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ABSTRACT 

Arsenic, once commonly used as a pesticide, is highly toxic to consumers but 
also can influence plant metabolism and growth. Therefore, soil arsenic can 
affect plant interactions with antagonist (e.g., herbivores) and mutualists (e.g., 
pollinators) directly through arsenic toxicity as well as indirectly through 
induced changes in plant secondary metabolism. To address how arsenic in soil 
may affect the leaf consumption of sweet alyssum (Lobularia maritima) by larvae 
of the small white butterfly (Pieris rapae, Lepidoptera: Pieridae), we analyzed 
plant arsenic uptake and the composition of leaf glucosinolates produced by 
plants grown under a gradient of realistic arsenic concentrations (0, 10, 25, 50, 
100 mg As /kg soil DW). Plant growth rates and biomass were quantified as a 
function of soil and plant arsenic concentrations to assess plant physiological 
stress. Pieris performance assays were used to evaluate plant resistance to 
herbivory. Arsenic exposure reduced plant growth rates (at 100 mg As/kg soil 
DW) and total aboveground biomass (across all concentrations), with arsenic 
uptake into aboveground plant tissue closely mirroring the soil arsenic 
concentration. Arsenic exposure changed glucosinolate composition by 
increasing the production of one unidentified glucosinolate (at 50 and 100 
mg/kg DW), but did not affect total glucosinolates. Glucosinolate production 
and arsenic tissue concentrations interacted to affect larval performance in a 
non-linear way. Our findings suggest that soil contamination with arsenic can 
impact plant fitness and metabolism in multiple ways with potentially 
significant downstream effects on biotic interactions and community 
composition. 
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1. Introduction 

Soil contamination occurs globally and with potentially dangerous consequences. 

Through global industrial activity, automobile use, mining, and pesticide applications, 

highly toxic elements such as arsenic have become typical soil contaminants [1]. While 

some soil contaminants readily leach to groundwater and waterways, others such as 

arsenic are less mobile and accumulate in soil for centuries, threatening ecosystem 

function for decades, if not centuries [2]. 

Arsenic occurs naturally in soil at low concentrations (<15 mg As/kg soil [3]), 

but anthropogenic activity frequently causes much higher concentrations (>100 mg 

As/kg soil, [3]). Because of its high toxicity, arsenic was used for decades in pesticides. 

In 1955 alone, the United States used over 18,000 tons of white arsenic — nearly 49% 

of the global arsenic production — primarily in pesticides [1]. Arsenical pesticides 

were eventually banned in the United States for their potential risks to human health. 

However, arsenic is still produced from industrial and mining activity [4], used as a 

wood preservative [4], added in chicken feed to prevent disease and promote growth 

[5], and used in many countries as pesticides. With its ability to remain in soils for 

centuries, arsenic can easily be found in soils worldwide [3]. 

In aerobic systems, arsenic is predominantly found in the soil as arsenate 

(As[V]). Arsenate can compete directly with phosphorus, such as in ATP synthesis, 

but this is unlikely the primary mechanism of toxicity [6]. Generally, once arsenate 
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enters the plant (via root phosphate channels), it is quickly reduced to arsenite 

(As[III]), which is less similar to phosphate [7]. It remains unclear whether the 

enzymes involved in As[V] reduction to As[III] are mostly specific (e.g., arsenate 

reductase) or nonspecific enzymes (e.g.; glyceraldehyde-3-phosphate dehydrogenase, 

polynucleotide phosphorylase, glycogen phosphorylase) [7,8]. In any case, As[III] in 

the xylem sap can make up 60-100% of the total plant arsenic in multiple species, 

while arsenic transport via phloem has not been studied thoroughly [8]. Crossing 

membranes through phosphorus transporters, As[III] then binds to sulfhydryl groups 

of thiols [6,7]. Doing so can cause toxicity by the alteration of protein structure or 

catalytic sites [6], but the effects of arsenic at the proteome or metabolome level have 

received very little research [9]. Arsenic exposure also commonly generates the 

production of reactive oxygen species (e.g.; superoxide, hydroxyl radicals, and 

hydrogen peroxide), which are commonly known to damage nucleic acids, proteins, 

and lipid membranes [6,7].  

Many studies have focused on toxic effects of soil contaminants on plants, and 

metal-induced secondary metabolism in plants. Ecological interactions have only 

recently begun to attract attention [10]. More recently, arsenic uptake by plants has 

also been found to reduce the performance of herbivores consuming the 

accumulating plant tissues, supporting the Elemental Defense Hypothesis (that high 

elemental uptake defends a plant against herbivory) [10]. For example, when grown in 
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arsenic-containing solution, the arsenic hyperaccumulating Chinese brake fern (Pteris 

vittata) reduce grasshopper (Schistocera americana; Orthoperta: Acrididae) herbivory [11] 

and scale insect (Saissetia neglecta; Hemiptera: Coccidae) survival [12]. Arsenic uptake in 

plants may also threaten mutualisms with pollinators [13] and long-term mycorrhizal 

associations [14]. These consequences for insect and fungal communities have only 

recently been discovered, and the mechanisms linking arsenic uptake to the outcomes 

of biotic interactions largely remain to be explored. 

Being sessile, plants are under selection to evolve resistance to prolonged 

environmental stresses, including soil arsenic contamination, herbivory, and 

pathogens. Resistance to soil contamination is generally defined as the ability to 

survive and reproduce despite stressful soil composition, and can be attained by 

avoidance (conferred by external protection against the stressor) or tolerance 

(conferred by internal mechanisms that support plant function despite the stressor) 

[15]. Plant tolerance to excessive soil metal(loid) content is most frequently discussed 

in terms of growth or biomass production, and studies on industrial and mining soils 

have shown that metal(loid) tolerance can evolve rapidly [16,17]. For instance, Agrostis 

tenuis and Dactylis glomerata can evolve full copper tolerance in one cycle of selection 

[18]. Plant metal(loid) tolerance can occur via exclusion, disposal (abscission), and 

sequestration [19]. Plant tolerance by sequestration has attracted substantial interest 

for erosion mitigation, groundwater quality control, extraction of lucrative elements, 
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food safety, and ecosystem remediation [20]. 

Most plant species do not hyperaccumulate arsenic (>10,000 mg As/kg plant 

tissue [21]), and instead employ several mechanisms to reduce toxicity symptoms. 

Although As[III] is considered more toxic than As[V], this reduction is the first step 

in what is considered the major arsenic detoxification mechanism for plants, as 

arsenite can be easily complexed with thiols and then sequestered in vacuoles [7]. Not 

only can the antioxidant glutathione mediate this reduction reaction, but it is also a 

precursor of phytochelatins, which are catalyzed by phytochelatin synthase (activated 

upon arsenic exposure) to complex arsenite [22]. Rapid complexation with 

phytochelatins followed by sequestration into root vacuoles is thought to be an 

important way to reduce arsenic toxicity in nonhyperaccumulating plants [7], though 

likely not the only means [22]. Arsenic induces the production of harmful reactive 

oxygen species, and plants can mitigate the resulting damage by producing enzymes 

that convert reactive oxygen species to less active forms and by producing 

antioxidants (e.g.; glutathione, phytochelatins, ascorbate, carotenoids, anthocyanin) [7]. 

Plants can also methylate arsenic, turning inorganic arsenic species into less harmful 

forms, though this may be more important only for particular plant organs [22]. 

Exudation of As[III], a known detoxification mechanism in microbes, is frequently 

observed in plant roots and may serve a similar function [8]. The intricate role of 

glutathione in plant response to toxic metals and metalloids has been recently 
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reviewed [23], as have been plant detoxification responses specifically to arsenic stress 

[9,22]. 

In plants belonging to the Brassicaceae family, response to arsenic is even more 

closely tied to sulfur through the glucosinolate-myrosinase system. Glucosinolates, 

sulfur-containing metabolites, are catalyzed by myrosinase to form toxic products (i.e.; 

isothiocyanates, thiocyanates, nitriles, oxazolidine-thiones, epithionitriles). In plants 

that produce glucosinolates, both glucosinolates and myrosinase are found in all 

organs, though often at different concentrations. The glucosinolate-myrosinase 

system has been studied extensively for its function in biotic interactions, particularly 

those between plants and insects [24,25]. Arsenic exposure promotes the synthesis of 

ascorbate and glutathione [7], which can also be induced upon plant exposure to other 

highly toxic elements such as cadmium and mercury [23]. Ascorbate activates 

myrosinase in plants, and glutathione regenerates ascorbate from dehydroascorbate 

[26]. However, because myrosinase acts optimally only within a particular range of 

ascorbate levels, the glucosinolate-myrosinase system can be maximally functioning at 

low levels of glutathione and ascorbate and nearly deactivated at higher glutathione 

and ascorbate levels [26]. This suggests that plant secondary metabolism and, 

consequently, interactions with herbivores in Brassicaceae should be strongly linked to 

the severity of arsenic exposure.  

Arsenic detoxification mechanisms in Brassicaceae are also related to the 
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glucosinolate-myrosinase system, as well as other defense systems. Glutathione can 

drive the reduction of As[V] to As[III] [7]. As[III] can then be easily complexed by 

phytochelatins, which are synthesized by glutathione and catalyzed by enzymes 

activated upon arsenic exposure [22]. The compounds produced by plants in response 

to the stress generated by reactive oxygen species are closely linked to the 

glucosinolate-myrosinase system, including several antioxidants (e.g.; glutathione, 

ascorbate) [7,27] and brassinosteroids [27]. Brassinosteroids, a class of hormones 

produced by species across the plant kingdom [28], are known to interact with other 

phytohormones to protect plants against a wide range of abiotic and biotic stresses 

[29,30], and have been found to suppress glucosinolate synthesis [31,32]. With these 

overlapping biochemical phenomena, a strong and complex relationship can be 

expected between arsenic response in Brassicaceae and their interactions with other 

organisms. 

This work examines the effects of soil arsenic content on sweet alyssum 

(Lobularia maritima, Brassicaceae) and Pieris rapae (Lepidoptera: Pieridae), which 

consume sweet alyssum leaves as larvae. Since arsenic in plant and insect communities 

simultaneously affects metallomic, metabolic, and behavioral processes, we combine 

techniques from each of these categories for a more complete understanding of the 

ecological effects of plant arsenic uptake. Previous studies have shown that plant 

arsenic uptake can function as a defense against herbivory, but this has been 
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demonstrated only in an arsenic-hyperaccumulating species (Pteris vittata) [12,33]. This 

work examines how arsenic exposure affects plant metabolism involved in defense 

against herbivory (i.e., the glucosinolate-myrosinase system), and whether arsenic 

uptake by a plant species that does not hyperaccumulate arsenic affects insect 

herbivory. 

Despite the close link between arsenic and the glucosinolate-myrosinase 

system, few studies have identified effects of arsenic on glucosinolate production [34]. 

Several studies have found that the zinc, cadmium, and nickel have varying effects on 

glucosinolate production (e.g., [35,36]), but these elements differ mechanistically from 

arsenic both in plant uptake and toxicity. Given that arsenic is known to induce the 

production of glutathione, ascorbate, and brassinosteroids, we expect distinct changes 

in quality and quantity of glucosinolates produced in L. maritima, which may demand 

higher metabolic costs for detoxification by P. rapae. With increased arsenic, we 

further expect that P. rapae larvae feeding and growth will be negatively impacted by 

toxicity from direct consumption of arsenic and/or by metabolic costs of 

detoxification of arsenic, a prediction in line with the Elemental Defense Hypothesis 

even at non-hyperaccumulation concentrations of arsenic [37]. 

2. Materials and Methods 

2.1 Natural  History  o f  Plant  and Insec t  System 

Lobularia maritima (Brassicaceae) is a low-growing, annual native to the Mediterranean. 
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As leaf-chewing larvae, Pieris rapae is a specialist on Brassicaceae by producing unique 

nitrile specifier proteins in the gut that redirect the glucosinolate-myrosinase reaction 

to produce less toxic nitriles, which are excreted in frass [38]. Lobularia maritima emits 

pungent and complex floral volatile bouquets with its tiny white flowers [39] to attract 

pollinators, which are known to enhance seed set [40]. Nectar production is minimal 

[41,42]. Adult specialist herbivores, including P. rapae, oviposit on leaves of L. maritima 

[M. Lim, personal observation; 37]. 

2.2 Plants  and Soi l  

Sweet alyssum (Lobularia maritima procumbens cv. ‘Tiny Tim’; Botanical Interests, Inc., 

Broomfield, Colorado, USA) were germinated in potting soil (Lambert LM-111 

Professional Growing Media; Lambert Peat Moss, Inc., Rivière-Ouelle, Québec, 

Canada) in the laboratory. Three-week-old seedlings were individually transplanted to 

potting soil spiked with 0 (control), 10, 25, 50, and 100 mg As/kg soil DW in the 

form of sodium hydrogen arsenate (Na2HAsO4, Sigma-Aldrich Corporation, Madison, 

Wisconsin, USA) dissolved in deionized water and mixed thoroughly into the soil 

(n = 6 plants per soil treatment). Plants were grown at 16:8 L:D at 17°-20°. All pots 

were watered with deionized water ad libitum; no differences were noticed in water 

uptake among treatments. 

2.3 Leaf Chewer Per formance Assay 

Caterpillars of the Small White butterfly (Pieris rapae) were reared on collards (Brassica 
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oleracea var. acephala cv. ‘Georgia’; Burpee Seed Company, Warminster, Pennsylvania, 

USA) in the laboratory at 16:8 L:D, 21±1°C. Thirty second-instar caterpillars were 

starved for 15 to 20 hours in a large petri dish with damp Whatman No. 1 filter paper 

to maintain moisture. All caterpillars were weighed post-starvation and one caterpillar 

was applied to each dish, with each dish containing five leaves of similar age from one 

plant, with all plants sampled. To maintain leaf turgor, the stems were inserted into 

florist foam dampened with deionized water and placed in a covered petri dish lined 

with moist Whatman No. 1 filter paper. After 48 hours, caterpillar survival was 

recorded. Caterpillars were starved for 24 hours and weighed. Larval mass rate 

changes were calculated. Remaining leaves were scanned. Because none of the leaves 

were entirely consumed, leaf consumption was approximated using area calculation 

tools in Adobe Photoshop (Adobe Systems, San Jose, California, USA). The effects of 

soil arsenic on larval growth rate and leaf consumption were each evaluated using 

one-way ANOVA. The effects of total and individual glucosinolates on larval growth 

rate were evaluated using one-way ANCOVA, with arsenic spiking as the covariate. 

2.4 Elemental  Composi t ion 

The entire aboveground portion of each plant was removed, oven dried at 70°C for 

72 hours, individually ground using a stainless steel mill, and individually analyzed for 

elemental composition using standard acid digestion methods with inductively 

coupled plasma optical emission spectrometry (ICP-OES, [44]). In addition to arsenic, 



 

10 

other elements known to be important for general plant performance were analyzed at 

the following wavelengths (nm): As (189.042), Ca (211.276), Cu (324.754), K 

(766.491), Mg (279.079), Mn (294.921), Mo (202.095), Na (589.592), P (213.618), S 

(182.034), Sr (407.771), Zn (213.856). The effect of soil arsenic on elemental content 

was evaluated using one-way ANOVA. The relationships between plant arsenic 

content and other elements were evaluated using simple linear regressions. 

2.5 Plant Growth and Deve lopment 

After first true leaves emerged, the longest plant stem of each plant was measured 

weekly and days to first flowering were recorded. After 50 days following 

transplantation, aboveground biomass was quantified by drying the total aboveground 

portions of each plant at 70°C for 72 hours and weighing tissues individually. The 

effects of soil arsenic on plant growth, days to flowering, and biomass production 

were each evaluated using one-way ANOVA. Proportions of plants flowering at each 

soil arsenic level by day 50 were compared using a multiple linear regression. 

2.6 Leaf Glucos ino lates  

All plants were sampled for glucosinolates. Approximately 100 mg of leaf tissue 

(approximately 15 leaves) from developmentally similar leaves (fourth leaf down from 

an inflorescence) were removed from each plant, weighed, immediately flash frozen in 

liquid nitrogen, and stored at -80°C until they could be individually processed for 

analysis of glucosinolates. The extraction method followed the basic 
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sephadex/sulfatase technique described by Villatoro-Pulido et al. [45]. Glucosinolates 

were extracted with 90% HPLC grade MeOH at room temperature, and sinigrin was 

added as an internal standard (10 µg). Leaf tissues were ground with ceramic beads 

(0.9 g; BioSpec, 2.3 mm zirkona/silica) using a FastPrep homogenizer (Fast Prep-24, 

MP Biomedicals, Santa Ana, California, USA), incubated at room temperature for one 

hour. After centrifugation for 10 minutes at 3200 rpm at room temperature, the 

supernatant was applied to DEAE-Sephadex A-25 (pyridine acetate form) and 

vortexed. After centrifugation for 1 minute at 3200 rpm at room temperature, the 

precipitate was combined with HPLC grade MeOH (1 mL, 90%), vortexed, and 

centrifuged for 1 minute at 3200 rpm at room temperature. Purified sulfatase solution 

(10 µL; type H-1 from Helix pomatia, Sigma-Aldrich, St. Louis, Missouri, USA) as by 

Minchinton et al. [46] was added to the precipitate with Milli-Q ultra-pure water 

(100 µL; Millipore Corporation, Bedford, Massachusetts, USA) and incubated 

overnight. For quantification of glucosinolates, the extracts (150 µL) were run on a 

5-µm LiChroCART 250-4 RP18e column (Hewlett-Packard, Waldbronn, Germany) 

on a Hewlett-Packard 1100 series HPLC (Hewlett-Packard Co., Palo Alto, California, 

USA). As mobile phases, we used a gradient of acetonitrile (A) and water (B). The 

mobile phase gradient was set as follows: 0-6 minutes 98.5-95% B, 6-8 minutes 

95-93% B, 8-15 minutes 93-75% B, 15-17 minutes 75-8% B, 17-23 minutes remaining 

at 8% B. Flow rate was set at 1 mL/minute, and injection volume was 30 µL. 
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Glucosinolates were measured at 229 nm, and ultraviolet spectra were recorded in the 

range of 200-400 nm. For identification of glucosinolates, samples were analyzed on 

an HPLC-PDA instrument (Accela; Thermo Scientific, Waltham, Massachusetts, 

USA) coupled with a triple-quadrupole MS/MS system (Quantum Access; Thermo 

Scientific, Waltham, Massachusetts, USA). Analytes were separated on a C18 

reversed-phase HPLC column (Gemini-NX, 3 µm, 150 x 2.00 mm; Phenomenex, 

Torrance, California, USA) using a gradient of 0.1% formic acid in water (solvent A) 

and 0.1% formic acid in acetonitrile (solvent B) at a flow rate of 200 µL/min. The 

initial condition of 5% A was increased to 75% in 20 minutes and held at 75% for 5 

minutes. Ultraviolet spectra were recorded in the range of 200-600 nm. Mass spectra 

were recorded in the mass range of 100-1500 u in both positive and negative 

electrospray ionization (ESI) mode (scan time = 1 second). The effect of soil arsenic 

on glucosinolate content was evaluated using one-way ANOVA. A simple linear 

regression was used to evaluate the relationship between total glucosinolates content 

and plant sulfur content. 

2.7 Stat is t i ca l  Analyses  

All statistical tests were performed with JMP Pro, Version 10.0.2 (SAS Institute Inc., 

Cary, North Carolina, USA). Data were log-transformed as necessary to meet 

assumptions of normality. Prior to log-transformation, zeros in the data were replaced 

with a small number calculated with the method given by McCune & Grace [47]. 
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3. Results 

3.1 Leaf Chewer Per formance Assay 

Soil arsenic affected neither larval consumption (F4,25 = 0.846, p = 0.510; Fig. 1a) nor 

larval growth rate (F4,21 = 0.323, p = 0.859; Fig. 1b). Though larval growth showed 

more variation in response to arsenic, variances were not statistically different 

(p = 0.133). Plant arsenic content did not correlate with larval consumption 

(R2 = 0.008, F1,28 = 0.239, p = 0.629). Total glucosinolates affected neither leaf 

consumption (R2 = 0.001, F1,28 = 0.034, p = 0.856) nor larval growth rate 

(F1,24 = 1.756, p = 0.198). A one-way ANCOVA revealed no significant effect of 

individual glucosinolates on larval growth rate with arsenic spiking level as a covariate 

(F9,16 = 0.697, p = 0.703). 

The interactive effect between plant arsenic content and glucosinolates content 

on larval growth rate was highly significant for total glucosinolates (F3,22 = 4.20, 

p = 0.006), gluconapin (F3,22 = 3.57, p = 0.01), glucobrassicanapin (F3,22 = 5.38, 

p = 0.002), and unknown glucosinolate “A” (F3,22 = 2.47, p = 0.04). The interactive 

effect was marginally significant for unknown glucosinolate “B” (F3,22 = 2.26, 

p = 0.076) and “C” (F3,22 = 1.75, p = 0.09). All interactions were positive. The effect 

of glucosinolates on larval growth rate was positive at each level of soil spiking, except 

at the 10 mg/kg level of soil arsenic, for which the relationship was negative (Fig. 2). 

A one-way ANCOVA with arsenic spiking level as a covariate revealed no overall 
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effect of total glucosinolates on larval growth rate (F9,16 = 1.49, p = 0.234). Significant 

effects were also absent with individual glucosinolates on larval growth rate 

(gluconapin: F9,16 = 1.85, p = 0.136; glucobrassicanapin: F9,16 = 1.26, p = 0.331; 

unknown GS “A”: F9,16 = 0.920, p = 0.533; unknown GS “B”: F9,16 = 1.95, p = 0.117; 

unknown GS “C”: F6,19 = 0.369, p = 0.889). 

 

 
Figure 1. Growth rate of Pieris rapae (a) and leaf area consumed by Pieris rapae 
(b) with increasing soil arsenic concentrations. 
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Figure 2: Effect of total glucosinolates (a), gluconapin (b), glucobrassicanapin (c), 
unknown glucosinolate “A” (d), unknown glucosinolate “B” (e), and unknown 
glucosinolate “C” (f) on Pieris rapae larval growth rate by soil arsenic concentration. 
Soil arsenic concentrations (mg/kg DW) are indicated by line color (0: blue, 10: 
red, 25: green, 50: violet, 100: orange). All glucosinolates quantities are expressed as 
mg sinigrin equivalent/g fresh tissue. Each error bar is constructed using one 
standard error from the mean. 
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3.2 Elemental  Composi t ion  

With increasing soil arsenic content, arsenic in plant tissue increased (F4,25 = 34.48, 

p < 0.0001). The concentration of arsenic in plant tissue closely mirrored the 

concentration in the soil, suggesting that sweet alyssum acts as an arsenic index 

species (sometimes referred to as indicator species). Plants exhibited increasing 

variation in tissue concentration of arsenic at higher levels (Fig. 3). 

 

 

 

Leaf tissue arsenic content was not correlated with calcium (R2 = 0.014, F1,28 = 0.403, 

p = 0.531), manganese (R2 < 0.001, F1,28 = 0.019, p = 0.893), sulfur (R2 = 0.031, 

Figure 3. Effect of soil arsenic content on 
aboveground tissue arsenic content of sweet 
alyssum. 
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F1,28 = 0.881, p = 0.356; Fig. 4a), and zinc (R2 = 0.071, F1,28 = 2.15, p = 0.154). 

However, plant tissue arsenic concentrations were negatively correlated with plant 

copper (R2 = 0.329, F1,28 = 13.7, p < 0.001) and molybdenum (R2 = 0.653, 

F1,28 = 52.6, p < 0.0001). Plant arsenic was positively correlated with potassium 

(R2 = 0.228, F1,28 = 8.26, p = 0.008), magnesium (R2 = 0.845, F1,28 = 153, p < 0.0001), 

sodium (R2 = 0.909, F1,28 = 279, p < 0.0001), and strontium (R2 = 0.304, F1,28 = 12.25, 

p = 0.002). Plant copper content decreased at all levels of arsenic spiking 

(F4,25 = 27.69, p < 0.0001), as did molybdenum significantly at the 50 and 100 mg 

As/kg soil treatments (F4,25 = 14.39, p < 0.0001). Potassium tended to increase with 

arsenic (F4,25 = 2.59, p = 0.061). Magnesium also increased with arsenic spiking, which 

was significant at the 100 mg As/kg soil treatment (F4,25 = 14.9, p < 0.0001). The 

correlation with sodium was expected, given that the arsenic was applied as sodium 

hydrogen arsenate, and was primarily caused by the 50 and 100 mg As/kg soil 

treatments (F4,25 =231.77, p < 0.0001). There was a positive relationship with plant 

phosphorus content (R2 = 0.498, F1,28 = 27.7, p < 0.001; Fig. 4a), which was driven by 

the 50 and 100 mg As/kg soil treatments (F4,25 = 4.046, p = 0.012; Fig. 4b). Strontium 

content was more variable with increasing soil arsenic, and though was correlated with 

plant arsenic content, showed no strong pattern with soil arsenic (F4,25 = 78.37, 

p = 0.299). 
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Figure 4: Relationship between plant tissue arsenic concentration and plant tissue 
phosphorus or sulfur concentration (a), and effect of soil arsenic concentration on 
plant phosphorus concentration (b). Each error bar is constructed using one 
standard error from the mean. 
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3.3 Plant Growth and Deve lopment 

Plant growth rate decreased at the highest arsenic level (F4,25 = 8.682, p = 0.0002; Fig. 

5a), and plant dry biomass decreased (F4,23 = 31.83, p < 0.0001; Fig. 5b). Effects on 

time to first flowering were not significant (F4,21 = 1.22, p = 0.332); after 50 days of 

transplantation to the soil treatments, half of plants in the highest arsenic level (100 

mg As/kg) had not developed floral organs while the other half had flowered as early 

as plants in the lowest arsenic treatments. The proportions of plants flowering at 0, 

Table 1: Composition of detectable macronutrients and 
micronutrients in aboveground tissues of sweet alyssum 
grown across a gradient of soil arsenic. “Significant at soil 
arsenic of” shows results of one-way ANOVA with levels 
of significance identified by Tukey HSD. “Trend” shows 
mean elemental concentration across 0, 10, 25, 50, 100 mg 
As/kg soil DW. Elements in plant are in mg/kg DW, and 
F4, 25

 for all F ratios. 
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10, and 25 mg/kg soil arsenic levels by day 50 were significantly higher than at 50 and 

100 mg/kg soil arsenic (R2 = 0.898, F9,75 = 73.60, p < 0.0001; Fig. 5c). 

 

 
Figure 5: Effect of soil arsenic on growth rate (a), aboveground biomass 
production (b), and time to flowering of sweet alyssum (c). 
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3.4 Leaf Glucos ino lates  

The major glucosinolates were identified as gluconapin and glucobrassicanapin (both 

aliphatic glucosinolates) from their mass spectra in positive ESI mode. The 

characteristic ion was [M+H]+ of the desulfoglucosinolates: gluconapin (294) and 

glucobrassicanpin (308). Three unidentified glucosinolates (GS) were found in lesser 

quantities (Fig. 6). Unknown GS “A” increased with soil arsenic levels, significantly at 

the 50 and 100 mg/kg spiking levels (F4,25 = 4.49, p = 0.007). Unknown GS “B” 

exhibited a U-shaped trend with soil arsenic, being significantly reduced only at the 25 

mg/kg level, and in quantities comparable to the control at higher and lower levels 

(F4,25 = 3.09, p = 0.034). Unknown GS “C” increased with soil arsenic (F4,25 = 5.50, 

p = 0.003), significantly at the 100 mg/kg spiking level. Total and individual 

glucosinolates were generally lowest at intermediate levels of soil arsenic, though there 

were no significant effects on the two major glucosinolates, gluconapin (F4,25 = 1.61, 

p = 0.203) and glucobrassicanapin (F4,25 = 1.94, p = 0.135), or on total glucosinolates 

(F4,25 = 2.49, p = 0.069). There was no association between total glucosinolates 

content and plant sulfur content (R2 = 0.038, F1,28 = 1.10, p = 0.303). 
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Figure 6: Effect of soil arsenic on glucosinolates produced by sweet alyssum 
(dark gray: gluconapin, medium dark gray: glucobrassicanapin, medium light 
gray: unknown glucosinolate “A”, light gray: unknown glucosinolate “B”, white: 
unknown glucosinolate “C”, hashed: total glucosinolates). Asterisks indicate 
significance (p < 0.05) for that glucosinolate across soil arsenic treatments (* for 
Unknown GS “A”, ** for Unknown GS “B”, *** for Unknown GS “C”). Each 
error bar is constructed using one standard error from the mean. 
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4. Discussion 

Plant uptake of arsenic differed with soil treatment and this affected flowering rate 

and uptake of other elements. Other work has shown that nickel accumulates in floral 

parts and affects pollinator visitations [48]. Although floral parts were not isolated 

from other aboveground parts in this research on sweet alyssum, the delay in 

flowering time suggests that floral tissues are also affected by arsenic uptake. The 

arsenic-induced changes in the uptake of multiple other elements adds an additional 

layer of complexity to understanding plant response to arsenic, as some of the 

responses could be partly driven by deficiencies or excesses of other elements. 

Spiking-induced changes in uptake of other elements has been researched with many 

elements, including cadmium [49], zinc [50], and phosphorus [51]. Elemental uptake 

can be shaped so strongly by unique edaphic characteristics such that general claims 

can rarely be made [52], but the relationships found between elements in such studies 

(including this work) open many important questions about cellular mechanisms and 

plant nutrient cycling, as well as enhancing remediation strategies or plant nutritional 

quality in specific contexts. 

Plant tissue arsenic concentration shaped glucosinolate composition 

non-linearly and both measures interacted to affect larval growth rate. Leaf 

consumption was not affected in a direct, linear way. Two major glucosinolates, one 

of the unknown glucosinolates, and total glucosinolates (and marginally both of the 
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remaining unknown glucosinolates) interacted with plant arsenic concentration to 

affect larval growth. This suggests that arsenic uptake affects the expression of 

endogenous plant defense compounds and that both traits affect herbivory in a 

complex, non-linear way. There are two potential explanations that individually or 

jointly can explain these results. 

First, it is possible that intermediate concentrations of arsenic (10-50 mg/kg) 

induced higher myrosinase activity than at the control (0 mg/kg) or highest (100 

mg/kg) levels. Arsenic exposure is known to induce the production of ascorbate and 

glutathione [7], with ascorbate being critical in myrosinase activation [26]. Ascorbate is 

thought to activate myrosinase by inducing a slight conformational change that allows 

the glucosinolate to fit better in its binding site [53]. Myrosinase activity, however, has 

an inverted U functioning curve: at very low levels of ascorbate (and glutathione, 

which regenerates ascorbate from dehydroascorbate), myrosinase is less likely to be 

activated; at extremely high levels of glutathione and ascorbate, myrosinase activity 

can be depressed to near deactivation [26]. This decline may be partially driven by the 

high production of sulphate as glucosinolate-myrosinase activity reaches its maximum, 

since sulphate is known to suppress myrosinase activity [53]. Higher myrosinase 

activity (at intermediate arsenic concentrations) could impede detoxification by P. 

rapae, as more glucosinolates would be catalyzed into more toxic isothiocyanates 

directly upon tissue damage instead of being converted into less toxic nitriles by the 
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gut nitrile specifier protein. This would result in negative effects on larval growth, as 

suggested by the negative correlation of glucosinolate content and larval growth rate 

at intermediate arsenic concentrations although the overall glucosinolate 

concentration does not vary significantly with arsenic uptake. 

Second, it is possible that arsenic’s tendency to bind to thiol groups in plants 

compromises the ability of myrosinase to cleave off the glucose moiety and/or 

compromises the function of the glucosinolate-myrosinase breakdown products — in 

other words, arsenic may make glucosinolates less able to react with myrosinase and 

produce the typical toxic products that characteristically have sulfhydryl groups. 

Arsenite, the form of arsenic generally found in plants, has the potential to bind up to 

three sulfhydryl groups, which allows arsenite to cross-link several thiol molecules [7]. 

If each arsenite molecule were interacting with the sulfur components of several 

glucosinolates, this could make it difficult for myrosinase to cleave off the glucose 

from the sulfur. Ascorbate may not be able to shape myrosinase structure to allow 

glucosinolates to bind more efficiently. Without being easily catalyzed by myrosinase, 

the glucosinolate then could be consumed intact by the larvae and excreted as frass. 

Similarly, if the arsenic is binding with the sulfhydryl groups of the glucosinolate 

breakdown products, this could also compromise the function of these products 

against herbivores. Further, this could reduce the direct toxicity of arsenic, being in 

effect “complexed” with the glucosinolate molecule. Again, this could explain the lack 
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of herbivore response despite increasing plant arsenic content. 

Although it is beyond the scope of this thesis to test these possibilities, these 

results motivate at least three future research directions: measuring myrosinase activity 

across a gradient of arsenic, identifying and quantifying glucosinolates in the frass of 

specialist and generalist herbivores, and evaluating whole plant response in 

glucosinolate-knockout lines or lines with suppressed sulfur uptake capacity. The 

arsenic-induced changes in plant uptake of other elements also merit additional 

attention. The inverse relationship between arsenic and copper uptake, for instance, is 

interesting because copper in the form of Cu+ is known to bind to methionine [54], 

which is not only a component of glutathione but also a precursor of aliphatic 

glucosinolates (e.g., gluconapin and glucobrassicanapin). The consequences of 

arsenic-induced reduction of copper uptake have received little attention. The positive 

correlation between arsenic uptake and phosphorus is also interesting, as previous 

work has shown an inverted-U shaped curve for this relationship [55], with most of 

the relevant research being focused on the effect of phosphate addition on arsenic 

uptake [56–58]. Further, it is important to consider that glucosinolates may have 

synergistic effects with primary metabolites and other secondary metabolites. Full 

metabolomics studies can help to exclude possibilities and using genetically 

transformed plants can help in studying pleiotropic effects of manipulating genes 

involved in glucosinolate production [25] and the single gene known to control 
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arsenic resistance [6]. 

While studies on plant response to soil metal(loid) content generally quantify 

numerous factors (e.g., growth rate, seed production, production of secondary 

metabolites), studies on herbivorous insect response often have measured only insect 

performance with minimal evaluation of plant response. Without evaluating plant 

metabolism and metal uptake, however, we cannot distinguish whether the insect 

response is driven by direct consumption of the metal or by metal-induced changes in 

the plant’s metabolism. Although arsenic uptake is known to deter herbivory in the 

hyperaccumulating fern Pteris vittata [12,33] and Pieris rapae is known to be sensitive to 

plant accumulation of other elements (e.g., nickel [59] and selenium [60]), these studies 

did not evaluate changes in plant metabolism. Our results not only reject the 

Elemental Defense Hypothesis supported by these studies, as P. rapae growth and leaf 

consumption were unaffected by changes in plant tissue elemental composition, but 

also show that plant arsenic uptake interacts with plant metabolism to affect insect 

performance. This suggests that soil elemental content can affect plant-insect 

interactions in complex ways depending on the soil elemental composition, the plant, 

and the insect. An integrative approach is critical for a more realistic perspective into 

the effects of soil contaminants on plant-insect interactions. 
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