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Abstract

:

Serpentine soils are a stressful growing environment for plants, largely due to nutrient deficiencies and high concentrations of toxic heavy metals (e.g., Ni). Plants have evolved various adaptations for tolerating these extreme environments, including metal hyperaccumulation into above-ground tissues. However, the adaptive significance of metal hyperaccumulation is a topic of debate, with several non-mutually-exclusive hypotheses under study. For example, the inadvertent uptake hypothesis (IUH) states that heavy metal accumulation is a consequence of an efficient nutrient-scavenging mechanism for plants growing in nutrient-deficient soils. Thus, it is possible that metal hyperaccumulation is simply a byproduct of non-specific ion transport mechanisms allowing plants to grow in nutrient-deficient soils, such as serpentine soils, while simultaneously tolerating other potentially toxic heavy metals. Furthermore, some nutrient needs are tissue-specific, and heavy metal toxicity can be more pronounced in reproductive tissues; thus, studies are needed that document nutrient and metal uptake into vegetative and reproductive plant tissues across species of plants that vary in the degree to which they accumulate soil metals. To test these ideas, we grew nine plant species that are variously adapted to serpentine soils (i.e., Ni-hyperaccumulating endemic, non-hyperaccumulating endemic, indicator, or indifferent) in a common garden greenhouse experiment. All species were grown in control soils, as well as those that were amended with the heavy metal Ni, and then analyzed for macronutrient (Ca, Mg, K, and P), micronutrient (Cu, Fe, Zn, Mn, and Mo), and heavy metal (Cr and Co) concentrations in their vegetative and reproductive organs (leaves, anthers, and pistils). In accordance with the IUH, we found that hyperaccumulators often accumulated higher concentrations of nutrients and metals compared to non-hyperaccumulating species, although these differences were often organ-specific. Specifically, while hyperaccumulators accumulated significantly more K and Co across all organs, Cu was higher in leaves only, while Mn and Zn were higher in anthers only. Furthermore, hyperaccumulators accumulated significantly more Co and Mo across all organs when Ni was added to the soil environment. Our work provides additional evidence in support of the IUH, and contributes to our understanding of serpentine adaptation in plants.
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1. Introduction


Serpentine soils represent a unique growing environment for plants, largely due to their chemical composition. These soils are characterized by a low a Ca:Mg ratio, generally low water-holding capacity, and elevated concentrations of heavy metals such as Co, Cr, and Ni [1,2]. Furthermore, these soils generally contain scarce levels of essential macronutrients such as N, P, and S [3]. These stressful edaphic conditions have given rise to a unique set of flora adapted to serpentine ecosystems.



The abundance of toxic heavy metals, including Co, Cr, and Ni, is often cited as a stressful aspect for plant growth in serpentine soils [4,5]. While most heavy-metal-tolerant plants are able to effectively exclude these metals from their above-ground tissues (e.g., serpentine-adapted plants [6]), preventing toxicity, a small group of plants known as metal hyperaccumulators absorb exceptionally high concentrations of these elements into their above-ground tissues [7,8]. There are roughly 750 plant species that can hyperaccumulate various heavy metals and metalloids, although the majority (>500) accumulate Ni [9]. The adaptive significance of hyperaccumulation remains largely unexplained (reviewed in [10]).



There are several non-mutually-exclusive hypotheses for the adaptive significance of metal hyperaccumulation. The “elemental defense hypothesis” has received the most support, and proposes that increased metal accumulation deters herbivores and/or pathogens, thus providing a chemical defense against enemies [11,12]. The “elemental allelopathy hypothesis” presumes that, through leaf shedding, hyperaccumulating plants can enrich the surrounding soil with toxic metals, thereby inhibiting neighboring plants from growing in close proximity [13]. The “drought resistance hypothesis” holds that metals serve to inhibit transpiration, which assists in osmotic adjustment for plants inhabiting shallow, porous, and rocky soils [14]. Lastly, the “inadvertent uptake hypothesis” (IUH) states that heavy metal accumulation is a consequence of an efficient nutrient-scavenging mechanism for plants growing in nutrient-deficient soils [13]. First proposed by Boyd and Martens [15], this hypothesis is not widely tested, but some studies provide it with limited support. For example, Boyd and Jaffré [16] found a positive correlation between Ni and Fe uptake in 11 woody species found in serpentine soils in New Caledonia. In addition, studies focusing on nutrient uptake for As hyperaccumulators show that non-hyperaccumulators grown on the same As-amended soil were less efficient in Fe, Zn, and K uptake compared to hyperaccumulators Pteris vittata and P. multifada [17]. Thus, it is possible that metal hyperaccumulation is simply a byproduct of non-specific ion transport mechanisms allowing plants to grow in nutrient-deficient soils, such as serpentines.



Patterns of plant nutrient accumulation often vary across tissue types, as certain nutrients may be needed in relatively higher concentrations in specific organs. For example, Ca concentrations are generally much higher in leaves compared to flowers, as Ca is an important structural component of cell walls and membranes (reviewed in [18]). Copper, on the other hand, is known to regulate flower and fruit formation, and Cu concentrations of fruits can be higher than those of roots for plants with adequate Cu supply [19]. Therefore, rigorous tests of the IUH need to evaluate macronutrient and micronutrient concentrations across the vegetative and reproductive plant organs of hyperaccumulator and non-hyperaccumulator plants growing in common environments. A handful of recent studies have documented macronutrient and micronutrient concentrations in the vegetative and reproductive tissues of hyperaccumulator plants in the field [20,21], but none have compared hyperaccumulators vs. non-hyperaccumulators in a controlled experimental context adequate for testing the IUH.



Interactions among metals have been reported for various hyperaccumulators and other serpentine taxa. Numerous studies provide evidence for simultaneous uptake, competition, and co-tolerance, and point toward a relatively non-specific metal uptake mechanism [22,23,24,25]. For example, Noccaea caerulescens is a hyperaccumulator of multiple heavy metals, and experiments show that the addition of Ni can influence the uptake of other trace elements (e.g., Ni treatment increased Fe uptake, but decreased Cu and Mn uptake [26]). Similarly, the addition of Ni to treatment soils lowered Co accumulation in two species of Ni hyperaccumulators (Alyssum murale and A. corsicum), and Ni accumulation was suppressed following the experimental addition of Co [27,28]. Nickel has also been shown to stimulate the uptake of Mn in these two species of Alyssum [29]. Collectively, these trends lend credence to the hypothesis of inadvertent Ni hyperaccumulation due to non-specific metal transporters located in the roots as a result of metal co-tolerance. Evidence of co-tolerance and co-accumulation would also support the IUH, under the assumption that plants growing in metal-rich soils must have mechanisms to either accumulate or exclude all excess metals in order to access nutrient ions. However, a key comparison for testing the IUH is whether Ni concentrations in serpentine soils differentially influence nutrient uptake for hyperaccumulating and non-accumulating plant species, and this has yet to be performed.



In this study, we address this gap by determining the scavenging abilities for macronutrients (Ca, Mg, K, and P), micronutrients (Cu, Fe, Zn, Mn, and Mo), and heavy metals (Cr and Co) commonly associated with serpentine soils of nine plant species spanning four serpentine soil affinities (hyperaccumulating endemic, non-hyperaccumulating endemic, indicator, and indifferent [30,31]). Furthermore, we determined whether elemental uptake is affected by Ni concentrations in the soil environment, by type of organ, or by element. We hypothesize that Ni-hyperaccumulating plants will accumulate higher concentrations of non-Ni elements across their above-ground tissues, in accordance with the inadvertent uptake hypothesis.




2. Materials and Methods


2.1. Study System


Nine species in the family Brassicaceae (Table 1) were chosen based on serpentine soil affinity, ranging from indifferent (≤45% occurrence in serpentine soils) to strictly endemic (≥95%). The Brassicaceae family is an excellent model for the study of metal hyperaccumulation, as it accounts for approximately 25% of all hyperaccumulating species [9,32]. We calculated affinity scores based on nomenclature used at the time of this study (Safford et al., 2005 [30], but see Safford and Miller [31] for an updated database), but for two species—S. tortuosus var. suffrutescens (now S. tortuosus) and Arabis breweri (now Boechera breweri)—we used an updated nomenclature [33]. All study species are spring-flowering herbaceous perennials or annuals, five of which are only found in California, while the remaining four are known to occur more broadly (Table 1). In the summer of 2012, seeds were bulk collected from single populations in serpentine soils representing each taxon.




2.2. Experimental Design


Greenhouse experiments were conducted during the fall of 2012 at the University of Pittsburgh. Twenty plants per species (N = 180) were grown in Ni-amended and control soils. Prior to planting, we exposed the seeds to 4 °C cold and dark conditions for 2 weeks. Then, 2 weeks following germination, seedlings were transplanted to 27 cm3 “rocket pots” (Deepots, Stuewe and Sons, Inc., Tangent, OR, USA) containing standard potting soil (Fafard #4; Sun Gro Horticulture, Agawam, MA, USA) and amended with six Nutricote® NPK 13-13-13 time-release fertilizer pellets (Arysta Lifescience Corporation, NY, New York, USA). After 1 month of growth in the rocket pots, perennials were subjected to a 4 °C cold period for 1 month at 8D:16N. Following this treatment, perennials and annuals were grown in controlled conditions at 12D:12N, between 21 and 27 °C, until plants began flowering.



One month after planting annuals, or 1 week after cold treatment of perennials, 10 plants per species were treated with a (1) Ni nitrate (Ni(NO3)2-6H2O) solution (40 mL of 400 mg kg−1) and ten were treated with (2) ammonium nitrate (NH4NO3) solution. This latter treatment served as a control solution by adjusting for the additional 190 ppm N in the Ni-amended soil. Our Ni treatment accurately represents bioavailable Ni in serpentine soils, as the bioavailable fractions of Ni range from 50 to 500 ppm Ni [35,36,37]. The treatments were applied to individual plants until they produced flowers for analysis, which varied from 4–18 weeks. All plants were watered as necessary.




2.3. Tissue Collection and Chemical Analysis


Above-ground vegetative and reproductive organs (leaves, and pistils and anthers, respectively) were collected individually from plants for chemical analysis. A single mature leaf was removed following four soil treatment applications. Pistils and anthers were collected from the first 5–15 flowers to bloom. While leaves were collected from every plant (N = 10 per species/soil treatment), some plants (N = 5) never flowered and, thus, 7–10 plants were sampled per species/soil treatment for floral organs. In preparation for chemical analysis, leaves and pistils were rinsed with diH2O and dried at 60 °C for 48 h. Anthers were placed in microcentrifuge tubes and allowed to dry for 48 h. All organ samples were weighed to the nearest 0.0001 g on a AE200 Mettler® analytical balance (Mettler-Toledo; LLC, Columbus, OH, USA) and microwave digested in 2–4 mL trace-metal-grade HNO3 before being diluted to a final volume of 12–14 mL with MilliQ (Millipore, Bedford, MA, USA) H2O. We report Ni concentrations in mg/kg (ppm) for all organs. Chemical concentrations in tissues were determined using inductively coupled plasma mass spectrometry (ICP-MS, NeXION 300X, PerkinElmer, Waltham, MA, USA) at the University of Pittsburgh.




2.4. Statistical Analysis


All statistical analyses were conducted using SAS software (2013; version 9.4; SAS Institute Inc., Cary, NC, USA). A mixed-model ANCOVA was used (PROC MIXED) to evaluate the effect of Ni soil treatment, serpentine habitat affinity, and organ type on elemental/nutrient uptake for each element separately. This model included soil treatment (Ni-supplemented, control), serpentine habitat affinity (endemic, indicator, indifferent, hyperaccumulator), organ type (leaves, pistils, anthers), and their interactions and random factors of plant and species, where species was nested within serpentine habitat affinity. The quantity of soil treatment applications (Ni amendment) was included as a covariate. Denominator degrees of freedom used in F-tests were determined using the Kenward–Roger approximation, which is recommended for small sample sizes and unbalanced data [38]. Pairwise comparisons across organ and habitat affinity types were made using Tukey–Kramer tests. For all analyses, Ni concentrations were log or natural-log transformed to improve the normality of the residuals. Back-transformed lsmeans (and 95% confidence intervals) of Ni concentrations are presented in figures for clarity. Because our hypotheses specifically relate to comparisons of hyperaccumulators vs. other serpentine affinity categories, we focus our results on the main effects of soil affinity, organ type, and Ni treatment, and only model statistical interactions involving soil affinity (i.e., affinity × organ type, affinity × Ni treatment, affinity × organ type × Ni treatment). There were no significant major soil affinity effects or interactions in the models for the micronutrient Fe; thus, results for this element are not presented in detail below (but see Table 2 for results from all models). For Ni concentrations in plant tissues in this experiment, see Meindl et al. [34,39].





3. Results


3.1. Macronutrients


3.1.1. Potassium


There were significant differences in K concentrations across the soil affinity categories, with hyperaccumulating endemic plants taking up 34% more K than non-hyperaccumulating endemic, 33% more than indifferent, and 19% more than indicator plants across all organs (soil affinity p = 0.05; Table 2). Ni treatment did not influence K uptake in any of the soil affinities (p > 0.05; Table 2). Among all soil affinities, K concentrations were highest in leaves, with leaves containing 26% and 23% more K than anthers and pistils, respectively (organ type p < 0.05; Table 2). Hyperaccumulating endemics and indicators concentrated far more K into their leaves relative to other organs (soil affinity × organ type p < 0.0001; Figure 1A). Hyperaccumulating endemics concentrated more K into anthers than non-hyperaccumulating endemics, but not more than indifferent or indicator species (Figure 1A).




3.1.2. Phosphorus


There were no major effects of soil affinity or Ni treatment on P uptake (p > 0.05; Table 2). In contrast to trends seen for K, anthers and pistils had 8% and 6% more P, respectively, compared to leaves, across all plant affinities (organ type p < 0.0001; Table 2). Furthermore, there was a significant interaction between soil affinity and organ type; hyperaccumulating endemics took up 50% more P into their leaves relative to indifferent plants (p = 0.05), but only 9% and 15% (p > 0.05) more than leaves of non-hyperaccumulating endemics and indicators, respectively (Table 2; Figure 1C).




3.1.3. Calcium


There were no major effects of soil affinity or Ni treatment on Ca uptake (p > 0.05; Table 2). Among all soil affinities, Ca concentrations were highest in leaves, with leaves containing 65% and 71% more Ca than anthers and pistils, respectively (tissue type p < 0.0001; Table 2). While there was a significant affinity × organ type interaction (p < 0.0001; Figure 1B), this result was driven by the magnitude of differences across organ types within affinities, rather than by differences across affinities by organ type. Specifically, while Ca concentrations generally followed the same pattern across organ types for all affinities (leaves > anthers > pistils), differences between anthers and pistils were only significant for non-hyperaccumulating endemic and hyperaccumulating endemic species (both p < 0.01).




3.1.4. Magnesium


Similar to Ca, there were no major effects of soil affinity or Ni treatment on Mg uptake (p > 0.05; Table 2). Among all soil affinities, Mg concentrations were highest in leaves, with leaves containing 59% and 63% more Mg than anthers and pistils, respectively (organ type p < 0.0001; Table 2). While there was a significant affinity × organ type interaction (p < 0.0001; Figure 1D), this result was driven by the magnitude of differences across organ types within affinities, rather than by differences across affinities by organ type. Specifically, while Mg concentrations generally followed the same pattern across organ types for all affinities (leaves > anthers > pistils), differences between anthers and pistils were only significant for non-hyperaccumulating endemic species (p < 0.01).





3.2. Micronutrients


3.2.1. Copper


Soil affinity did not influence Cu uptake (p > 0.05; Table 2). Ni treatment inhibited Cu uptake by 13% across all soil affinities (p < 0.05; Table 2). Cu concentrations varied across organ types, and decreased in the following order: anther > pistil > leaf (organ type p < 0.05). Specifically, anthers took up 32% more Cu relative to pistils and 50% more Cu relative to leaves across all soil affinities. However, in contrast to all other affinities, hyperaccumulating endemics showed decreasing Cu concentrations in the following order: anther > leaf > pistil. Hyperaccumulating endemics tended to accumulate more Cu into leaves relative to other soil affinities (soil affinity × organ type p < 0.05; Figure 2C). This was most significant when comparing hyperaccumulating endemics to indifferent species, where Cu concentrations were 65% higher in the leaves of hyperaccumulating endemics (p ≤ 0.05; Figure 2C).




3.2.2. Manganese


There were no major effects of soil affinity or Ni treatment on Mn uptake (all p > 0.05; Table 2). Across all soil affinities, plants accumulated Mn in the following decreasing order of concentration: leaves > anthers > pistils. Specifically, there was 21% and 37% more Mn in leaves relative to anthers and pistils, respectively (organ type p > 0.05). All non-hyperaccumulators concentrated the most Mn in their leaves, whereas hyperaccumulating endemics accumulated the greatest concentration of Mn into anthers (soil affinity × organ type p < 0.001 Figure 2A).




3.2.3. Molybdenum


There were no major effects of soil affinity or Ni treatment on Mo uptake (all p > 0.05; Table 2). All organ types differed in respect to Mo uptake, with leaves accumulating the highest concentrations, followed by anthers, then pistils (organ type p < 0.05). However, there were significant differences in the allocation patterns across the three above-ground organs between the soil affinities (soil affinity × organ type p < 0.0001). Hyperaccumulating endemics sequestered the highest concentration of Mo in anthers, which contained 55% and 58% more Mo than leaves and pistils, respectively. In contrast, non-hyperaccumulating endemic, indifferent, and indicator species allocated ~50% more Mo to leaves relative to anthers and pistils (Figure 2D). Furthermore, hyperaccumulating endemics responded differently to Ni treatment relative to the other soil affinities (soil affinity × Ni treatment p < 0.01; Table 2), where Ni treatment increased overall Mo uptake by 76%. Nickel treatment did not affect Mo uptake in any other soil affinity (all p > 0.05; Figure 4A).




3.2.4. Zinc


There was no major effect of soil affinity on Zn uptake (p > 0.05; Table 2). Nickel treatment significantly reduced Zn uptake across all soil affinities, as average Zn concentrations in the Ni treatment group were reduced by 17% (Ni treatment p < 0.05). When comparing Zn uptake across our three organ types, the highest concentration was observed in anthers, with 22% more than leaves and pistils (organ type p < 0.05). Hyperaccumulating endemics allocated nearly 400% more Zn in their anthers relative to all other soil affinities (soil affinity × organ type p < 0.0001; Figure 2B).





3.3. Non-Essential Heavy Metals


3.3.1. Chromium


There were no significant effects of soil affinity or Ni treatment on Cr uptake (p > 0.05; Table 2). Across all affinities, Cr concentrations were highest in anthers, with anthers containing 33% and 29% more Cr than pistils and leaves, respectively (organ type p < 0.001). Hyperaccumulating endemics, on average, accumulated higher concentrations of Cr into their anthers and leaves, but not pistils, compared to plants of other soil affinities (soil affinity × organ type p < 0.05). The greatest difference was found when comparing hyperaccumulating endemic and indifferent leaves, where hyperaccumulating endemics had 59% greater Cr concentrations (p < 0.01; Figure 3B).




3.3.2. Cobalt


Soil affinity influenced Co accumulation, as hyperaccumulating endemic plants took up 85% more Co than non-hyperaccumulating endemic, 81% more than indifferent, and 86% more than indicator plants (soil affinity p < 0.001; Figure 3A). Across the three organ types, leaves showed the highest Co concentrations, with 35% more than anthers and 34% more than pistils (organ type p < 0.001; Figure 3A), but this pattern was largely driven by hyperaccumulating endemic plants, which accumulated much higher Co concentrations into their leaves relative to other soil affinities (soil affinity × organ type, p < 0.001). The magnitude of difference between organ types of the same soil affinity category were most variable in hyperaccumulating endemics, with 63% more Co in leaves than in pistils and anthers. In addition, Ni treatment increased Co uptake by 44% (p < 0.05; Figure 4B). This trend depended upon affinity score, where the stimulatory effect of Ni on Co uptake was most exaggerated in the hyperaccumulating endemic category, showing a 195% increase in Co uptake, with insignificant effects in all other affinity categories (Figure 4B).






4. Discussion


In accordance with the IUH, in this study the hyperaccumulating endemics often accumulated higher concentrations of nutrients and metals compared to non-hyperaccumulating species, although these differences were often organ-specific. Specifically, while hyperaccumulating endemics accumulated significantly more K and Co across all organs, Cu concentration was higher in leaves only, while Mn and Zn concentrations were higher in anthers only. Furthermore, hyperaccumulating endemics accumulated significantly more Co and Mo across all organs when Ni was added to the soil environment. Below, we discuss the significance of these findings as they relate to the serpentine adaptation of hyperaccumulating and non-hyperaccumulating plant species.



We found that hyperaccumulating endemic plants accumulated the highest K concentrations across all organs relative to other affinity categories (Figure 1A). Increased translocation of K by plants growing in low-K serpentine environments could be advantageous, as serpentines are characterized as water-deficient soils, and K has been reported to assist in drought stress and is vital for stomatal regulation [40,41]. Improved tolerance to other environmental stressors, such as excess Na, is also linked with enhanced ability of plants to access K and other cations in the soil solution [42]. Our data suggest that metal hyperaccumulators may similarly possess the ability to access essential limiting nutrients despite toxic metal cations that are also relatively abundant in the soil solution. Because similar transmembrane carriers are often responsible for transporting metals and essential nutrients [43], metal hyperaccumulation and storage may allow plants to access limiting nutrients by simply upregulating the activity of these carriers in order to overcome uptake competition between cations. In support of this idea, recent studies have found that Ni hyperaccumulators accumulate high concentrations of Ca, K, and P into aboveground tissues, despite the low levels of these elements present in the ultramafic soils in which they grow [20,21]. Furthermore, van der Ent and Mulligan [44] also presented data suggesting that serpentine Ni hyperaccumulators concentrate higher K concentrations in their tissues compared to non-accumulators, though they did not perform any quantitative comparisons on their data; further studies are needed to determine whether these patterns are widespread in natural populations of hyperaccumulating plants in serpentines and other metal-rich soils.



Although the only major effect of serpentine affinity on micro- and macronutrient uptake was found for K, we detected several significant interactions between serpentine affinity and organ type for other nutrients. Specifically, we found that Cu was significantly higher in hyperaccumulating endemic leaves, while Mn and Zn were significantly higher in hyperaccumulating endemic anthers. Cu is essential for plant growth, as it catalyzes redox reactions as a component of metalloproteins responsible for electron transport in chloroplasts and mitochondria [45]. Normal Cu concentrations in plant tissues range from 5 to 10 ppm, while deficiency can occur in leaf concentrations below 2–5 ppm [46,47]. While all affinity categories averaged in normal ranges for leaf Cu concentration, hyperaccumulating endemic plants contained more than twice the leaf Cu found in other affinities, suggesting a more effective uptake mechanism for this essential micronutrient. This increased capacity for Cu uptake into leaves, where it is essential for photosynthesis, may provide a selective advantage for hyperaccumulating plant species in serpentine soils that are often Cu-deficient (but see van der Ent and Reeves [48] for a discussion of Cu-rich ultramafic soils). While hyperaccumulator plants did not significantly differ relative to non-accumulators in terms of overall Mn or Zn uptake, hyperaccumulators showed greater uptake into anthers for both elements. Manganese is important for a broad array of metabolic and physiological functions in plants (e.g., photosynthesis, detoxification of reactive oxygen species, enzyme cofactors, etc. [49]), and also appears to be important for pollen viability. Manganese-deficient plants are known to experience delayed anther production, production of smaller anthers, and decreased pollen fertility [50,51]. Furthermore, several nutrients known to occur in relative excess in serpentine soils (e.g., Fe, Mg, and Ni) are known to interfere with Mn uptake [52], thus making efficient and/or enhanced Mn uptake from the soil solution—particularly into anthers—selectively advantageous for serpentine-adapted plants. Similarly, Zn accumulation in anthers by hyperaccumulators was nearly four times greater than that by non-accumulators (Figure 2B). In addition, Zn is well known to alter pollen quality for plants growing in Zn-deficient soils. For example, Zn deficiency is known to reduce anther size, pollen grain size, pollen viability, and even pollen–pistil interactions [53]. Our data suggest that metal-hyperaccumulating plants acquire higher concentrations of certain important micronutrients than non-hyperaccumulating plants, and specifically into tissues that require them. An important caveat is that we did not measure element concentrations in roots across our study species. While metal hyperaccumulators are defined by metal concentrations in above-ground tissues [7], below-ground accumulation of nutrients clearly has fitness implications, and we suggest that future studies should include both above- and below-ground nutrient profiles of hyperaccumulating and non-accumulating plant species in tests of the IUH.



For the heavy metals studied, we found that hyperaccumulating endemics accumulated significantly more Co across all tissues relative to other affinity categories. In addition, hyperaccumulating endemics generally accumulated more Cr than other affinity categories overall, though significant differences were only found for leaves (hyperaccumulating endemics had significantly more Cr than indifferent plants, but not non-hyperaccumulating endemics or indicators) and anthers (hyperaccumulating endemics had significantly more Cr than non-hyperaccumulating endemic and indicator species, but not indifferent taxa). Both Co and Cr are known to be toxic to plants at high concentrations, interfering with photosynthesis in leaves [54] and pollen viability in anthers [55]. The hyperaccumulation of several heavy metals, including Co, Cr, and Ni, is thought to arise from the upregulation of genes coding for root transporters of other, similar essential ions, such as Zn [56]. Therefore, heavy metal accumulation and tolerance, in general, would be a necessary consequence of increased nutrient-scavenging efficiency by metal-hyperaccumulating plants. Studies of Ni-hyperaccumulating plants in New Caledonia have also documented elevated levels of heavy metals other than Ni in hyperaccumulating species relative to non-accumulating species growing in serpentine soils [44]. Furthermore, hyperaccumulator plants were the only plants influenced by our Ni treatment, which stimulated Co and Mo uptake in hyperaccumulating endemics (Figure 4). This is also in accordance with the IUH; in the presence of excess metals, such as elevated Ni in serpentines, access to limiting nutrients becomes even more intense as cations compete with common transport mechanisms for uptake. Selection may therefore favor plants that exhibit increased cation accumulation in response to high metal concentrations in soil.



Our data also suggest that serpentine affinity broadly influences nutrient accumulation in plants, beyond strict comparisons between hyperaccumulating and non-accumulating plant species. For example, hyperaccumulating endemics accumulated significantly higher P concentrations into their leaves relative to indifferent plants, but not relative to non-hyperaccumulating endemic or indicator species. A similar pattern occurred for K (leaves), Mn (anthers), and Zn (leaves), where indifferent species had among the lowest concentrations of these elements when significant differences were found across affinity types. Other studies have also found differences in element accumulation in endemic vs. non-endemic species in serpentine and other nutrient-limited soils. For example, DeHart et al. [6] and Meindl et al. [34] assessed Ni uptake across plant species with different serpentine soil affinities, and found that endemic plant species accumulated the lowest Ni concentrations across all tissues relative to non-endemic species when grown in Ni-rich soils. DeHart et al. [6] also found that endemic plants contained higher Mg, K, and Ca tissue concentrations than non-endemics when grown in serpentine soils. Similarly, Palacio et al. [57] found that gypsum soil endemics displayed enhanced uptake of P and N relative to non-endemics when grown in soil with limiting macronutrients and high sulfates. These findings suggest that plants restricted to low-nutrient soils, such as serpentines, possess specific adaptations allowing them to access limiting nutrients (i.e., the specialist model of edaphic endemism [6,57]). In comparison, plants with a lower probability of residing in specific soil environments—e.g., indifferent species—may lack specific physiological adaptations, and instead colonize these soils in order to escape competition in more normal soils, where a tolerance mechanism is seen as a prerequisite (i.e., the refuge model of edaphic endemism [57]). Our findings, taken together with those of Palacio et al. [57] and DeHart et al. [6], show that endemics are capable of restricting the uptake of toxic elements, while simultaneously increasing the acquisition of limiting nutrients like P, relative to non-endemics. In our study, hyperaccumulating endemics accumulated the highest concentrations of Ni and significantly more P and K in their leaves than indifferent plants, but not more than non-hyperaccumulating endemics and indicators, which are both more closely associated to serpentine soils as specialists. Therefore, plants that have close associations with serpentines (i.e., hyperaccumulating endemic, non-hyperaccumulating endemic, and indicator species) appear to have physiological adaptations that allow them to access limiting nutrients better than non-serpentine plants, while simultaneously tolerating elevated soil metal concentrations, either through exclusion or hyperaccumulation. While we did attempt to control for phylogeny by studying species from only one taxonomic family (Brassicaceae), future studies that more narrowly control for phylogeny (e.g., by only utilizing plants from the genus Streptanthus, which contains species from all affinity categories studied in the present paper) would provide further insight into the influence of soil affinity on element accumulation. In addition, not all hyperaccumulating species are endemic to metal-rich substrates [7,10,13]; therefore, additional studies that include both endemic and non-endemic hyperaccumulating taxa (and populations from on and off serpentine soils for the non-endemics) would further our understanding of the adaptive significance of metal hyperaccumulation as it relates to the IUH.



Despite low Ca:Mg ratios helping to define serpentine soils, there were no main effects of serpentine affinity on either Ca or Mg uptake in our study species. Furthermore, we found no evidence that hyperaccumulating plants differentially accumulated these macronutrients in specific organs (i.e., leaves, anthers, and pistils) compared to other serpentine affinities. One possible explanation for these results is that our experimental soils were not designed to present limited nutrient availability to plant; thus, our ability to detect differences in the uptake of already abundant macronutrients was reduced. Field surveys of hyperaccumulating plants have found that despite relatively low concentrations of soil nutrients in serpentine soils, plants growing in these environments have tissue nutrient concentrations within the normal range for terrestrial vascular plants (e.g., S. polygaloides [58]). Notably, Nkrumah et al. [21] found that Ni-hyperaccumulating plants had high Ca:Mg ratios in their above-ground tissues, despite the extremely low Ca:Mg ratios that were measured in their native soil. This is important, as the low Ca:Mg ratio in serpentine soils is often cited as the most stressful aspect of plant growth on serpentines, because elevated Mg makes it difficult for plants to access adequate amounts of Ca [1]. In addition, several studies have found Ca concentrations to be important for serpentine tolerance in both endemic and hyperaccumulator plant species [59,60,61]. Therefore, future studies that utilize field-collected serpentine soils or treatment soils that mimic serpentine soil chemistry when comparing nutrient uptake across hyperaccumulating and non-hyperaccumulating plant species would provide additional insight into the inadvertent uptake hypothesis, and are necessary to fully address the adaptive significance of hyperaccumulation in serpentine soils.
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Figure 1. Macronutrient concentrations (back-transformed lsmeans and 95% confidence intervals) in non-hyperaccumulating endemic, indicator, indifferent, and hyperaccumulating endemic plants, separated by organ type (leaves, pistils, and anthers). Panels (A–D) show K, Ca, P, and Mg concentrations, respectively. Lowercase letters indicate significant pairwise comparisons within organ types (p < 0.05). 
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Figure 2. Micronutrient concentrations (back-transformed lsmeans and 95% confidence intervals) in non-hyperaccumulating endemic, indicator, indifferent, and hyperaccumulating endemic plants, separated by organ type (leaves, pistils, and anthers). Panels (A–D) show Mn, Zn, Cu, and Mo concentrations, respectively. Lowercase letters indicate significant pairwise comparisons within organ types (p < 0.05). 
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Figure 3. Non-essential heavy metal concentrations (back-transformed lsmeans and 95% confidence intervals) in non-hyperaccumulating endemic, indicator, indifferent, and hyperaccumulating endemic plants, separated by organ type (leaves, pistils, and anthers). Panels (A,B) show Co and Cr concentrations, respectively. Lowercase letters indicate significant pairwise comparisons within organ types (p < 0.05). 
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Figure 4. Mo (A) and Co (B) concentrations (back-transformed lsmeans and 95% confidence intervals) in non-hyperaccumulating endemic, indicator, indifferent, and hyperaccumulating endemic plants, separated by treatment (Ni vs. control). Lowercase letters indicate significant pairwise comparisons within soil affinities (p < 0.05). 
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Table 1. Study species and their serpentine affinity scores from Safford et al. [30,31]; hyperaccumulating species in bold. Plants were divided into three categories: serpentine endemic, serpentine indicator, or serpentine indifferent. Species not discussed by Safford et al. [30] are given an affinity score of “<1”. Life history (annual or perennial) and distribution ranges are provided for all species (CA: California; NA: North America; AE: Afro-Eurasia). This table is modified from Meindl et al. [34].
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Species

	
Plant Category

	
Affinity Score

	
Life History

	
Range

	
Seed Collection Location






	
Streptanthus polygaloides

	
Hyperaccumulating Endemic

	
6

	
Annual

	
CA

	
N 39° 46′50.4″




	
W 121°28′41.6″




	
Noccaea fendleri ssp. glauca

	
Hyperaccumulating Endemic

	
4.4

	
Perennial

	
Western NA

	
N 41°16′42.4″




	
W 122°41′48.7″




	
S. breweri var. breweri

	
Non-hyperaccumulating Endemic

	
5.7

	
Annual

	
CA

	
N 38°51′52.4″




	
W 122°24′16.4″




	
S. morrisonii

	
Non-hyperaccumulating Endemic

	
6.1

	
Perennial

	
CA

	
N 38°48′45.3″




	
W 122°22′54.9″




	
S. glandulosus ssp. glandulosus

	
Indicator

	
1.9

	
Annual

	
CA

	
N 38°51′43.9″




	
W 122°23′57.3″




	
S. tortuosus

	
Indicator

	
1.7

	
Perennial

	
Western NA

	
N 39°59′18.4″




	
W 121°17′19.8″




	
Erysimum capitatum var. capitatum

	
Indifferent

	
<1

	
Perennial

	
NA

	
N 41°16′32.5″




	
W 122°41′54.4″




	
Hirschfeldia incana

	
Indifferent

	
<1

	
Annual

	
NA, AE

	
N 38°51′30.0″




	
W 122°24′35.2″




	
Boechera breweri

	
Indifferent

	
<1

	
Perennial

	
CA

	
N 39°57′12.3″




	
W 121°19′4.5″
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Table 2. Results of mixed-model ANCOVA to evaluate the effect of serpentine habitat affinity, Ni treatment, and organ type on plant uptake of macronutrients, micronutrients, and heavy metals. Bold text indicates statistical significance.
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Macronutrients

	
Micronutrients

	
Heavy Metals






	
Factor

	
K

	
P

	
Ca

	
Mg

	
Zn

	
Cu

	
Mo

	
Fe

	
Mn

	
Co

	
Cr




	
Affinity (A)

	
0.05

	
0.32

	
0.34

	
0.37

	
0.16

	
0.36

	
0.62

	
0.25

	
0.29

	
<0.001

	
0.16




	
Ni Treatment (NT)

	
0.5

	
0.12

	
0.95

	
0.86

	
<0.001

	
<0.05

	
0.55

	
0.59

	
0.5

	
<0.0001

	
0.07




	
Organ Type (OT)

	
<0.0001

	
<0.0001

	
<0.0001

	
<0.0001

	
<0.001

	
<0.0001

	
<0.0001

	
<0.0001

	
0.7

	
<0.01

	
<0.001




	
A × OT

	
<0.0001

	
<0.0001

	
<0.0001

	
<0.0001

	
<0.0001

	
<0.0001

	
<0.0001

	
0.18

	
<0.0001

	
<0.0001

	
<0.001




	
A × NT

	
0.56

	
0.7

	
0.92

	
0.68

	
0.48

	
0.63

	
<0.001

	
0.4

	
0.7

	
<0.0001

	
0.59




	
A × OT × NT

	
0.71

	
0.77

	
0.98

	
0.66

	
0.5

	
0.61

	
0.24

	
0.39

	
0.79

	
0.74

	
0.31
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