmitter (Vaisala Humiter® 50-Y; Helsinki, Finland); mounted within an 

aspirating PVC housing, positioned 0.25 m above the center of each treatment table.  Media 

temperature was measured using radiation-shielded 0.5 mm type-T thermocouple wire placed 

within 3 media trays in 2 treatment tables. Photosynthetically active radiation (PAR), 400 to 700 

nm waveband, was monitored with a light sensor (LI-COR LI-190 Quantum sensor; Lincoln, 

NE, USA) centrally positioned between 4 treatment tables at canopy height. All devices were 

connected to a datalogger (CR-23X; Campbell Scientific Logan, UT, USA).  

2.4 Harvest- postharvest storage 

Leaves were harvested manually at 0800 with a sharp stainless steel knife 2 cm above growth 

media within the greenhouse, placed directly into 1.89 L plastic food storage containers, (Glad®, 

PP 5) weighed, and then transferred to a dark 12 °C walk-in cooler within one hour. 

2.5 Statistical analysis 

Our completely randomized experimental design included 3 Crucifer species subjected to 5 

salinity treatments (EC range 1.5-9.5 dS m-1). Plant leaf material was harvested individually from 
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3 randomly selected cells from the 72-cell trays for each of 3 replicates from all 5 treatments. 

The experiment was completed twice and all measurements were repeated in triplicate. 

Relationships between treatments and the dependent variables were modeled by regression 

analysis. Data for each dependent variable (Yr, PR, SC, and LWP) were subjected to one-way 

(analysis of variance) ANOVA, and are expressed as means  ± standard deviations. Independent 

of the ANOVA, results were tested by Levene’s test for homogeneity of variances; and if 

significant, were analyzed using the Welch-F test.  Homogeneous subsets were determined by 

Duncan’s Multiple Range test; relationships between dependant variables were determined using 

Pearson's correlation coefficient; and statistical computations were carried out using a statistical 

software package, with differences deemed significant at P ≤  0.05. 

3. Results 

3.1 Yield  

We evaluated the yield response of our three Crucifers individually to salinity treatments by 

two measures, absolute yield (AY) and relative yield (Yr). We defined AY as fresh leaf harvest 

weight and Yr a ratio: fresh weight of a treatment group to control fresh weight for each 

treatment. We observed that, if a treatment response for a Crucifer was significant using AY, it 

was also significant using Yr, thus we only reported the Yr values. In Trial I and II the effects of 

salinity on Yr in E. sativa were revealed by quadratic regression models (Figures 1 and 2). In 

Trial I a quadratic regression model best depicted the response of Yr to salinity treatments in D. 

tenuifolia; whereas, a linear regression model described Yr responses during Trial II. Yield 

responses in L. sativum were revealed by quadratic and linear models in Trial I and II, 

respectively. E. sativa Yr data, subjected to an ANOVA, reveled increases and stability in yield 
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in response to the moderate (EC 3.5 - 7.5 dS m-1) salinity treatments; however, a decline at 

the highest (EC 9.5 dS m-1) treatment during Trial I (Table 1). In contrast, during Trial II E. 

sativa Yr exhibited stability between EC 1.5 and 7.5 dS m-1, followed by a decline at the highest 

treatment. Trial I Yr data for D. tenuifolia, subjected to an ANOVA, exhibited an increase 

between EC 1.5 and 3.5 dS m-1, a subsequent Yr increase at EC 5.5, followed by stability. Only 

during Trial I did an ANOVA reveal L. sativum Yr responses; yield increased between EC 1.5 to 

5.5 dS m-1, stabilized at moderate treatments, and declined at EC 9.5 dS m-1, relative to the EC 

5.5 dS m-1 treatment. 

3.2 Leaf water potential 

Our three Crucifer’s LWPs declined in response to increasing salinity (Figure 3 and 4; Table 

2). The linear regression model adequately depicted the individual Crucifer’s response of LWP 

to salinity; whereas, higher order regression models provided very modest improvements in our 

ability to depict that response. An ANOVA was utilized to determine, if at specific treatment 

levels we would observe response trend in E. sativa and L. sativum, characterized by a C3 

photosynthetic pathway, that was uniquely different from the C3 – C4 intermediate D. tenuifolia, 

we did not observe a trend (Table 2). 

3.3 Photosynthetic rates 

PR and SC in all Crucifers declined, in response to salinity treatments during both trials; 

differing from the variable trends observed in Yr (Figures 5 – 8; Tables 3 and 4). Linear 

regression models adequately depicted the response of PR and SC to salinity treatments; 

whereas, higher order regression models provided slight improvements in our ability to represent 

plant responses to salinity. An ANOVA reveled stability in PR and SC, typically within the EC 
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3.5 to 5.5 dS m-1 treatment range, with significant declines within the EC 7.5 to 9.5 dS m-1 

range in Trial I and Trial II, respectively. During both trials, the ANOVA consistently reported 

significant PR and SC differences between EC 1.5 and 9.5 dS m-1 treatments, with the initial 

decline in PR ranging between EC 3.5 to 5.5 dS m-1. The response to salinity during both trials 

by E. sativa was characterized by: an initial decline in PR and SC observed between the EC 1.5 

to 3.5 dS m-1, stability or recovery at EC 5.5 dS m-1, with final declines in the EC 7.5 - 9.5 dS m-1 

treatments range. PR and SC responses in D. tenuifolia declined between the EC 1.5 and 9.5 dS 

m-1 treatments. During Trial I, D. tenuifolia’s PR stabilized in the EC 1.5 to 3.5 dS m-1 range, 

and then stabilized in the EC 5.5 to 9.5 dS m-1 treatment range. The SC responses exhibited sharp 

declines in the EC 5.5 dS m-1 treatment, and again in the EC 9.5 dS m-1 treatment. During Trial II 

D. tenuifolia’s PR remained stable in the EC 1.5 to 7.5 dS m-1 range, which was followed by a 

significant decline in the EC 9.5 dS m-1 treatment; SC exhibited a similar trend. L. sativum’s PR 

and SC exhibited stability during Trial I, in both the EC 1.5 to 5.5 dS m-1 and EC 7.5 to 9.5 dS 

m-1 ranges. In Trial II L. sativum salinity responses mirrored those of D. tenuifolia, with PR and 

SC relatively stable in the EC 1.5 to 7.5 dS m-1 range, that were followed by significant declines 

in response to the EC 9.5 dS m-1 treatment. (Figures 5 – 8; Tables 3 and 4) 

4. Discussion 

4.1 Yield Discussion  

Linear yield reductions in most vegetable crops are the expected plant response to salinity, 

once that salinity reaches a tolerance threshold level (Maas and Hoffman, 1977; Shannon and 

Grieve, 1999). The specific tolerance threshold of a vegetable crop needs to be defined not only 

for that crop, but the specific cropping system, the portion of the plant harvested (Lunin et al., 
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1963; Shannon and Grieve, 1999), the stage of growth at which the crop will be harvested 

(Megdiche et al., 2007), and planting density (Beltrão et al., 2000; Zanin, 2009). Reviewing our 

results in terms of absolute yield (AY), fresh weight of leaves at harvest, the range of EC 

treatments in our study were insufficient to define a salinity level producing a decline in yield 

equal to 50% of the control for our Crucifers in a CE; this limited our ability to define, Yr as 

discussed in the literature and define a specific salinity tolerance value for our Crucifers (Maas 

and Hoffman, 1977; Shannon and Grieve, 1999; Steppuhn et al., 2005a, b). In addition, the AY 

values observed exhibited a high variability reflecting each Crucifer’s differential growth rates 

over a specific period of time; thus, limiting the value of comparing the yield responses of 

different Crucifers to a given treatment level. By defining Yr as relational values, the ratio of the 

fresh weight treatment group / fresh weight control, for each salinity treatment, our Yr values 

permitted us to compare and contrast Yr responses of a Crucifer to salinity treatments, both 

between and within trials; thus, the Yr of an individual Crucifer could be compared to our other 

treatment response measures (e.g., PR, LWP and postharvest storage) between trials.  

A statistical analysis of both the AY and Yr responses to treatments revealed that, if one 

measure was significant, the other measure followed suit, thus our yield discussion is limited to 

Yr. Both ANOVA and regression analysis of the Yr values revealed significant responses in Yr 

to salinity treatments; however, both negative and positive trends were observed (Figures 1 and 

2; Table 1).  During Trial I all three Crucifers exhibited positive Yr responses to salinity, best 

depicted by higher order regression models; the highest yields were observed at moderate 

salinity (EC 3.5 - 7.5 dS m-1) treatments (Table 1). In contrast, a regression analysis of Yr data 

from Trial II revealed a nonlinear decline in E. sativa’s Yr, yet linear increases in Yr for D. 
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tenuifolia and L. sativum, in response to moderate salinity treatments. As a general rule, Yr 

tended to increase in response to moderate salinity treatments. Our observation of an increase in 

Yr at moderate levels of salinity has mixed support in the literature. In a greenhouse study 

evaluating the response of Spinacia oleracea L. to salinity stress Yr was observed to decline with 

moderate salinity treatments (Coughlan and Jones, 1980); in contrast, a specific ecotype of the 

halophytic Crucifer Cakile maritima L. (Megdiche et al., 2007) exhibited an improvement in 

growth, with an irrigation salinity of 100 mM (~ EC 7.5 dS m-1). A literature review suggests 

that, of the three Crucifers we evaluated only E. sativa’s response to salinity treatments, 

specifically within a CE using EFI systems, had been investigated (D'Anna et al., 2003). Their 

study reported that the highest yields for E. sativa were in the EC 3.8 dS m-1 treatment, and that 

marketable production was not impacted, within the (limited) EC 2.8 to 3.8 dS m-1 range they 

investigated.  While our focus was on Yr, and their focus was on marketable yields, we did 

observe that E. sativa Yr increased significantly, in Trial I between EC 3.5 and 7.5 dS m-1, and 

non-significantly at EC 3.5 and 5.5 dS m-1 in Trial II (Table 2). To contrast our CE results to a 

field study, based on a salt tolerant line of E. sativa, Ashraf and Noor (1993) did not report a 

50% decline in growth until an EC > 20 dS m-1 was attained; in our study, we only observed 

significant declines in Yr at the EC 9.5 dS m-1 treatment level, in E. sativa during Trial II (Table 

1). This may suggest, that in our specific CE growth environment, and with our cropping cycle 

(i.e., < 50-days to harvest), our treatments were of an insufficient range for our specific Crucifers 

to consistently exhibit significant Yr declines.  

Two additional observations concerning Yr resulted from our study. First, when a significant 

response to the independent variable occurred, a higher order regression model provided higher 
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correlation coefficients over a linear model, reflecting a range of salinity values where Yr 

was stable (Figures 1 and 2). Second, the range of salinity values over which Yr stability 

occurred differed between trials (Table 1).  

An explanation for the first observation is difficult; given that, most of the Crucifer focused 

salinity studies reviewed utilized field systems (Shannon and Grieve, 1999; Flowers, 2004; De 

Pascale et al., 2005), where variations in the range of environmental conditions are typically 

greater than in a CE. It is generally reported, that extreme environmental influences (e.g., 

temperature, humidity, and solar radiation) impact  the severity of the salinity response (Shannon 

and Grieve, 1999); these environmental conditions, within our CE, were limited in range (see 

section 2.2, Greenhouse microclimate). In addition, we were harvesting within 45 ± 5 days after 

planting, at a growth stage that may be considered just beyond ‘baby leaf’; growth stage is 

reported to be an important factor in evaluating salinity responses (Lunin et al., 1963). The 

trends we observed, in response to our salinity treatments, may differ in plants harvested at full 

maturity, greater than 50 days for our system. Literature that focuses on Crucifers in an EFI, or 

other hydroponics, system with short production cycles is both, rare and limited, in terms of the 

number of salinity treatments. A study with E. sativa in a floating system, that utilized two 

salinity treatments (EC 2.8 to 3.8 dS m-1), reported no difference in marketable yield in response 

to salinity (D'Anna et al., 2003). A study focused on radish and lamb’s lettuce in a floating 

system, with three salinity treatments (EC 3.12 to 5.00 dS m-1), reported a decline in fresh weight 

in response to salinity (Zanin, 2009). Within the limited range of salinity treatments in the 

studies referenced, regression trends in response to increasing salinity were not reported. In a 

field study evaluating cabbage (Brassica oleracea) responses to salinity, a piece-wise linear 
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model was used to depict yield responses (Beltrão et al., 2000); in addition, a study that 

evaluated salinity effects on yield, in various greenhouse crops (e.g., Radish and Kohlrabi), 

reported that correlation coefficients were greater in higher order regression models (Sonneveld 

et al., 2005).  

A justification for the second observation, regarding the modestly different range of salinity 

values where Yr stability occurred, between trials, is not obvious. The concept of yield stability 

over a specific range of salinity values, and changes in that range in response to small changes in 

environmental conditions within a CE, are not discussed in the literature that we reviewed. We 

did observe modest stability differences between trails in our individual Crucifers; however, the 

microclimate differences in the CE between trials appeared small. Our greenhouse climate data, 

based on eight individual sensors, revealed: a one-degree increase in mean daily temperatures, 

average daily solar radiation that did not differ, and modest higher peak illumination periods 

(PAR values) were observed in Trial I. Of the CE microclimate data reported only humidity 

differed significantly, mean relative humidity (RH) did increase significantly during Trial II; the 

average day/night RH during Trial I and II, expressed as percentages, were 37.4 ± 9.9/ 32.9 ± 5.4 

and 54.1 ± 6.7/ 59.5 ± 13.0, respectively. A positive effect of higher humidity (70 – 95%) on 

plant responses (e.g., growth) to salinity is reported for potato (Backhausen et al., 2005), beans 

(O'Leary, 1975), tomato (An et al., 2005) and melon (An et al., 2002), but not for our specific 

Crucifers. Trial II was characterized by a significantly higher RH, and we observed linear 

increases in Yr for L. sativum and D. tenuifolia, yet Yr in E. sativa declined. It should be noted 

that our mean RH values were 10 to 35% lower than the studies referenced above; those studies 

suggested improvements in yield were observed under high RH conditions (i.e., > 90%).  
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4.2 Leaf water potential discussion 

Leaf water potential (LWP) is one parameter that may describe the water status of a plant; 

and as such, may describe the hydration status of and suggest an osmotic adjustment event within 

a plant (Bray et al., 2000). A declining (i.e., an increasingly negative) LWP within a leaf may 

occur with increasing solute (e.g., salt) concentrations within the root zone (Taiz and Zeiger, 

1998c; Bray et al., 2000). A declining LWP in response to salinity is generally accepted 

(Hoffman and Rawlins, 1971; Kumar, 1984) as is the relationship between salinity, LWP, and 

plant growth (Munns et al., 2006). The three Crucifer’s LWP exhibited a declining response to 

increasing salinities; although, linear regression models adequately represented treatment 

responses, higher order regression models provided improvements in our ability to depict those 

responses (Figures 3 and 4). As discussed above concerning Yr, LWP exhibited stability in 

response to the moderate salinity treatments (i.e., EC 3.5 to 7.5 dS m-1) ,with each Crucifer’s 

LWP response modestly unique. An ANOVA was utilized to determine if, at specific treatment 

level, we would observe response trends in the C3 photosynthetic pathway E. sativa and L. 

sativum that were noticeably different from the C3 – C4 intermediate D. tenuifolia, we did not 

observe any trends (Table 2). A study focused on salt tolerant lines of E. sativa did report a linear 

decline in leaf osmotic potential (LOP), to increasing salinity over three treatment (Ashraf, 

1994), their LOP determination differing methodologically from our LWP; a subsequent study 

with six Brassica species, did report declines in LWP with increasing salinity (Ashraf and 

McNeilly, 2004). The glycophytic bean plant (Phaseolus vulgaris L.), grown at a relative 

humidity over 95% in a CE, under a range of salinity treatments, did exhibit LWP values similar 

to ours; declining nonlinearly in response to increasing salinity, yet with stability in the 
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moderately high range (O'Leary, 1975). The LWP in a halophyte plantain (Plantago 

coronopus L.) exhibited a decline in response to salinity, with the appearance of stability within 

the moderate treatment range (Koyro, 2006). The LWP values we observed are most similar to 

those observed in glycophytes, rather than halophytes (O'Leary, 1975; Kumar, 1984); similarities 

that are tenuous, given the differences in relative humidity between the studies. We observed, a 

decline in LWP, and a period of relative stability in LWP in response to salinity, but not a 

difference in LWP responses when contrasting our Crucifers characterized by different 

photosynthetic pathways. 

4.3 Photosynthetic rates discussion  

As life is dependent on photosynthesis, photosynthesis is an essential plant process for plants 

to grow and survive (Taiz and Zeiger, 1998b). While optimized during conditions that are not 

limiting (Taiz and Zeiger, 1998a), photosynthesis does continue during periods of environmental 

stress (Lambers, 1998). Photosynthesis responds to salinity and water stress (Chaves et al., 2002; 

Chaves et al., 2009), that response reflects a plants photosynthetic pathway (Ghannoum, 2009) 

and the growth environment (Lawlor, 2009). As salinity increases both photosynthetic rates (PR) 

and stomatal conductance (SC) typically decline (Koyro, 2006). While PR and SC are linked to 

growth (yield) and reported to respond negatively to salinity that response varies even within 

closely related species (Ashraf, 2001). The Mediterranean Beach Daisy (Asteriscus maritimus L.) 

exhibits a decline in SC and LWP in response to salinity (Rodríguez et al., 2005). Olive, (Olea 

europaea L.) cultivars exhibit declines in PR and SC in response to water stress (Guerfel et al., 

2009). PR, SC and LWP decline, in red raspberry (Rubus idaeus L.), in response to increasing 

levels of salinity (Neocleous and Vasilakakis, 2007). Research focused on Crucifer species report 
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that specific plant responses (e.g., PR and SC) to salinity differ, based on both a species salt 

tolerance (Ashraf and McNeilly, 2004) and environmental conditions (Shannon and Grieve, 

1999). In a CE based study, six Crucifer species, of differing salt tolerances, all exhibited 

decreasing PR, SC, and LWP responses, to an increase in salinity within the growth media 

(Ashraf, 2001). Most studies reviewed report a general decline; however, the halophytic P. 

coronopus exhibited an increase in PR with low salinity treatments (i.e., 25% of seawater or ~ 

EC 9.0), with subsequent declines in PR and SC at higher salinities (Koyro, 2006).  

Our Crucifers, although not referenced as halophytes, exhibited stability in PR and SC 

responses at low to moderate salinity, with significant declines at the highest salinity treatments 

(Figures 5 - 8; Table 3). The response of E. sativa to treatments was atypical, in that the initial 

decline in PR observed between EC 1.5 to 3.5 dS m-1 , that was followed by a recovery at EC 5.5 

dS m-1, with final declines in PR in the EC 7.5 - 9.5 dS m-1 treatments range, during both trials. 

Differing from E. sativa, was that D. tenuifolia and L. sativum PR stabilized in Trial I, within the 

EC 1.5 to 3.5 dS m-1, and then in the EC 5.5 to 9.5 dS m-1 treatment ranges; then in Trial II, both 

exhibited PR stability in the EC 1.5 to 7.5 dS m-1 range, followed by significant declines in 

response to the EC 9.5 dS m-1 treatment. There appears to be no obvious differences in the 

pattern of responses (i.e., stability at moderate salinities, declines between extremes) in PR and 

SC in our Crucifers, when contrasted to Brassica (Ashraf, 2001) and Rubus (Neocleous and 

Vasilakakis, 2007) species. While not discussed in the salinity studies we reviewed, the nonlinear 

PR responses to salinity that we observed, are similarly reportedly in PR responses to changing 

CO2 concentrations (Luo et al.). 
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We examined correlations between PR, SC and the other parameters evaluated (Yr and 

LWP) for each individual Crucifer (Table 5). PR, SC and LWP were positively correlated to 

each other in both trials. During Trial I PR and SC were negatively correlated with Yr in E. 

sativa and D. tenuifolia, but not L. sativum. No correlations were observed when contrasting the 

variable Yr, typically nonlinear increases, to PR and SC, nonlinear declining, during Trial II. PR 

and SC are typically positively related (Taiz and Zeiger, 1998a); however, in a study of six 

Brassica species, it was observed that while both declined, in response to salinity, they did not 

exhibit a significant relationship (Ashraf, 2001). Ashraf (2001) further reports no significant 

correlation between LWP and SC; in contrast, our study found LWP positively correlated with 

PR and SC. In a water-deficit study with Kidney beans (P. vulgaris), it was observed that: where 

there is a positive relationship between PR and LWP, that relationship may not be temporally in 

sync (Miyashita et al., 2005). In a crop bred for aridic environments, Pima cotton (Gossypium 

barbadense L.), they did report relationships between SC and yield, yet they did not report 

relationships between PR and LWP (Radin et al., 1994).  Whereas close relationships are 

reported between the parameters we investigated (Morison et al., 2008), the variability of our 

observations need to be considered in the context of: our controlled environmental conditions, 

the limited range of salinity treatments, and a short cropping cycle.  

5.  Conclusion 

 Based on a review of previous works we had anticipated differential Yr, PR, or LWP 

response to salinity treatments when contracting our C3 species, E. sativa and L. sativum to the 

C4 intermediate D. tenuifolia; with a C4 intermediate expected to be more sensitive to salinity. 

The range of values reported for the parameters measured did not suggest obvious difference 
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between the C3 and C4 Crucifers.  In addition, while our Crucifers are not referenced as 

halophytes their responses suggest that, within the restricted range of environment conditions 

afforded by a CE, they are moderately tolerant to salinity. The comprehensive reviews 

referenced above, that evaluated strategies to address salinity problems, on improving crop salt 

tolerance, and on determining salinity tolerance thresholds were focused on field agriculture 

where soil salinization is a concern. Our interest, was to define nutrient solution salinity values 

that did not reduce yield; although, our Yr values did not define the salinity tolerance of our 

Crucifers, they do provide baseline values at which yield is not compromised, and further the 

understanding of three specific crop plant’s responses to salinity stress. Our research may 

encourage CE growers that utilize EFI systems to consider nutrient solution recycling, with those 

systems inherent salinity increases. This research could contribute to the delineation of a 

standardized CE and EFI experimental system, where salinity tolerance in specialty leafy 

vegetables can be defined. 
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Table 1. ANOVA of the response of relative yield (Yr) to five nutrient solution salinities in 

three Crucifers in Trial I and II, with Yr expressed as a ratio: absolute yield (AY) treatment 

group / AY of control group. 

 Eruca sativa Diplotaxis tenuifolia Lepidium sativum 

Treatments Relative Yield Relative Yield Relative Yield 

EC-1.5  1.00 ± 0.06 a 1.00 ± 0.21 a 1.00 ± 0.13 a 

EC-3.5 1.24 ± 0.16 b 1.52 ± 0.10 b 1.28 ± 0.18 ab 

EC-5.5 1.33 ± 0.07 b 2.03 ± 0.15 c 1.44 ± 0.21 b 

EC-7.5 1.33 ± 0.18 b 1.92 ± 0.14 bc 1.21 ± 0.23 ab 

EC-9.5 1.16 ± 0.08 ab 1.88 ± 0.46 bc 1.01 ± 0.29 a 

ANOVA † * ** * 

Trial I 

      

Welch-F § NA NA NA 

EC-1.5  1.00 ± 0.38 a 1.00 ± 0.10 1.00 ± 0.07 

EC-3.5 1.03 ± 0.17 a 0.95 ± 0.17 1.08 ± 0.14 

EC-5.5 1.01 ± 0.06 a 1.04 ± 0.24 1.09 ± 0.12 

EC-7.5 0.81 ± 0.09 ab 1.13 ± 0.26 1.15 ± 0.08 

EC-9.5 0.58 ± 0.04 b 1.29 ± 0.19 1.16 ± 0.11 

ANOVA † NS NS NS 

Trial 
II  

Welch-F § ** NA NA 

 
Data are the means and standard deviations of three plants. † Means for groups in homogeneous 

subsets are followed by the same letter as reported by Duncan’s multiple range test. 

§Homogeneity of variances determined by Levene’s test, if significant (P ≤ 0.05) the Welch F 

test was used to determine significance. *, **, *** = significant at 0.05, 0.01, and 0.001 levels, 

respectively; NS, non-significant; NA, not applicable. 
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Table 2. ANOVA of the leaf water potential (LWP) in responses to five nutrient solution 

salinities in three Crucifers during Trial I and II, LWP expressed in megapascals (MPa) 

 Eruca sativa Diplotaxis tenuifolia Lepidium sativum 

Treatments LWP LWP LWP 

EC-1.5  - 1.08 ± 0.32  a  - 1.58 ± 0.37 a  - 1.26 ± 0.34 a  

EC-3.5 - 1.78 ± 0.60 b   - 2.52 ± 0.49 ab   - 1.90 ± 0.66 a   

EC-5.5 - 3.07 ± 0.23 c - 3.42 ± 0.40 bc - 2.65 ± 1.40 ab 

EC-7.5 - 4.55 ± 0.28 d - 4.86 ± 1.52 cd - 3.78 ± 1.01 b 

EC-9.5 - 4.73 ± 0.21 d - 4.50 ± 0.58 cd - 3.98 ± 0.75 b 

ANOVA † 
*** ** * 

Trial I 

      

Welch-F § 
NA ** NA 

EC-1.5  - 1.33 ± 0.09 a  - 1.07 ± 0.22 a  - 1.06 ± 0.38 a  

EC-3.5 - 2.40 ± 0.38 b   - 2.73 ± 0.39 ab   - 1.64 ± 0.36 a  

EC-5.5 - 2.91 ± 0.64 bc - 4.40 ± 1.51 b - 2.94 ± 0.45 b 

EC-7.5 - 2.95 ± 0.83 bc - 4.12 ± 1.24 b - 5.44 ± 0.61 c 

EC-9.5 - 3.87 ± 0.48 c - 3.76 ± 0.27 b - 4.63 ± 0.24 c 

ANOVA † 
** ** 0 

Trial 

II  

Welch-F § 
NA *** NA 

 
Data are the means and standard deviations of three plants. † Means for groups in homogeneous 

subsets are followed by the same letter as reported by Duncan’s multiple range test. 

§Homogeneity of variances determined by Levene’s test, if significant (P ≤ 0.05) the Welch F 

test was used to determine significance. *, **, *** = significant at 0.05, 0.01, and 0.001 levels, 

respectively; NS, non-significant; NA, not applicable. 
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Table 3. ANOVA of the photosynthetic rate (PR) to five nutrient solution salinities in three 

Crucifers in Trial I and II, with PR expressed in µmol · m-2 · s-1. 

 Eruca sativa Diplotaxis tenuifolia Lepidium sativum 

Treatments PR PR PR 
EC-1.5 

(control) 20.36 ± 2.16   a 18.11 ± 0.80 a 17.03 ± 2.65 a 

EC-3.5 16.57 ± 1.61 bc 15.77 ± 2.58 a 18.37 ± 1.20 a 

EC-5.5 17.87 ± 1.19 ab 11.96 ± 1.98 b 15.87 ± 2.66 a 

EC-7.5 15.03 ± 2.55 bc 11.90 ± 1.21 b 8.33 ± 4.38 b 

EC-9.5 13.23 ± 1.17   c   12.00 ± 1.87 b 10.23 ± 0.97 b 

ANOVA † 
** ** ** 

Trial I 

      

Welch-F § 
NA NA NA 

EC-1.5 

(control) 18.00 ± 1.25 a 16.30 ± 0.76 a 15.27 ± 2.28 a 

EC-3.5 11.27 ± 0.31 b 17.83 ± 0.91 a 11.60 ± 1.82 a 

EC-5.5 16.27 ± 1.50 a 16.40 ± 3.90 a 11.53 ± 3.21 a 

EC-7.5 8.80 ± 2.21 c 15.43 ± 2.54 a 11.33 ± 2.98 a 

EC-9.5 7.10 ± 0.56 c 7.83 ± 2.03 b 6.37 ± 2.54 b 

ANOVA † 
*** ** * 

Trial 

II  

Welch-F § 
NA ** NA 

 
Data are the means and standard deviations of three plants. † Means for groups in homogeneous 

subsets are followed by the same letter as reported by Duncan’s multiple range test. § 

Homogeneity of variances determined by Levene’s test, if significant (P ≤ 0.05) the Welch F test 

was used to determine significance. *, **, *** = significant at 0.05, 0.01, and 0.001 levels, 

respectively; NS, non-significant; NA, not applicable. 
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Table 4. ANOVA of the stomatal conductance (SC) to five nutrient solution salinities in 

three Crucifers in Trial I and II, with SC expressed in mmol · m-2 · s-1. 

 Eruca sativa Diplotaxis tenuifolia Lepidium sativum 
Treatments SC SC SC 

EC-1.5 
(control) 

219.33 ± 14.22   a 196.67 ± 11.06 a 176.33 ± 27.93 a 

EC-3.5 178.00 ± 31.32  b 176.00 ± 10.82 a 198.00 ± 3.00 a 

EC-5.5 175.67 ±   4.04  b 99.33 ± 11.85 b 167.00 ± 29.31 a 

EC-7.5 137.00 ± 21.63  c 165.33 ± 61.65 a 85.33 ± 58.59 b 

EC-9.5 100.33 ±    6.81  d 97.01 ± 21.66 b 78.00 ± 6.25 b 

ANOVA † *** ** ** 

Trial I 
      

Welch-F § *** ** *** 

EC-1.5 
(control) 

191.67 ± 46.18  a 233.67 ± 38.21  a 189.33 ± 32.72 a 

EC-3.5 127.33 ± 25.42  b 205.33 ± 39.80 ab 153.33 ± 31.09 ab 

EC-5.5 122.67 ± 35.85 bc 157.33 ± 60.93  b 133.67 ± 30.01 ab 

EC-7.5 79.33 ± 23.71 bc 144.33 ± 14.05  b 122.33 ± 44.66 bc 

EC-9.5 62.33 ± 23.44   c 62.67 ±   7.03  c 70.33 ± 18.61 c 

ANOVA † ** ** ** 

Trial 
II  

Welch-F § NA ** NA 

 
Data are the means and standard deviations of three plants. † Means for groups in homogeneous 

subsets are followed by the same letter as reported by Duncan’s multiple range test. § 

Homogeneity of variances determined by Levene’s test, if significant (P ≤ 0.05) the Welch F test 

was used to determine significance. *, **, *** = significant at 0.05, 0.01, and 0.001 levels, 

respectively; NS, non-significant; NA, not applicable. 
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Table 5. Correlation coefficients (r) of photosynthetic rates (PR) in relationship to stomatal 

conductance (SC), leaf water potential (LWP), yield relative to control (Yr),  and absolute yield 

(AY) of three Crucifers, subjected to five concentration of salinity in the nutrient solution, 

electrical conductivity (EC) 1.5 - 9.5 dS · m-1. 

 PR TI PR TII SC TI SC TII LWP TI LWP TII 

D. tenuifolia       

SC   0.686*** 0.821*** --- --- --- --- 

LWP   0.837*** 0.516*    0.659** 0.661** --- --- 

Yr -0.810*** 0.362 NS - 0.597** 0.462NS 0.794*** 0.376 NS 

AY -0.809*** 0.357 NS - 0.596* 0.465NS  0.795*** 0.383 NS 

 E. sativa       

SC   0.839*** 0.821*** --- --- --- --- 

LWP   0.718** 0.824***   0.870*** 0.740*** --- --- 

Yr - 0.525* 0.489 NS  - 0.728** 0.189 NS 0.453 NS   0.655** 

AY - 0.523* 0.491 NS   - 0.726** 0.191 NS 0.452 NS   0.654** 

       

L. sativum       

SC 0.973*** 0.913*** --- --- --- --- 

LWP 0.743** 0.478 NS  0.743*** 0.643** --- --- 

Yr 0.070 NS 0.094 NS 0.145 NS 0.046 NS 0.134 NS 0.096 NS 

AY 0.079 NS 0.098 NS 0.137 NS 0.094 NS 0.138 NS 0.040 NS 

 
Pearson’s correlation coefficients: *, **, *** = significant at 0.05, 0.01, 0.001 levels, 

respectively; NS = non-significant; Trial I (TI); Trial II (TII) 
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Fig. 1. Regression models depicting the response of relative yield (Yr) to increasing nutrient 

solution salinity in three Crucifers during Trial I, with Yr expressed as the ratio of the absolute 

yield (AY) of treatment group / AY of control. 
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Fig. 2. Regression models depicting the response of relative yield (Yr) to increasing nutrient 

solution salinity in three Crucifers during Trial II, with Yr expressed as the ratio of the absolute 

yield (AY) of treatment group / AY of control. 
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Fig. 3. Regression models depicting Trial I leaf water potential (LWP) responses to increasing 

nutrient solution salinity in three Crucifers; LWP expressed in megapascals (MPa). 
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Fig. 4. Regression models depicting Trial II leaf water potential (LWP) responses to increasing 

nutrient solution salinity in three Crucifers; LWP expressed in megapascals (MPa). 
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Fig. 5. Regression models depicting Trial I photosynthetic rate (PR) responses to increasing 

nutrient solution salinity in three Crucifers, PR expressed in µmol · m-2 · s-1. 
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Fig. 6. Regression models depicting Trial II photosynthetic rate (PR) responses to increasing 

nutrient solution salinity in three Crucifers, PR expressed in µmol · m-2 · s-1. 
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Fig. 7. Regression models depicting the stomatal conductance (SC) responses to increasing 

nutrient solution salinity in three Crucifers during Trial I, with SC expressed in mmol · m-2 · s-1. 
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Fig. 8. Regression models depicting the stomatal conductance (SC) responses to increasing 

nutrient solution salinity in three Crucifers during Trial I, with SC expressed in mmol · m-2 · s-1. 
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Abstract 

BACKGROUND: Leafy green vegetables are a nutritionally important dietary constituent, 

due to their high content of antioxidants; however, their consumption is limited to a few 

varieties. We focused on two common lettuces, iceberg and Romaine (Lactuca sativa); a 

broccoli (Brassica rapa); and two arugulas, Eruca sativa and Diplotaxis tenuifolia, grown 

in the aridic agricultural region of Yuma, Arizona, USA. We examined the importance of 
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pre-harvest environmental conditions, by subjecting plants to 60 and 90% reduced 

sunlight treatments; utilizing shade screens during the 7 day period prior to harvest.  

RESULTS: The Arugula’s early-season (Nov. to Jan. 2008) phenolic content and 

antioxidant activity decreased on average 30% and 40%, respectively, under both light 

treatments. Broccoli florets phenolics and antioxidants declined on average 30%. Iceberg 

early-season phenolics and antioxidants declined by 11% and 14%, respectively, in the 90% 

light treatment. Late-season (Feb. to April 2008) reduced light treatment effects in E. sativa 

differed from the above; phenolics increase 31% in the 60% reduced light treatment. 

Iceberg lettuce late-season phenolics increased 12% and 24%, in response to the 60% and 

90% reduced light treatments, respectively. Late-season Romaine total phenolic content 

was 15% higher in the 60% light treatment.  The outer leaves of Romaine, used by the 

fresh-cut industry, contained up to 19% more phenolics in the 60% treatment. In addition, 

we measured selenium uptake in E. sativa; the 90% light reduction resulted in a 25% 

decline in selenium levels. Limited to iceberg, we evaluated the response of phenolics and 

antioxidants to 4-day and 16-day pre-harvest irrigation termination, we observed an 

increase.  

CONCLUSION: Modifying light intensity and early irrigation termination, prior to 

harvest, influences nutritional and selenium content.  

Keywords: antioxidants; Arugula; irrigation termination; lettuce; phenolics; reduced light 
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INTRODUCTION 

  Diets rich in fruits and vegetables are associated with lower incidences of cancers and 

cardiovascular diseases. 1-4 Cruciferous vegetables are considered a nutritionally important 

dietary constituent, due to their high content of specific secondary metabolites; plant 

products associated with the prevention of various cancers. 5-7 In addition, plants grown in 

aridic regions produce quantitatively more secondary metabolites 8, such as phenolic 

compounds than plants grown in mesic regions;9, 10 and higher antioxidant levels at harvest 

are associated with longer shelf life in fresh-cut lettuce. 11 Given that Arizona, located in 

the aridic Southwestern USA, is the second major producer of selected vegetables (e.g., 

head lettuce, Romaine, and broccoli) in the USA, and third in this nation for the production 

of fresh vegetables, 12 then abiotic influences (e.g., solar radiation) on important dietary 

secondary metabolites should be investigated.  

 The aridic and semi-aridic 13, 14 Southwest vegetable production region is characterized by 

seasonal high temperatures (day-night range 24° to 43°C) and intense solar radiation (506 – 

688 Langleys · d-1); 15, 16 annual direct solar radiation is higher than any other agricultural 

region within the USA. 17 (Table 1) Current research suggests that plant responses to 

general environmental stress events results in an increase in the production of specific 

secondary metabolites; 18, 19 and that specific secondary metabolites respond differentially 

to environmental stressors, such as nutrient availability or high solar radiation. 20-23  

  A second agronomic factor relevant in the greater Southwestern vegetable production 

regions, inclusive of southwestern Arizona and south-central California, is the variable 

selenium (Se) content in the soil and high Se content in the regional irrigation waters. 24, 25 
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Se is an essential micronutrient for plant development, 26 and its importance in plant 

development and growth has been demonstrated. 27-30 The necessary dietary intake of Se 

has been established in humans 31 and it has been shown that Se reduces cancer risk in 

humans. 32-34 Related to this point, is that the Se content in plants is variable; reflecting the 

amount of Se contained in the irrigation water, nutrient solution, soil, 35-37 and the Se-

accumulating ability of the specific plant species. 25, 38 

 A tertiary agricultural practice we examined, limited to one crop, were the effects of early 

(16 day pre-harvest) and late (4 day pre-harvest) irrigation termination (IT) on TPC and 

antioxidant capacity. It was previously reported, that iceberg lettuce under middle (8 day 

pre-harvest) and late IT treatments produced similar yields, as well as lower pathogenic 

microbial populations, while maintaining a longer postharvest shelf life, than early IT 

treatments. 39 

 Given the intensity of sunlight in the Southwest’s important vegetable production region, 

our research objective was to examine the influence of reduced sunlight intensity treatments 

of 60% and 90%, immediately before harvest on antioxidant, total phenolic content (TPC), 

and Se in leafy vegetables; during this regions two major production seasons, early and late, 

October to February and February to June, respectively. To our knowledge modulating the 

nutritional value of leafy vegetable crops in aridic regions through light intervention 

immediately prior to harvest has not been investigated. The results of this study should 

enhance our understanding of how light, at the end of plant’s growth cycle, can enhance or 

diminish nutritional content; and result in a diminished or longer shelf life. The tertiary 

component of our current research, irrigation termination (IT), permitted us to evaluate IT 

effects on nutritional content. An additional benefit of this research is to provide the 
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produce industry and consumer with specific nutritional values of common (e.g., 

lettuce) and novel (i.e., D. tenuifolia) leafy vegetables, produced in aridic regions. 

MATERIALS AND METHODS 

Plant materials selection 

 We selected three leafy vegetables commonly produced in the southwestern USA for this 

study: two lettuces (Lactuca sativa L.), iceberg cv. Honchos II and Romaine cv. Clemente, 

and a broccoli (Brassica rapa L.) cv. Sessantina Grossa. In addition, we included Eruca 

sativa (P. Mill.) Thellung cv. Astro, and Diplotaxis tenuifolia (L.) DC cv. Sylvetta; both are 

commonly referenced as Arugula or rocket, 40 and are two underutilized crucifers that have 

potential as vegetable crops for aridic regions. The selected lettuces and broccoli are 

economically important crops for our region; 12 and lettuce nutritional content responses to 

stress in aridic regions has been reported. 41 We selected the two Arugulas: given their 

potential economic value for aridic regions, their close relationship to the research model 

crop Arabidopsis thaliana (L.), and cruciferous crops are reported to be Se accumulators. 25, 

26 E. sativa, a component in specialty salad mixes, has recently become popular in the USA 

and is produced in our region. 12, 42 The wild arugula D. tenuifolia, while common in the 

Mediterranean region, 43 is uncommon in the USA; results from our field trials suggested 

that D. tenuifolia had higher antioxidant values than in commercially available E. sativa 

(unpublished data of authors). 

Cultivation practices and climate 

Seeds of the Arugulas, lettuces, and broccoli (Johnny's Selected Seeds, Winslow, ME, 

USA) were grown during the early- season (Nov. 2007 planting and Jan. 2008 harvest) and 
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late-season (Feb. 2008 planting and April 2008 harvest), at The University of Arizona, 

Yuma Agricultural Center (Yuma, AZ, USA), in deep, coarse to fine-textured, alluvial 

loamy-clay hyperthermic arid soils (average soil temperatures, early-season 9° - 12° C, 

late-season 19° - 30° C). Crops were subjected to regional agronomic practices, as they 

currently are applied in commercial settings; fertilization included 31 L · ha-1 of 0N-52P-0-

K as a pre-plant, followed by 3 side dress injections of UAN 32 (32N-0P-0K) at 38 L · ha-1, 

initial water for seed germination was provided by an overhead sprinkler system, 

subsequently plants were watered with furrow irrigation. Where appropriate, all treatments 

(except IT) of each cultivar received the same amount of water during the season; 

approximately 30 cm, and were harvested on the same day. The experimental site was 

divided into plots, with each plot consisting of three 182 m long beds, with 2 rows per bed. 

Harvests were conducted between 0700 and 1000 hrs; with early- and late-season air 

temperatures ranging between 9° - 12° C and 11° - 26° C, respectively. Plant material from 

six different replicates were transported to laboratory for analysis immediately after harvest 

and stored inside insulated coolers, ranging between 1° - 3° C. Regional seasonal climate 

data is presented in Table 1A. 

Shading seven days prior to harvest setup 

The reduced sunlight intensity treatments utilized 60% and 90% shade cloth (Table 1B); 

formed on rectangular wood-frame structures (0.75 m width x 0.5 m height x 1.5 m length), 

with 3 replications for each treatment of each cultivar, that were applied 7 days pre-harvest.   

Irrigation termination setup 

The irrigation termination (IT) treatments for the early and late-season trials were set at 4 or 

16 days pre-harvest. The 4 or 16 days IT treatments resulted in soil water content at harvest 
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of 17.2% and 17.9% early-season, and 14.5% and 18.2% late-season, respectively, for 

the 0 cm to 30 cm soil depth.  

Chemicals  

Gallic acid, 2,2- diphenyl-1-picrylhydrazyl radical (DPPH•), Trolox, and Folin-Ciocalteu’s 

reagent were purchased from Sigma Chemical Co. (St. Louis, MO); and all HPLC 

analytical grade solvents, were sourced from Fisher Scientific (Chino, CA). A 

spectrophotometer (Beckman Coulter DU-64, Fullerton, CA, USA) was used for total 

phenolic and antioxidant capacity determinations. 

Total phenolic extraction and determination  

For each replicate, 5 g of freshly harvested leaf tissue was chopped in a kitchen-mini-chop 

(Braun MR430HC; Kronberg, GER) for three 5 second pulses, mixed to a paste in a mortar 

with a pestle for 30 second and blended with 10 mL of 80% aqueous ethanol in 18 mL 

tubes (Falcon, BD Biosciences, San Jose, CA, USA). The mixture was shaken in a water 

bath in the dark for 12 hours at 30º C and filtered through #2 filter paper (Whatman, 

Piscataway, NJ, USA); the ethanolic supernatant was used for the determination of phenolic 

compounds. The total phenolic content was determined using the Folin-Ciocalteu’s reagent 

method. 44 At 25ºC (room temperature), 50 µL of the ethanolic extract was added to 350 µL 

of deionized water and 250 µL of Folin-Ciocalteu’s reagent. After 5 minutes, 1.0 mL of 

10% aqueous Na2CO3 solution was added, the mixture was vortexed for 10 seconds, then 

covered and incubated in the dark at 25º C for 2 hours. Utilizing transfer pipettes, ~ 1.5 mL 

of the incubated solution were transferred to micro-cuvettes. The absorbance was measured 

at 765 nm; a standard curve was prepared using gallic acid (GA), and the absorbance was 

converted to the content in and expressed in terms of mg GA equivalent (GAE) 100 g-1 
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fresh weight of sample (mg GA · 100 g-1 FW).  Solutions and GA calibration standards 

were prepared as previously reported, 45 the calibration curve range was 20 – 200 µg mL-1.  

Determination of total antioxidant capacity 

For total antioxidant capacity determinations, harvested leafy vegetables were completely 

dried using a freeze dryer (Labconco Corp., Kansas City, MO); then, ground and kept in an 

-80 ºC freezer, until digestion procedures. The antioxidant capacities were determined by a 

modified version of the previously reported DPPH• free radical scavenging assay. 46 A 

reaction mixture containing 0.1 mL of sample, 0.4 mL of 0.1 M Tris-HCl (pH 7.4), and 0.5 

mL of 0.3 mM DPPH•, was shaken and incubated in the dark at room temperature for 30 

minutes. After incubation, the absorbance of the reaction mixture was measured at 517 nm 

and the scavenging activity of DPPH• free radical was calculated by the following formula: 

 

Scavenging activity  = (abs. of sample at 517 nm / abs. of control at 517 nm) x 100 

 

A standard curve was prepared using Trolox and DPPH• free radical scavenging activity 

(%). The antioxidant capacity was calculated, using the above equation, and expressed as 

µmol Trolox equivalents per gram of plant material on dry weight basis (µmol TE  · g -1 

DW); analysis was completed in triplicate. 

Selenium determinations 

Plant samples for Se analysis brought into the laboratory were: diced, mixed thoroughly, a 

sub-sample was reserved and frozen, main samples were completely dried using a freeze 

dryer, then the samples were ground and stored in vials for digestion following previously 

reported protocols.47 The ground plant materials were digested using concentrated H2NO3 
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and H2O2 block digestion; digests were analyzed for total Se content by Inductively 

Coupled Plasma Mass Spectrometry (ICP-MS).  

Experimental design and statistics 

The experiment evaluating the effect of shading, IT, and Se content were arranged in a 

completely randomized design and each treatment consisted of 3 replicates. When 

appropriate data were subjected to the Student’s t-test or analysis of variance (ANOVA) at 

P ≤ 0.05 to determine statistical significance; if significant differences were observed, mean 

separation was carried out by Duncan’s multiple range test at P ≤ 0.05. Statistical 

computations were carried out using a statistical software package. 

RESULTS 

Effect of reduced light treatment and harvest season on total phenolics content 

  Early-season (Nov. 2007 to Jan. 2008) reduced light treatments resulted in declines in 

the TPC in the crucifers and lettuce. The TPC in E. sativa decreased in the 60% and 90% 

reduced light treatments (P ≤ 0.05), relative to the control, by 36% and 33%, respectively. 

In contrast, D. tenuifolia TPC only declined significantly (P ≤ 0.05) by 34% in response to 

the 90% treatment. Broccoli TPC decreased in the 60% and 90% reduced light treatments 

(P ≤ 0.05), by 21% and 22%, respectively. (Fig. 1) Iceberg TPC declined by 6% and 11% 

in the 60% and 90% light treatment (Table 2), respectively (P ≤ 0.05). 

 Late-season (Feb. to April 2008) changes in TPC differed from the early-season declines. 

The TPC in E. sativa increased by 31% (P ≤ 0.05), in the 60% reduced light treatment (Fig. 

4). Iceberg late-season TPC increased 12% and 24% (P ≤ 0.05), in response to the 60% and 

90% reduced light treatments, respectively (Table 2). Late season Romaine TPC was 15% 
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higher in the 60% light treatment (P ≤ 0.05; Fig. 3). Romaine TPC differed between the 

inner and outer leaves; with outer leaf TPC 44% and 41% higher than the inner leaves, in 

response to the 60%, and 90% treatments, respectively. Outer leaves TPC increased 19% (P 

≤ 0.05), in the 60% treatment, whereas inner leaves TPC declined non-significantly (Fig. 

3). 

Effect of reduced light treatment and harvest season on antioxidants 

  Early-season responses of the antioxidant capacity to treatments were similar to early-

season changes in TPC; characterized by declines in antioxidants, in response to reduced 

light treatments. The antioxidants declined in E. sativa, in both treatments (P ≤ 0.05), by an 

average of 44%. In contrast, antioxidants in D. tenuifolia declined significantly by 34% (P 

≤ 0.05), only in response to the 90% treatment. The antioxidant response to light treatments 

in Broccoli differed from the above; declining 39% and 21% to the 60% and 90% light 

treatments (P ≤ 0.05), respectively, with the decline relative to the control greatest in the 

60% treatment (P ≤ 0.05; Fig. 2). Iceberg early-season antioxidants declined by 9% and 

14% (P ≤ 0.05), in the 60% and 90% light treatments, respectively (Table 2). Late season 

determinations of antioxidant capacity were limited to iceberg lettuce; antioxidants declined 

non-significantly by 7%, to both light treatments (P ≤ 0.05; Table 2). 

Effects of light on selenium content in E. sativa and lettuce 

 The 90% light reduction treatment resulted in a 25 % decline in Se levels (P ≤ 0.05), in E. 

sativa during the late season (Feb. – April 2008); although, we observed a non-significant 

1% increase in Se to the 60% treatment (Fig. 4). The average Se content of iceberg and 

Romaine lettuce produced within our aridic agricultural region is, 24.2 µg ⋅ Kg -1 FW (n = 

27) and 12.9 µg ⋅ Kg -1 FW (n = 26), respectively; whereas average Se content from all 
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other regions within North America is 5.25 µg ⋅ Kg -1 FW (n = 9) for iceberg and 6.1 µg 

⋅ Kg -1 FW (n = 8) for Romaine (unpublished data of authors). 

Effects of early and late irrigation termination in iceberg lettuce 

 Early-season (Nov. 2007 to Jan. 2008) TPC increased in response to the early IT (16 days 

pre-harvest), relative to late IT (4 days pre-harvest (P ≤ 0.05). In contrast, late season (Feb. 

– April 2008) TPC and antioxidant capacity increased in the early IT treatment, relative to 

the late IT treatment (P ≤ 0.05). Fresh-weight harvest yield, in the 16 days pre-harvest IT 

treatment, declined non-significantly during the late season period. (Table 3) 

DISCUSSION 

  The early-season (Nov. 2007 to Jan. 2008) TPC and antioxidant capacity exhibited 

significant declining trends in the crucifers and iceberg lettuce, in response to the reduced 

light treatments; however, the pattern of that decline was not homogeneous between 

different crops. The greatest variation was observed in D. tenuifolia; both nutritional 

indices declined non-significantly to the 60% reduced light treatment, with significant 

declines only in response to the 90% treatment. A second variation was observed in the 

antioxidant capacity of broccoli; while both light treatments resulted in a decline, relative to 

the control, the 90% treatment declined by 21% and the 60% treatment declined 39%. A 

third, and related, variation was observed when considering significant differences between 

the 60% and 90% treatments; the only significant differences between the two treatments 

occurred in D. tenuifolia phenolics (Fig. 1), in broccoli antioxidant capacity (Fig. 2), and 

iceberg  (Table 2). 
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 The late-season results differed from the early season results in that most nutritional 

indices increased in response to the 60% reduced light treatment; however, results were 

limited to E. sativa (Fig. 4), iceberg (Table 2), and Romaine (Fig. 3). The TPC in E. sativa, 

iceberg, and Romaine increased in response to the 60% reduced light treatment; although, 

only iceberg TPC exhibited an increase in response to the 90% treatment. An interesting 

late-season observation was the 19% increase in TPC in the Romaine outer leaves, in 

contrast to no difference between treatments in the inner leaves (Fig. 3). 

 A decline in TPC and antioxidant capacity was anticipated, when contrasting specific 

cultivars that were grown in partial shade versus full sun; given, the secondary metabolites 

role in response to general environmental stress, 18, 19 inclusive of high levels of solar 

radiation. 20, 48, 49 That shading 7 days pre-harvest would result in significant declines early-

season and increases late-season, was not anticipated. In a Swedish study, early season 

declines in vitamin C were observed in shaded spinach (Spinacia oleracea L.); in contrast, 

they reported both increases and decreases in vitamin C in the shaded treatments, 

depending upon the growth stage of the spinach, during the late season.50 We did observe 

early-season declines in the antioxidant capacity of iceberg lettuce in response to reduced 

light treatments; however, late-season antioxidant capacity was 44% lower than early 

season, yet late-season phenolics were 60% to 70% greater in the late-season (Table 2). Our 

results differ from a lettuce study in Northern Colorado, USA; they report that lettuce had 

the highest antioxidant capacity during the season of highest temperature and light 

intensity, yet no significant seasonal differences reported in TPC. 51 In a study conducted in 

the Southeastern USA, over wintering spring-harvest spinach had higher antioxidant 

capacities than late planted and harvested spinach.52 A Southern Italian study reports that 
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arugula spring-harvest plant phenolics were higher than summer-harvest; with D. 

tenuifolia and E. sativa spring-harvest phenolics, 7-times and 3-times greater, respectively, 

than summer-harvest phenolics.53 The results we obtained have an interesting contrast with 

Di Venere’s et al. (2000) study; our E. sativa and Romaine un-shaded control group late-

season phenolics were 4% lower than early season phenolics, yet the late-season 60% 

reduced sunlight treatment phenolics were 47% higher than the early season 60% treatment 

group (Fig. 1 and 3; early season Romaine data not shown).  

 The inconsistent variations we observed in phenolics and antioxidant capacity, when 

contrasting early-season and late-season, as well as the differences in our results in light of 

the above referenced studies, highlight the complexity of secondary metabolite responses in 

plants. The response of plants to excess light is complex; 54 as is the suite of responses 

available for plants to respond to heat stress. 55, 56 A review of the effects of temperature 

and radiation on specific secondary metabolites, within the family Brassicaceae, addressed 

the complexity of plant stress responses.57 That we observed different patterns of change in 

phenolics and antioxidant capacity between seasons, seasons marked by substantial 

differences in temperature and solar radiation (Table 1), should be considered 

unremarkable; if, considered from the perspectives of a resource (i.e., carbon) allocation 

thesis 58 and with consideration for the multifaceted role for secondary metabolites.18, 19 

What we cannot answer, nor does it appear to be addressed within the literature, is the 

threshold point at which a plant allocates more of the carbon reserves to the production of 

phenolics versus other metabolites. The observation that our late-season antioxidant 

capacity declined relative to early-season, concurrent with the phenolics increasing 3-fold 

in the late-season, relative to early-season, should be considered in light of the solar 
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radiation and temperature increases (Table 1). The variations we observed should also 

be considered with consideration of one additional nutritional factor we addressed within a 

minor portion of our current study, the uptake in Se; given the high levels of Se in our 

regional irrigation resources. 

 The late-season uptake of Se in E. sativa, in response to reduced light treatments, 

followed the pattern discussed above for phenolics in E. sativa and Romaine; a slight 

increase in response to the 60 % treatment and a significant decline in the 90% light 

reduction treatment (Fig. 3 and 4). To the best of our knowledge, peer reviewed research 

studies that discuss the Se content of E. sativa are not available; however, the positive 

increases in the respiratory potential of E. sativa in response to low Se treatments is 

reported.59 And as stated in the introduction, the importance of Se for plant growth and 

development has been recognized; as are the interactions between secondary metabolites 

and Se.35 In contrast to our observation of a similar pattern of change in both phenolics and 

Se, in response to reduced light treatments (Fig. 4) is a Se enrichment study; they report 

that in broccoli TPC declined, as plant Se content increased.35 A second interesting 

observation is the quantity of Se in our E. sativa, 20 to 30 µg ⋅ Kg -1 FW, values very high 

for leafy vegetables; 31 perhaps justified by the observations that many crucifers are Se 

accumulators, 36 that Se in the plant generally reflects Se in that agricultural environment, 34 

and Se levels in our specific irrigation resources are high. 60 That Se values within a plant, 

reflects the agricultural environment, is further suggested by the Se levels we reported for 

iceberg; 24.2 µg ⋅ Kg -1 FW within the our aridic agricultural region (i.e., Yuma, AZ; 

Imperial Valley, CA; Bard, CA; Coachella Valley, CA) versus 5.25 µg ⋅ Kg -1 FW in 

temperate North American regions (e.g., Ithaca, NY; Cumberland County, NJ; Salinas, CA; 
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Montreal, CAN). In Se fertilization studies, Se is reported to: have a depressing effect 

on phenolic and glucosinolate (i.e., sulfur-containing secondary metabolites) production in 

broccoli; 35 effects sulfur uptake, thus glucosinolate production, in rapid–cycling B. 

oleracea; 36 induced partial stomatal closure in two plum (Prunus L.) cultivars; 29 and most 

relevant, Se was demonstrated to protect lettuce from the negative effects of UV-B 

radiation 61 and is suggested to have a major role in plant responses to UV-B stress. 62 The 

above begs the question: Is there a temperature and solar radiation threshold point at which 

a plant increases Se uptake in environments where Se is available? 

 Fonseca (2006) did observe, in a similar IT study, that postharvest shelf life was greater in 

early and intermediate IT treatments, than in late IT treatments; however, those results were 

attributed to lower microbial populations on the lettuce. We did not assess postharvest 

quality, but we did observe an increase in both early and late-season TPC in the early IT 

treatment; only in the late-season antioxidant capacity increased in the early IT treatment, 

relative to the late IT treatment. As discussed above, phenolics and antioxidant capacity are 

reported to increase in response to stress, 41 and higher antioxidants in lettuce are associated 

with longer postharvest shelf life; 11 and with consideration to the climate differences we 

reported (Table 3), between our early and late seasons, those nutritional indices would be 

expected to vary. That we did not observe a decline in fresh-weight harvest yield, between 

the 4 and 16 day IT treatment, is inconsistent with yield declines in earlier lettuce irrigation 

management studies, 39, 63 and needs to be reevaluated, given the very high sample 

variations in our present study (Table 3). Coelho et al. (2005) did not report yield declines 

with pan evaporation replenishment rates greater than 50%, and Fonseca (2006) did not 

observe a decline in yield at 16 days pre-harvest IT. Considering the observations from 
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those studies, and our results presented here, moderate irrigation management should be 

expected to enhance the qualitative value of lettuce, and postharvest storage, without yield 

declines. 

CONCLUSIONS 

 The nutritional content (i.e., secondary metabolite) of leafy vegetables respond to specific 

agronomic practices and a regions distinctive climate (e.g., temperature, solar radiation, 

relative humidity). The variation in results we observed, and in contrast to those reported by 

others, suggests the importance of evaluating secondary metabolites responses to abiotic 

factors, specifically within a specific agricultural production region; and that caution should 

prevail concerning the anticipated response of a crop (e.g., lettuce or Arugula), to 

agronomic interventions (e.g., shading), in that seasonal variation (e.g., solar radiation and 

temperature) may have a pronounced effect. We observed that, modulating light intensity 

late in the season, and early irrigation termination strategies, are relevant agronomic 

practices that may modify the nutritional content of leafy vegetables and potentially 

enhance the subsequent shelf life that is associated with nutritional content; however, these 

interventions may exhibit season variations.  
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Table 1A. Period daily-averages for temperature (°C), relative humidity (RH), and 

solar radiation (SR), early and late growing seasons, field cultivation of leaf greens in 

Yuma, AZ, USA. 

Yuma, AZ, USA: 32 m 

32° 42’ 45” N; 114° 42’ 18” 

W 

Nov. & Dec. 

2007 Early 

season§ 

Jan. & Feb. 2008 March & April 

2008 Late season§ 

SR     Langleys · day-1 329 & 253* 291 & 388* 518 & 649* 

SR     Range Langleys · day-1 72 - 523 86 - 500 104 - 699 

SR     kW · h · (m-2 · day-1) 3.83 & 2.95* 3.39 & 4.51* 6.03 & 7.54* 

SR > 0.10 kW · h · (m-2 · day-

1) 

7.25 8.37 10.24 

mean (°C) 18.1 & 12.5* 11.6 & 14.9* 17.6 & 21.5* 

range (°C) 1.1 – 38.7 -0.2 – 28.9 7.5 – 37.2 

RH % 45.89 & 54.57* 49.6 & 39.9* 33.4 & 28.6* 

RH % range 21.3 – 83.2 16.5 – 76.8 5.0 – 82.4 

§ Early- season (November 2007 planting and January 2008 harvest); late-season (February 

2008 planting and April 2008 harvest). * Means of the two months listed in each column. ‡ 

Hours per day of solar radiation greater than unit specified. 
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Table 1B. Shade cloth material specifications, used during field cultivation of leaf greens 

in Yuma, AZ, USA. 

Expected light reduction 60 % 90 % 

Measured light reduction 64 % 88 % 

g · m-2 20.4 25.84 

Material thickness 0.75 mm 1.15 mm 

Temperature reduction ~ 1% ~ 2 % 

Color (Pantone® solid) § 5487 M, 5555 M, 5555 M 5625 M, 5555 M, 8321 M 

§ Pantone® solid color units determined from 3 sections of each shade cloth from digital 

image.  
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Table 2. Iceberg lettuce early-season (Nov. 2007 to Dec. 2008) and late-season (Feb. to 

April 2008), total phenolic content (TPC) in mg GAE ⋅ 100 g -1 FW (fresh weight) and 

antioxidant capacity (AC), expressed as µmol TE ⋅ g -1 FW; in response to 60% and 90% 

reduced sunlight treatments; utilizing nylon shade screens during the 7 day period prior to 

harvest in iceberg lettuce. a 

 Control 60% 90% ANOVA 

AC Early season 4.28 ± 0.40 a 3.90 ± 0.33 b 3.69 ± 0.31 c P < 0.05 

TPC Early season 7.42 ± 0.34 a 6.98 ± 0.53 b 6.62 ± 0.36 b P < 0.05 

AC Late season 2.32 ± 0.53 2.25 ± 0.10 2.13 ± 0.21 NS 

TPC Late season 19.91 ± 1.16 a 22.73 ± 2.64 b 26.33 ± 1.59 c P < 0.05 

a Data are the means of three determination ± standard deviation. Means for groups in 

homogeneous subsets are followed by the same letter, as reported by Duncan’s multiple 

range test. 
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Table 3. Early (16 day pre-harvest) and late (4 day pre-harvest) irrigation termination (IT), 

during the early-season (Nov. 2007 to Jan. 2008) and late-season (Feb. – April 2008) 

effects on: total phenolic content (TPC) in mg GAE ⋅ 100 g -1 FW (fresh weight), and 

antioxidant capacity (AC), expressed as µmol TE ⋅ g -1 FW, in iceberg lettuce.a 

 Early IT Late IT t-Test* 

AC early season 4.04 ± 0.3 3.80 ± 0.3 NS 

TPC early season 7.13 ± 0.3 6.40 ± 0.5 P < 0.05 

AC late season 2.82 ± 0.5 1.93 ± 0.2 P < 0.05 

TPC late season 24.91 ± 3.3 21.47 ± 2.8 P < 0.05 

Yield, late season 392 g ± 124 g ⋅ m -1 503 ± 159 g ⋅ m -1 NS 

a Data are the means of three determination ± standard deviation. * The Late IT 

phenolics, antioxidant capacity, and yield values did not significantly differ from their 

respective controls; control values are not presented. 
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Figure 1. Early-season (Nov. 2007 to Jan. 2008) total phenolic content, Folin-Ciocalteu 

method, in three crucifers; the light treatments are 60 % and 90 % light reductions relative 

to the control. The total phenolic the content was expressed in terms of mg gallic acid 

equivalent (GAE) per 100 g fresh weight sample (mg GAE · 100 g-1 FW). Means for groups 

in homogeneous subsets are followed by the same letter, as reported by Duncan’s multiple 

range test. 

 

 



 

 

201 

 

 

Figure 2. The crucifers early-season (Nov. 2007 to Jan. 2008) antioxidant activity in 

response to the 60% and 90% light treatment reductions, relative to the control. The 

antioxidant capacity is expressed as, μmol Trolox equivalents per gram of plant material, 

on a fresh weight (FW) basis. Means for groups in homogeneous subsets are followed by 

the same letter, as reported by Duncan’s multiple range test. 
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Figure 3. Romaine late season (Feb. – April 2008) outer leaves total phenolics, reported as 

gallic acid equivalents (GAE), increased 19% (P = 0.004) in the 60% treatment, in 

comparison with the control. Inner leaves TPC increased 10% (P = 0. 24, not significant) in 

the 60% treatment, in comparison with the control. Outer leaves phenolics were 37%, 44%, 

and 41% higher than the inner leaves phenolics, in the control, 60%, and 90% treatments, 

respectively. 
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Figure 4. Late season (Feb. – April 2008) reduced light treatment effects in the arugula E. 

sativa revealed a 31% total phenolics increase, reported as gallic acid equivalents (GAE), in 

the 60% reduced light treatment. The 90% light reduction treatment resulted in a 25% 

decline in selenium (Se) levels (P = 0.048) E. sativa, in contrast to the control. 

 

 

 

 




